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Silicon (Si) photonics debuted in the mid-1980s through the pioneering work done by Soref et al.
While early work mainly focused on waveguides, switches, and modulators, signiﬁcant momentum
surged around the mid-2000s when great breakthroughs were achieved in GHz Si modulators, Raman
Si lasers, and germanium (Ge)-on-Si epitaxial integration. Today, 30 years later, silicon photonics has
experienced tremendous growth and become the backbone of integrated photonics, evolving from
single passive components to hybrid functionalized architectures. Its scope is far beyond the traditional
group IV elements, extending to compounds like silicon nitride, silicon oxynitride, and silicon
carbon, in addition to heterogeneous integrations with III-V/II-VI elements, chalcogenide, graphene,
crystals, polymers, etc. The popularity of Si photonics is partially attributed to its compatibility
with the mature complementary metal–oxide–semiconductor (CMOS) technology that allows for
low-cost and large-scale manufacturing. With the recent injection of government and private funding,
more and more foundries, equipped with well-established and market-proven product development
kits, will spring up, promoting a bloom in Si photonics in the new era.
This Special Issue of Micromachines, entitled “Silicon Photonics Bloom”, has 10 research
papers and 2 review articles, covering the scale from material preparation [1,2], to single device
design [3–7], to photonic integration [8–11], to system architecture [12]. The demonstrated devices
and components include source generation [1,5,6,11], modulators [7], switches [4,8], gratings [3,10],
and couplers [9,12] and are applied to applications such as dispersion control [3], photonic memory [4],
optic communication [8,10], polarization management [9], and photonic computing [12]. The spectrum
of the contributed research spans a wide range, from visible [1,2,6], to telecom wavelength [3,4,7–10],
to mid-IR [11], to terahertz frequencies [5].
Revolutionary technology usually starts from fundamental breakthroughs, especially in materials,
in which new properties prompt unprecedented discoveries and innovations. Studies on the material
properties are the cornerstones of silicon photonics, not only because new materials enable novel
functionalities, but also because the accuracy of the material properties directly impacts the design of
the photonic devices. Song et al. [1] studied SiCx Oy material, particularly on the eﬀect of nitrogen
doping on the photoluminescence of the amorphous SiCx Oy ﬁlms. Nitrogen doping creates defect
centers in the SiCx Oy bandgap. By varying the doping concentration, the defect center energy level
could be adjusted, yielding photoluminescence from red to orange, as well as blue photoluminescence.
Similar to the SiCx Oy , the luminescent properties of the SiNx Oy ﬁlm are also studied in this Special Issue.
In the review article [2] by Shi et al., the luminescence properties and fabrication methods of the SiNx Oy
ﬁlms are summarized, and their applications as barrier materials in non-volatile semiconducting
memory, optical devices, and anti-scratch coating are enumerated with abundant state-of-the-art
examples. The review has an in-depth elaboration of the preparation of the SiNx Oy ﬁlm, serving as a
solid reference for fabrication.
Micromachines 2020, 11, 670; doi:10.3390/mi11070670

1

www.mdpi.com/journal/micromachines

Micromachines 2020, 11, 670

The merits of using Si in integrated photonics come not only from the fabrication compatibility to
CMOS technology, but also from its versatility in tuning its optical parameters, which renders itself
suitable for active devices. The refractive index of Si can be tuned thermally, as utilized in [3]; in this
study, Klitis et al. demonstrate active group delay control in a Si Bragg grating by creating a thermal
gradient along the grating length through the metal heaters. By varying the distance between the
metal heaters and the waveguides, the thermal gradient proﬁle can be adjusted, which eﬀectively
changes the Si refractive index along the grating. Both blue and red chirps can be realized using a
single design, and speciﬁc dispersion compensation can be achieved by a nanometer bandwidth ﬁlter.
In addition to the thermo-optic eﬀect, the optical constants of Si can also be varied by using the carrier
injection method. Inoue et al. [7] developed a novel phase modulator based on the carrier plasma
eﬀect. The ﬁn-type electrodes are placed at self-imaging positions of a silicon multimode interference
waveguide to reduce scattering losses and relax the fabrication tolerance. The measured propagation
losses and spectral bandwidth were 0.7 dB and 33 nm on a 987-μm-long phase shifter. The π-shift
current of the modulator was 1.5 mA.
The active Si components serve as the building blocks for complex photonic integrations.
By integrating phase shifter and multimode interferometers (MMI), a silicon-on-insulator (SOI)-based
polarization controller is proposed and experimentally demonstrated in [9]. Geometrical analysis based
on phasors and a Poincare sphere shows that the component can be conﬁgured as either a polarization
compensator or a polarization controller. Active MZIs and micro-ring ﬁlters are also used in the
work [10]. Huang et al. experimentally presented a 100 Gb/s silicon photonic WDM transmitter which
consists of a passive bidirectional grating coupler and active Si components. The bidirectional grating
coupler works as a beam splitter, and the split light is connected to two arms of an MZI for modulation.
The modulated light is coupled to the bus waveguide through a micro-ring resonator. Four channels
around 1550 nm with a channel spacing of 2.4 nm are demonstrated at 25Gb/s each channel. An even
larger-scale integration of Si phase shifters can build photonic processors. In [12], researchers from
Shanghai Jiao Tong University proposed a two-dimensional self-coupled optical waveguide (SCOW)
mesh photonic processor to work as a rectangular unitary multiport interferometer. This photonic
processor can accomplish arbitrary optical unitary transformation that has wide applications in
quantum signal processing and photonic machine learning.
Although taking the spotlight of making modulators, Si is not an appropriate material as a
light source due to its indirect bandgap. However, eﬀorts to make Si luminous have never stopped.
Yamada et al. [6] reported a Si-based quantum dot light-emitting diode with a peak wavelength at
620 nm. The Si-based quantum dots have the potential to replace cadmium-based quantum dots
which are toxic. The quantum dots are sandwiched in multilayer structures, emitting pale-orange
color with 0.03% external quantum eﬃciency. Moving to lower frequencies, such as the terahertz
regime, an integrated THz impulse source can be realized by coupling a Si optical waveguide to a
germanium-based photoconductive antenna [5]. The phosphorus-doped Ge thin ﬁlm has a faster
transient response speed due to the carrier lifetime reduction and antenna gap narrowing. The device
has the advantage of low-cost fabrication and compact integration with on-chip excitation at the laser
wavelength of 1550 nm.
In the above approach, Si itself acts as a power delivery medium rather than an active material.
The functionality of generating THz wave is achieved by heterogeneous integration with Ge.
Heterogeneous integration with other materials equips Si photonics with more capabilities which
cannot be realized by Si intrinsically. Another example of heterogeneous integration is a photonic
memristive switch [4], implemented by the integration of Si waveguides with a phase-change material
Ge2 Sb2 Te5 (GST) segment. The GST material exhibits distinct optical refractive indices and extinction
coeﬃcients in amorphous and crystalline phases. The “self-holding” capability renders the material
suitable for low-energy applications, as it does not require continuous power to keep the phases.
Beyond heterogeneous integration, Si-based compounds such as silicon nitride (Si3 N4 ) also play
an important role in integrated photonics. Compared to Si, Si3 N4 does not suﬀer from two-photon

2

Micromachines 2020, 11, 670

absorption and carrier absorption, rendering itself suitable for nonlinear applications. Si3 N4 used
in frequency comb generation is mentioned in the review article [11]. The review of the frequency
comb source mainly focuses on using the semiconductor mode-lock laser as the heart of the system,
pumping the nonlinear integrated waveguides for supercontinuum generation. Carrier–envelope
oﬀset detection, stabilization, requirements for lasers, and material nonlinearity are covered in this
review, followed by a future outlook on heterogeneous integration of semiconductor mode-lock lasers
to achieve fully on-chip stabilized frequency combs in the near-IR region. Besides nonlinear optics,
using Si3 N4 as the waveguide material also gives one a greater degree of freedom in a Si platform.
As shown in the work done by Sharma et al. [8], Si is used as a MEMS platform for highly eﬃcient
planar optical switching, whereas light is conducted in silicon nitride waveguides. Inverted tapers
were introduced to increase the butt-coupling eﬃciency of the Si3 N4 waveguides. Diﬀerent MEMS
designs were simulated and optimized. The optimum design was fabricated by commercial services
and tested.
While it is impossible to cover all the research areas of silicon photonics, this Special Issue provides
a humble selection of related topics with state-of-the-art results, hoping to demonstrate the recent
achievements in multiple aspects. We would like to take this opportunity to thank all the contributing
authors for their excellent work presented in this Special Issue. Our appreciation also goes to all the
reviewing experts who dedicated their time to provide valuable comments and helped improve the
quality of the submitted papers. The unconditional and generous support from the editorial staﬀ of
Micromachines is also highly appreciated.
Conﬂicts of Interest: The authors declare no conﬂict of interest.
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Abstract: Silicon oxynitride (SiNx Oy ) is a highly promising functional material for its luminescence
performance and tunable refractive index, which has wide applications in optical devices, non-volatile
memory, barrier layer, and scratch-resistant coatings. This review presents recent developments,
and discusses the preparation methods, performance, and applications of SiNx Oy ﬁlm. In particular,
the preparation of SiNx Oy ﬁlm by chemical vapor deposition, physical vapor deposition, and
oxynitridation is elaborated in details.
Keywords: silicon oxynitride; thin ﬁlm; photoluminescence; chemical vapor deposition; physical
vapor deposition

1. Introduction
Silicon oxynitride (SiNx Oy ) is an important inorganic material widely studied for its outstanding
electronic and mechanical performance. SiNx Oy is the intermediate phase between silicon dioxide
(SiO2 ) and silicon nitride (Si3 N4 ) [1,2], which possesses high durability at high temperature, high
resistance to thermal-shock and oxidation, high density, excellent mechanical performance, and a
low dielectric constant [3–8]. Due to these unique performance, SiNx Oy has great potential for
high-temperature related applications, for example, it is typically used in non-linear optics [9] and as
mechanical component owing to its high strength, thermal insulation, and electronic and chemical
resistance [10,11]. When Si3 N4 thin ﬁlm is utilized as the core material of waveguide devices,
Si3 N4 waveguides have better tolerance to sidewall roughness and geometric variations than silicon
waveguides, and its relative refractive index diﬀerence can increase to 0.62, allowing for much tighter
bending radius. Tighter bending radius will not only reduce the bending radius and improve the
device integration, but also narrow the waveguide and reduce the input loss [12–16]. However, Si3 N4
has low fracture toughness and poor electrical insulation, limiting its wide applications. SiO2 ﬁlm has
a wide range of applications, from microelectronics [17,18] to optical waveguides [19], due to its low
dielectric constant, low defect density, and low residual stress. However, SiO2 does not perform as an
encapsulation layer since oxygen, sodium, and boron can diﬀuse within it [20,21], which is diﬀerent
from Si3 N4 . For these mentioned applications, SiNx Oy is a more promising candidate, in addition, it has
tunable optical and electrical performance. By varying the chemical composition of SiNx Oy , during the
fabrication process, its refractive index and dielectric constant will be tuned [22–24]. Except the tunable
refractive index, SiNx Oy also has adjustable thin ﬁlm stress [25] and exhibits photoluminescence (PL)
in the visible light range at room temperature [26]. Thus, SiNx Oy is highly attractive in integrated
circuits (IC) [27], barrier layers [28,29], non-volatile memory [30], optical waveguides [31], organic
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light emitting diode (OLED) [32], and anti-scratch coatings [33,34]. This review presents a discussion
and summary of the preparation methods, performance, and applications of SiNx Oy ﬁlm.
2. Performance of SiNx Oy Film
2.1. Luminescent Performance
With the development of semiconductor technology, silicon-based micro/nano devices with
applications in optoelectronics and IC are in the rapid development. Optoelectronic integration
technology urgently requires high-eﬃciency and high-intensity luminous materials, and the
currently-existing silicon integration technology is utilized to develop high-performance optoelectronic
devices/systems. Previously, the research on PL of porous silicon and nano-scale silicon at room
temperature has aroused widespread attention in this ﬁeld [34–36]. However, porous silicon exhibits
several disadvantages such as degradation and poor stability, and it is the most important that it
isvery diﬃcult to use it on standard CMOS circuits, thin ﬁlm sensors, or ﬂexible substrates [37,38].
In addition, nano-scale silicon has problems such as insuﬃcient density, diﬃculty in controlling size
and distribution, unbalanced carrier injection eﬃciency, complicated luminescence mechanism, and
non-radiative recombination [39–43]. As known to all, SiNx Oy ﬁlm is an important protective and barrier
ﬁlm with its luminescence characteristics, high mechanical performance, and high reliability [44,45].
Therefore, it is of great signiﬁcance to study the luminescence characteristics of SiNx Oy ﬁlm. Some
reported results showed that the luminescence mechanism of SiNx Oy ﬁlm is generally divided into
three types: defect-state radiation composite luminescence [46], band-tail (BT) radiation composite
luminescence [47] and quantum dot radiation composite luminescence [48].
The light-emitting performance of SiNx Oy ﬁlm is eﬀected by its composition, because its
composition has signiﬁcant inﬂuences on the formation of Si-O, Si-N, Si-H, and N-H bonds, resulting in
the changes of absorption peak position of SiNx Oy ﬁlm [49,50]. As a result, many researchers studied
the atom ratio of N and O in SiNx Oy ﬁlm [51,52]. During the preparation of SiNx Oy ﬁlm, it is found
that the luminescence performance of the SiNx Oy ﬁlm can be adjusted by changing the ﬂow rate of
nitrogen (N2 ) and concentration of oxygen. In order to investigate the eﬀect of ﬂow rate of N2 on the
evaporated SiNx Oy ﬁlm, Lee et al. [53] prepared a SiNx Oy ﬁlm on a poly(ethylene naphthalate) (PEN)
substrate by ion-beam assisted electron beam evaporation at room temperature. It is found that when
the ﬂow rate of N2 is 40 sccm, the refractive index of SiNx Oy ﬁlm increased to 1.535, and the SiNx Oy
ﬁlm density increased to ~2.5 g cm−3 , whereas the surface roughness and optical transmittance of
SiNx Oy ﬁlm decreased. In preparation of the SiNx Oy ﬁlm, adjusting the ﬂow rate of N2 has a signiﬁcant
improvement on the luminescent performance of the doped SiNx Oy ﬁlm. Among them, Labbé et al. [54]
prepared a nitrogen-rich SiNx Oy ﬁlm doped with Tb3+ by reactive magnetron co-sputtering under N2
with diﬀerent ﬂow rates and annealing conditions. The inﬂuences of ﬂow rate of N2 on the atomic
composition of SiNx Oy ﬁlm, the N excess (Nex ) in the sedimentary layer and the deposition rate are
shown in Figure 1a. For the synthesis, the reverse ﬂow of N2 during deposition is studied. Through the
characterization results, the researchers carefully identiﬁed diﬀerent vibration modes of Si-N and Si-O
bonds, especially the ‘non-phase’ tensile vibration mode of Si-O bonds. The highest PL intensity of
Tb3+ is obtained by optimizing the nitrogen incorporation and annealing condition. The aggregation
eﬀect in Si3 N4 matrix is signiﬁcantly reduced, thus allowing the higher concentration of optically active
Tb3+ , which promoted its luminescence applications. In related researches, Ehré and co-workers [55]
prepared a cerium (Ce)-doped SiNx Oy ﬁlm by magnetron sputtering under N2 atmosphere. Their
results showed that a broad and strong PL peak is red-shifted at the N2 ﬂow rate of 2 sccm. The peak
of PL band shifts to 450 nm, and the results showed that the PL strength is 90 times higher than the
BT strength of the sample deposited at a low ﬂow rate of N2 . The eﬀects of ﬂow rate of N2 on PL
of Ce-doped SiNx Oy ﬁlm, PL spectrum (solid line), and PL excitation spectrum (dotted line) at ﬂow
rate of N2 (2 sccm) are shown in Figure 1b,c. As described above, it is possible to adjust not only the
luminescence characteristics of the SiNx Oy ﬁlm by changing the ﬂow rate of N2 but also the oxygen
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content, such as Huang et al. [56] demonstrated the strong PL of SiNx Oy ﬁlm by adjusting the oxygen
content. With the oxygen content in the SiNx Oy ﬁlm increasing from 8% to 61%, the PL changed
from red light to orange light and white light, and they indicated that the change in PL performance
of SiNx Oy ﬁlm is due to the change in the center of the defect luminescence and the change in the
main phase structure from Si3 N4 to SiNx Oy and SiO2 . Similarly, the researchers studied the eﬀect of
oxygen concentration on PL of SiNx Oy ﬁlm doped with other components. Steveler et al. [57] prepared
an Er3+ -doped amorphous SiNx Oy ﬁlm by reactive evaporation. They found that the PL of Er3+ is
observed only in the samples with oxygen concentration equal to or less than 25%, and they indicated
that oxygen will make Er3+ ions optically active and can be indirectly excited in the presence of excess
Si. It is further conﬁrmed that, when both the amounts of oxygen and nitrogen are equal to or about
25%, Er3+ related PL increases with the increase of annealing temperature.
Processing conditions of the preparation of SiNx Oy ﬁlm also have inﬂuences on the PL performance
of SiNx Oy ﬁlm, such as the annealing process. For instance, the SiNx Oy ﬁlm prepared by reactive
sputtering on a silicon substrate, and then vacuum-annealed at 900 ◦ C for 1 hour, is amorphous,
composed of mixed Si-N and Si-O bonds, and blue and green emission are observed in the PL spectra
of this prepared SiNx Oy ﬁlm, as shown in Figure 1d [46], so the SiNx Oy ﬁlm integrated with a top
electrode is used for a electroluminescent device.

Figure 1. The luminescent performance of SiNx Oy ﬁlm. (a) Above part shows the eﬀect of ﬂow rate of
N2 on the atomic composition of the Tb-doped nitrogen-rich SiNx Oy ﬁlm, and below part shows the
eﬀect of the ﬂow rate of N2 on the nitrogen excess parameter (Nex) and deposition rate of the deposited
layer [53]. Copyright 2017, Nanotechnology. (b) Eﬀect of ﬂow rate of N2 on the PL of the Ce-doped
SiNx Oy ﬁlm. (c) PL spectrum (solid line) and photoluminescence excitation spectrum (PLE) (dashed
line) of a Ce-doped SiNx Oy ﬁlm at ﬂow rate of N2 of 2 sccm [55]. Copyright 2018, Nanoscale. (d) Eﬀect
of annealing temperature on SiNx Oy ﬁlm [46]. Copyright 2013, J. Lumin.

2.2. Adjustable Refractive Index
Adjustable refractive index means that the refractive index can be continuously tuned along
the normal direction of the surface of the SiNx Oy ﬁlm by changing the proportion of the reaction
gas [58]. In order to prepare graded-index SiNx Oy ﬁlm for applications in optical waveguide materials,
gradient-index ﬁlms, and anti-reﬂection ﬁlms, researchers conducted extensive research on the refractive
index-adjustable performance of SiNx Oy ﬁlm, such as the research on controlling the ﬂow rate and ratio
7
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of reactive gas, reaction process, etc. [59–61]. Hänninen et al. [62] found that the refractive index and
extinction coeﬃcient of the SiNx Oy ﬁlm decrease with the increase of oxygen and nitrogen contents in
the SiNx Oy ﬁlm, which could be adjusted by controlling the ratio of reactive gas. Therefore, in order to
control the ratio, they applied reactive high-power pulsed magnetron sputtering to synthesize a SiNx Oy
ﬁlm using N2 O as a single source, providing oxygen and nitrogen for SiNx Oy ﬁlm’s growth. The
characterization results showed that the synthesized SiNx Oy ﬁlm has the characteristics of silicon-rich,
amorphous, and randomly-chemical-bonding structure. Furthermore, Himmler et al. [32] used reactive
magnetron sputtering to deposit SiNx Oy ﬁlm and found that the refractive index of SiNx Oy ﬁlm
depends on its oxygen and nitrogen contents, so they adjusted the refractive index by controlling
the content ratio of oxygen/nitrogen. It is found that the reaction gases are diﬀerently incorporated
into the layer due to diﬀerent plasma conditions in the coating region, so there is a higher nitrogen
incorporation and a higher refractive index in plasma regions with a high plasma density, while plasma
regions with lower plasma density will result in a higher oxygen bonding and a lower refractive index.
In addition to controlling the proportion of gas, the preparation method also has a certain inﬂuence on
the refractive index of the SiNx Oy ﬁlm. Farhaoui et al. [63] used the reactive gas pulse in sputtering
process (RGPP) to adjust the composition of SiNx Oy ﬁlm from oxide to nitride by controlling the
average ﬂow rate of O2 . Compared with the conventional reaction process (CP), not only did the
deposition rate increase, but also a wide range of SiNx Oy ﬁlms’ refractive indexes varying within
the same range could be obtained through this pulse process. Moreover, extinction coeﬃcient of the
SiNx Oy ﬁlm is low, and this SiNx Oy ﬁlm can be used for multi-layer anti-reﬂection coating (ARC).
Nakanishi et al. [64] also introduced argon (Ar) in the preparation of SiNx Oy ﬁlm by pulsed direct
current (DC) reactive magnetron sputtering. They found that the higher the Ar concentration is, the
more stable the SiNx Oy ﬁlm’s formation and the higher the deposition rate is. The researchers claimed
that a large amount of sputtered silicon atoms reach the substrate at high Ar concentration, causing
the oxidation probability of the SiNx Oy ﬁlm to decrease and the refractive index of the SiNx Oy ﬁlm to
gradually change with the percentage of oxygen in the reactive gas. The tunable refractive index of
SiNx Oy ﬁlm makes it superior to Si3 N4 and SiO2 in optical device applications. Furthermore, it also
provides a new strategy for development of optical devices.
3. Preparation of SiNx Oy Film
At present, the preparation methods of SiNx Oy ﬁlm are mainly classiﬁed into chemical
vapor deposition (CVD), physical vapor deposition (PVD), high-temperature nitridation, and ion
implantation [65]. The descriptions and comparisons of these preparation processes are as follows.
3.1. CVD Method
CVD is a vapor phase growth method for preparing materials by introducing one or more
compounds containing a constituent ﬁlm element. During this growth process, the reactive gas
is purged into a reaction chamber in which a substrate is placed, and a depositing process on the
gas–phase or gas–solid interface is executed to generate solid sediments [66]. CVD based methods are
mainly divided into plasma enhanced CVD (PECVD), low-pressure CVD (LPCVD), photochemical
vapor deposition [67], thermal CVD [68], etc. Among them, PECVD and LPCVD are the most
commonly employed methods. Additionally, PECVD can be extended to radio frequency PECVD
(RF-PECVD) [69], electron cyclotron resonance PECVD (ECR-PECVD) [70,71], and inductively coupled
PECVD (IC-PECVD) [72].
3.1.1. PECVD
PECVD is a method for preparing a semiconductor thin ﬁlm which is subjected to chemical
reaction deposition on a substrate using a glow discharge in a deposition chamber [73]. The preparation
process of SiNx Oy ﬁlm via PECVD is generally described as follows: at low temperature (<400 ◦ C),
ammonia (NH3 ), pure silane (usually SiH4 ), N2 , and nitrous oxide (N2 O) are generally employed in a
8
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PECVD chamber with a certain power. There are generally some diﬀerences in the composition of the
precursor gases reported in studies. In general, the ﬂow rates of NH3 , pure silane, and N2 remain the
same, and the total ﬂow rate is controlled by adjusting the ﬂow rate of N2 O [74]. Generally, SiNx Oy
ﬁlm is deposited on silicon substrate or quartz substrate, wherein the substrate’s temperature is kept
at room temperature, but some composite ﬁlms are deposited on other composite layers by PECVD,
such as the preparation of SiNx Oy and Si3 N4 by Park et al. [75]. For composite ﬁlm, they deposited a
SiNx Oy ﬁlm directly on the deposited Si3 N4 layer.
For SiNx Oy film by PECVD, NH3 is often used as the reaction gas of the nitrogen source, and SiH4
is used as the reaction gas of the silicon source. Although NH3 reacts with SiH4 easily, the SiNx Oy film
produced by NH3 at a lower temperature has a higher hydrogen content, which causes the decreased
electrical performance of SiNx Oy film, so some studies used RF-PECVD, with N2 and SiH4 as precursor
gases to prepare SiNx Oy film with lower hydrogen content, and some studies used RF-PECVD, with
N2 , SiH4 and NH3 as the front gases [76]. For example, Kijaszek et al. [77] used RF-PECVD and
maintained the RF of 13.56 MHz, pressure, power, and substrate temperature (350 ◦ C), and controlled
the composition of SiNx Oy film by the flow ratio of different gaseous precursors: NH3 , 2% SiH4 /98% N2
and N2 O, wherein the flow rate of 2% SiH4 /98% N2 and N2 O remained the same, and the flow rate of
NH3 is adjusted to control the SiNx Oy film’s performance. When the flow rate of NH3 is low, the SiNx Oy
film’s hydrogen content is also lowered, and the electrical performance of the SiNx Oy film is improved.
ECR-PECVD is also included in the PECVD method. Okazaki et al. [78] deposited a SiNx Oy ﬁlm
under hydrogen-free conditions by ECR-PECVD at a low temperature of ~200 ◦ C with O2 and N2 as
reaction gases, and the obtained deposition rate is ~0.1 μm min−1 . The deposited SiNx Oy ﬁlm has good
optical performance. Furthermore, Wood [79] used an ECR-PECVD system to deposit SiNx Oy dielectric
ﬁlm at low substrate temperature. The electrical performance of these ﬁlms is found to be comparable
with those deposited in systems using ion-assisted PVD and sputtering systems. Furthermore, thin ﬁlm
electroluminescence devices containing ECR SiNx Oy dielectrics exhibit high brightness and excellent
breakdown characteristics.
3.1.2. LPCVD
For LPCVD, a gas source under low pressure is decomposed to deposit SiNx Oy film directly on a
substrate. Since the mean free path of the reactive gas molecules increases at a low pressure, the diffusion
coefficient increases. Thereby, the transmission speeds of gaseous reactants and by-products are increased,
the aggregation of impurities on the substrate is reduced to some extent, and the film is more uniform.
It has the advantages of structural integrity, few pinhole defects, and high deposition rate, therefore it is
suitable for large-area production [80]. Kaghouche et al. [81] deposited a SiNx Oy film on a single crystal
silicon wafer using LPCVD at a high temperature of 850 ◦ C with N2 O, NH3 and dichlorosilane (SiH2 Cl2 )
as precursor gases. In the synthesis, the control variable experiment is carried out by adjusting the flow
ratio of NH3 /N2 O via keeping the flow rate of SiH2 Cl2 as constant. Additionally, the deposition duration
remains constant to maintain similar annealing conditions during the deposition process. Finally, the
thickness of the obtained SiNx Oy film is generally in the range of 300–400 nm.
However, the LPCVD has its disadvantages of low heating rate, long reaction time, and high
deposition temperature (generally >550 ◦ C), which limit its applications to some extent. A comparison
of diﬀerent CVD methods is summarized in Table 1 [76,82–85].
Table 1. Comparison of materials, ratios, and deposition conditions in diﬀerent chemical vapor
deposition (CVD) methods.
Deposition Method

Precursor Gases

Ratio of Precursor Gases

Deposition Condition

Reference

PECVD
RF-PECVD
ECR-PECVD
IC-PECVD
LPCVD

SiH4 , N2 O
SiH4 , N2 O, NH3
N2 , O2 , SiH4
N2 , Ar, SiH4
N2 O, NH3 SiH2 Cl2

SiH4 /N2 O = 0.05–0.125
(NH3 + SiH4 )/N2 O = 0.64–3.22
O2 /N2 = 0.03–0.1
N2 /Ar = 0.0625–0.5
N2 O/NH3 = 4.8-

200 ◦ C, 97.09 Pa
120 Pa
90–250 ◦ C, 1–6 Pa
860 ◦ C, 53.2 Pa

[82]
[76]
[83]
[84]
[85]
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3.1.3. High Temperature Thermochemical Vapor Deposition (HTCVD)
The HTCVD method uses a direct heating method to decompose or chemically react to obtain a
solid ﬁlm on the surface of a substrate [86]. Since the HTCVD method uses direct heating to provide
activation energy for the gas, it does not require complicated equipment, and the operation is relatively
facile. In addition, the reaction rate is high, and the formed ﬁlm has less impurity of hydrogen and
a dense structure [80]. However, the heating temperature of the HTCVD method is generally high
(≥700 ◦ C), which easily causes deformation and internal structural change of the substrate, reducing
the mechanical performance of the substrate and the bonding force between ﬁlm and substrate.
For optimization of this method, a rapid thermal CVD (RTCVD) is investigated [68]. RTCVD
refers to the formation of a single-layer SiNx Oy ﬁlm by a rapid annealing method to seal the substrate,
thereby avoiding the substrate being aﬀected by high temperature [76]. The RTCVD method can
deposit advanced dielectric ﬁlms on III-V substrates under high temperature. This method not only
has the advantages of HTCVD, but also prevents the V group elements from sublimating due to high
temperature. Lebland et al. [87] deposited SiNx Oy ﬁlm on III-V substrates by RFCVD. They controlled
the deposition rate and stoichiometry of the SiNx Oy ﬁlm by adjusting the partial pressure of N2 O and
temperature. It is found that a deposition rate of up to 10 nm s−1 is obtained at 750 ◦ C, and the InP
substrate does not degrade, solving the contradiction between the high deposition temperature using
the direct CVD method and the degradation of the V group element.
3.1.4. Photochemical Vapor Deposition (Photo-CVD)
Photo-CVD is a novel low-temperature deposition method using ultraviolet (UV) light or laser
to photodecompose a reaction gas to obtain a solid ﬁlm [88]. It has the following advantages:
greatly reducing the substrate temperature (≤250 ◦ C), avoiding the damage caused by high-energy
particle radiation on the surface of the ﬁlm, making the surface of the ﬁlm smooth, and reducing the
by-product [89]. However, the main disadvantages of the photo-CVD are its high cost, and that the
formed ﬁlm is not stable.
The CVD method has certain advantages and many extension methods, Table 2 shows the pros
and cons of four diﬀerent CVD approaches [80,89–92], among them PECVD and LPCVD are the most
commonly used deposition methods. Even so, it is diﬃcult to avoid the existence of hydrogen in
preparing SiNx Oy ﬁlm by PECVD or LPCVD, and the hydrogen deposited in the raw material is
diﬃcult to remove due to the low deposition temperature of the CVD method, further aﬀecting the
performance of SiNx Oy ﬁlm [90]. To this end, researchers have proposed various methods to reduce the
hydrogen content of SiNx Oy ﬁlm. Among them, the thermal oxidation treatment by Hallam et al. [91]
is highly promising, they deposited a SiNx Oy ﬁlm by PECVD and demonstrated that the SiNx Oy ﬁlm
with Si-H peak wave number of >2200 cm−1 has an open circuit voltage of up to 80 mV during thermal
annealing. They pointed out that the result is due to an increase in oxygen content. In addition,
increasing the ﬂow of raw materials and the annealing temperature will also reduce the hydrogen
content to various degrees.
Table 2. Advantages and disadvantages of SiNx Oy ﬁlm prepared by PECVD, LPCVD, HTCVD and
Photo-CVD methods.
Method

PECVD

LPCVD

Advantages

Disadvantages

Flexible operation method,
High process repeatability,
High step coverage,
Low deposition temperature (<400 ◦ C) [92]
Uniform ﬁlm,
Complete structure,
Less pinhole defects,
High deposition speed,
Large-area preparation [80]
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High cost,
High H content in ﬁlm
Low heating rate,
Long reaction time,
High deposition temperature
(generally >550 ◦ C)
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Table 2. Cont.
Method
HTCVD
Photo-CVD

Advantages

Disadvantages

Simple operation and operation, High reaction rate,
Low H content in ﬁlm and dense structure [80]
Low reaction temperature (≤250 ◦ C),
Smooth ﬁlm surface,
Less by-products [89]

High deformation,
Impaired interface performance
High cost,
Low ﬁlm stability

3.2. PVD
PVD is a physical method of vaporizing a material source into gaseous atoms, molecules,
or ionized ions under vacuum conditions, and depositing a ﬁlm on the substrate by sputtering
or plasma technology [93]. The main processes of PVD are vacuum evaporation, sputter coating,
ion plating, arc plasma coating, etc. [94–96]. Among them, sputter coating is a widely used and
mature method, which means that under vacuum conditions, the surface of the target material is
bombarded with the particles having the function, then the surface atoms of the target are obtained
with suﬃcient energy to escape, and the sputtered target is deposited on the substrate to form a
ﬁlm [97]. The large-scale magnetron sputtered coating developed on the basis of sputter coating has
high deposition rate, good process repeatability, easy automation, etc. [90].
Magnetron sputtering coating method is also divided into several categories such as reactive
pulsed magnetron sputtering, pulsed DC magnetron sputtering, rotatable dual magnetron pulsed
DC reactive magnetron sputtering, intermediate frequency (MF) magnetron sputtering, etc. [98].
Tang et al. [99] deposited SiNx Oy ﬁlm by reactive pulsed magnetron sputtering, and the eﬀects of
nitrogen ratio on the optical, structural, and mechanical performance of SiNx Oy ﬁlm are investigated.
They found that with the increase of nitrogen ratio, the refractive index of the SiNx Oy ﬁlm increased
from 1.487 to 1.956, its surface roughness decreased from 1.33 to 0.97 nm, its hardness increased
from 13.51 to 19.74 GPa, and its Young’s modulus increased from 110.41 to 140.49 GPa. When the
SiNx Oy ﬁlm is applied to the anti-reﬂection coating, the hardness of the coating is greatly improved.
Additionally, Simurka et al. [100] deposited a SiNx Oy ﬁlm on a glass substrate by pulsed DC magnetron
sputtering with a constant ﬂow of Ar (38–94 sccm) as the working gas and a constant gas ﬂow ratio
of oxygen (2–5 sccm) and nitrogen (20 sccm) is employed. Through experimental characterizations,
it is found that as the sputtering power increases, the density, refractive index, hardness, and Young’s
modulus of the ﬁlm increase slightly. Therefore, in the preparation process, it is very important to
select the appropriate sputtering power according to the requirements. Furthermore, in the preparing
process of SiNx Oy ﬁlm, not only a reasonable sputtering power should be set, but also the voltage is
important. Himmler et al. [32] deposited a single layer of SiOx , SiNy , and SiNx Oy using a rotatable
dual magnetron pulsed DC reactive magnetron sputtering, as shown in Figure 2a, showing a layout of
deposition zone within the roll-to-roll coating tool. Experimental results demonstrated that the ratio
of oxygen/nitrogen in the layer is determined not only by the reactive gas, but also by the voltage.
Furthermore, Li et al. [101] deposited a multilayer ﬁlm of hydrogenated silicon nitride (SiNx :H)/silicon
nitride (SiNx )/SiNx Oy for silicon crystal solar cells using intermediate frequency (MF) magnetron
sputtering, and the process design and application of passivation ﬁlm on anti-reﬂection surface of
silicon solar cell in laboratory are shown in Figure 2b. The multilayer ﬁlm prepared by this process has
excellent cell eﬃciency when applied to solar cells.
Although the SiNx Oy ﬁlm prepared by the PVD method has a lower hydrogen content than that
of the SiNx Oy ﬁlm by CVD, the PVD is superior to the CVD for preparing SiNx Oy ﬁlm. Moreover, the
sputtering method has a low deposition temperature and is easy to control. However, it is diﬃcult to
perform rapid ﬁlm deposition on a large-scale substrate by sputtering method [102] and the sputtering
method is prone to “target poisoning” [103], that is the added reaction gas generates a composite
material on the target, thereby changing the sputtering yield and the deposition rate. Finally, the ﬁlm
stoichiometry is changed.
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Figure 2. Physical vapor deposition (PVD). (a) Schematic of the deposition zone inside the roll-to-roll
tool [32]. Copyright 2018, Surf. Coat. Technol. (b) The procedure design and application for laboratory
silicon solar cell of the anti-reﬂection and surface passivation ﬁlm [101]. Copyright 2017, Mater. Sci.
Semicond. Process.

3.3. Oxynitridation
Oxynitridation is generally a method of reacting gas such as N2 O, NO, NH3 , N2 , and O2 with Si,
SiO2 , or Si3 N4 under suitable conditions to obtain a SiNx Oy ﬁlm.
The high-temperature nitridation is a more commonly used method, which refers to the preparation
of SiNx Oy ﬁlm by introducing N into SiO2 ﬁlm by means of thermal nitriding [104], rapid annealing [105],
and plasma nitriding [106] under certain conditions with reactive gas containing nitrogen (e.g., N2 O,
NO, NH3 , N2 ) [107]. Among them, a SiO2 ﬁlm which can be obtained by a thermal oxidation
method [108] and a sol–gel method [109]. Diﬀerent performance of membranes prepared under
diﬀerent oxidation/nitridation conditions in the nitrogen oxidation process are obtained. When the
temperature is 800–1200 ◦ C, NH3 is introduced as a nitrogen source for high-temperature nitridation of
SiO2 by thermal nitridation, although a simple and smooth SiNx Oy ﬁlm can be obtained, H is inevitably
introduced. H doping in the SiNx Oy ﬁlm aﬀects its electrical performance, such as the formation of a
large number of electron traps in the SiNx Oy ﬁlm. In order to reduce the eﬀect of H on membrane
performance, reoxidation is an eﬀective method [110]. Furthermore, a nitrogen-containing gas without
H can be used as a nitrogen source, such as N2 O, to form a Si-O-N ﬁlm in situ generation without
introducing a H atom. However, the high temperature conditions of the high temperature nitridation
process have a serious inﬂuence on the substrate and are prone to defects. In addition, the SiNx Oy ﬁlm
obtained by this method has poor uniformity and poor compactness.
Three methods for preparing SiNx Oy ﬁlm are introduced above, and the advantages and
disadvantages of diﬀerent preparation methods are summarized in Table 3 [110–113].
Table 3. Preparation methods of SiNx Oy ﬁlm.
Method

Advantages

Disadvantages

CVD

High deposition rate
Low deposition temperature
Uniform ﬁlm

Hydrogen content has an eﬀect on electrical
conductivity [111]

PVD

Low hydrogen content

Oxynitridation

Relatively simple operation, large-scale
preparation

Low deposition rate [112]
Target poisoning is common
Film thickness is diﬃcult to control
Toxicity of raw gas [110]
Low N2 nitriding degree [113]

The deposition process of the SiNx Oy ﬁlm is reviewed. The properties of the ﬁlm microstructure
for diﬀerent growth conditions and post-growth thermal annealing will be illustrated by Figure 3.
As shown in Figure 3a–c, when the ratio of Ar/SiH4 and O2 /(O2 + N2 ) is 4.5 and 0.1, respectively, the
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porosity of the SiNx Oy ﬁlm gradually decreases. However, at this state, the SiNx Oy ﬁlm is still porous
and pore-oriented. The eﬀect of the rate reduction is small. As shown in Figure 3d, by changing
Ar/SiH4 from 4.5 to 41 and RF to 0.9 KW, a very signiﬁcant decrease in porosity is observed, showing a
very dense SiNx Oy ﬁlm, and it is shown by Figure 3e when Ar/SiH4 changes from 4.5 to 41, and when
the RF is 0.9 KW, its water vapor transmission rate (WVTR) is the lowest, and it has good protection
function [72]. Figure 3f,g shows HRTEM images of diﬀerent types of Ce3+ and Tb3+ co-doped SiNx Oy
ﬁlm and structure (III) multilayer designs. It is worth noting that no ripples and layer mixing are
observed. Furthermore, the fact that the morphological structure remained unchanged even after
annealing at 1180 ◦ C for 1 h conﬁrmed the manufacturing process and showed the robustness of the
sample (Figure 3g) [114]. As shown in Figure 3h, (I) and (II) are infrared transmission photographs
of the bond pairs and the annealed pairs, respectively. The results show that the crack length of
the composite is obviously shortened after annealing at 120 ◦ C, and the bond strength is obviously
improved. After the sample is annealed at 300 ◦ C for 2 h, the bond strength is suﬃcient to withstand
peeling, and the infrared transmission photograph is shown in Figure 3 h(III). As shown in the AFM
chart (Figure 3i), the SiNx Oy ﬁlm has a smooth and uniform surface with a root mean square (RMS)
roughness of 0.162 nm, which is suﬃcient for direct soldering without complicated grinding and
polishing processes. Figure 3j shows the corresponding depth proﬁles of N, O, and Si. Obviously, you
can ﬁnd two layers. From the surface to a depth of about 40 nm, the amounts of O and N are about 40%
and 20%, respectively. Starting from 40 nm, the O concentration gradually decreases compared with
the ﬁrst layer, but the concentration of N increases. After annealing at 1100 ◦ C, the higher structural
disorder conﬁrmed by XRD analysis in the SiNx Oyy ﬁlm can be attributed to the presence of O. This
helps to inhibit polycrystallization of the buried insulator during post-annealing in conventional
CMOS processes [115]. By analyzing the eﬀects of diﬀerent growth conditions and the properties of
the thermally annealed ﬁlm microstructure by post-growth on the performance of SiNx Oy ﬁlm, it is
helpful to eﬀectively control the parameters as needed in later applications.

Figure 3. The surface morphology and performance of SiNx Oy ﬁlm are changed under diﬀerent
conditions. (a–d) FESEM cross-section images of SiNx Oy ﬁlm deposited at Ar/SiH4 , O2 /(O2 +N2 ) of 4.5
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and 0.1, respectively with RF power of (a) 0.5 kW, (b) 0.7 kW, (c) 0.9 kW, and (d) at Ar/SiH4 , O2 /(O2
+ N2 ) of 41 and 0.1, respectively with RF power of 0.9 kW. (e) Eﬀect of Ar/SiH4 ratio and RF power
variation on the density and WVTR of 100 nm-thick SiNx Oy ﬁlm deposited at O2 /(O2 + N2 ) ratio of
0.1 [72]. Copyright 2019, Thin Solid Films. (f) Sample description, being (I) a Ce3+ and Tb3+ co-doped
SiNx Oy ﬁlm, 60 nm thick with 42 at.% of N; (II) a bilayer composed of a Ce3+ doped SiNx Oy single
layer and a Tb3+ - doped SiNx Oy single layer, each 30 nm thick; and (III) a multilayer made of two
layers of Tb3+ - doped SiNx Oy and two layers of Ce3+ -doped SiNx Oy (each sub-layer with a thickness
of 15 nm), separated by SiO2 spacers of 5 nm. All SiNx Oy layers have a nitrogen content of 42 at. %.
(g) HRTEM image of the multilayer design (structure (III), as-deposited sample). The inset shows
a magniﬁed region of the multilayer close to the Si substrate, for a sample annealed at 1180 ◦ C for
1 h [114]. Copyright 2016, J. Appl. Phys. (h) Infrared transmission image of a bonded pair after the
crack-opening test: (I) as-bonded, (II) after annealing at 120 ◦ C, (III) after annealing at 300 ◦ C. (i) AFM
image of SiNx Oy ﬁlm synthesized by plasma immersion ion implantation (PIII). (j) Depth proﬁles of Si,
O, and N in SiNx Oy ﬁlm acquired by sputtering XPS [115]. Copyright 2005, Appl. Surf. Sci.

4. Applications of SiNx Oy Film
As an intermediate of SiNx and SiO2 , SiNx Oy ﬁlm has an adjustable dielectric constant,
refractive index, and extinction coeﬃcient by controlling the ratio of nitrogen/oxygen in the chemical
composition [116]. The gas ratio and process parameters of the various reactants involved in the
preparation of SiNx Oy are diﬀerent, so that the stoichiometry of each element in SiNx Oy is diﬀerent,
and the limit forms may be a-Si, SiO2 , and Si3 N4 .As shown in the Figure 4, a series of possible forms of
the SiNx Oy ﬁlm is given, as well as changes in the properties of diﬀerent ﬁlm forms as the O content
and H content increase, are mainly reﬂected in changes in transparency, band gap width, refractive
index, and insulation [117]. SiNx Oy ﬁlm has performance between SiO2 and Si3 N4 . Due to its excellent
photoelectric performance, it has been widely used in optical devices, dielectric gate dielectric materials,
and optical waveguide materials [118]. The SiNx Oy ﬁlm also has high chemical stability, high resistance
to impurity diﬀusion, and water vapor permeability, which is highly promising for applications in
barrier devices such as gas barriers [119]. In addition, the SiNx Oy ﬁlm has a small defect density and is
advantageous in applications as a storage medium. The applications of SiNx Oy ﬁlm in microelectronic
devices, optical devices, barrier materials, and non-volatile memory will be introduced in this section.

Figure 4. A series of possible forms of the SiNx Oy ﬁlm and their performance.
14

Micromachines 2019, 10, 552

4.1. Application of Barrier Material
Most organic conductive polymers and chemically reactive electrodes degrade when exposed
to water or oxygen, causing failure of electronic devices [120]. Therefore, in order to enhance the
service life of device, it is necessary to use a barrier material for encapsulation layer of the device with
a low water vapor transmission rate and oxygen permeability. Currently, glass or metal is often used
for device packaging, however, these rigid materials with high spring constant will greatly limit the
widespread applications of devices, especially in ﬂexible devices. On this basis, researchers studied
thin-ﬁlm encapsulation (TFE) technology [121]. In recent years, the SiNx Oy ﬁlm has also been widely
used as encapsulating layers. However, SiNx Oy ﬁlm has some problems served as an encapsulation
layer. The basic degradation mechanism of water vapor or oxygen on a single layer of SiNx Oy ﬁlm
is studied, and it is found that water vapor diﬀuses into the SiNx Oy ﬁlm through the percolation
channel and nano-defects to react with SiON:H, making Si-N gradually changes to Si-O bond under
repeated erosion of water vapor, eventually becoming a fully oxidized ﬁlm. Therefore, the degradation
of SiO2 :H becomes a way for water vapor to diﬀuse, and because of the lower density of SiO2 :H, the
diﬀusion rate of water vapor in the SiNx Oy ﬁlm is further enhanced [116]. In addition, the diﬀerence in
moisture resistance of the SiNx Oy ﬁlm is explained by ﬁlm oxidation and surface defect density. Oku
and co-workers [122] indicated that the surface of SiNx Oy ﬁlm easily changes to a low-quality ﬁlm
containing an excessive amount of H2 O molecule and O-H bond, which reduces the waterproofness,
after pressure cooker test (PCT) test. Therefore, it is generally formed by depositing a multilayer ﬁlm
to reduce ﬁlm defects and the probability of ﬁlm pores communicating with the atmosphere, thereby
forming a perfect barrier layer. On the other hand, SiNx Oy ﬁlm deposited at a higher temperature
has higher performance, and its defects are less, however, the high-temperature treatment should be
avoided in some devices, and the deposited SiNx Oy ﬁlm has poor barrier performance under low
temperature, which is not conducive to the protection of the device. Therefore, Satoh et al. [123]
developed a AlOx /SiON composite bilayer structure deposited at a relatively low temperature (<160 ◦ C),
in which the AlOx layer is used as a barrier layer, and the SiNx Oy layer ensured the chemical and
thermal stability of the ﬁlm to protect the device from damage during processing. The test results
indicated that the device did not show any degradation at 85 ◦ C, and 85% relative humidity (RH)
is obtained.
Additionally, some researchers have developed other methods, such as changing the preparation
process and controlling the preparation parameters, to optimize the barrier performance of SiNx Oy
ﬁlm to air and water vapor. Shim et al. [124] deposited a thin SiNx Oy layer on the surface of poly(ether
sulfone) (PES) membrane by PECVD using a mixture of hexamethyldisiloxane (HMDSO) and ammonia.
SiNx Oy is used as gas barrier layer, and a silicon-based coating layer of an organic/inorganic hybrid
structure is added between the surface of PES and SiNx Oy ﬁlm as a buﬀer layer for both. The results
showed that the undercoat layer is indispensable in the composite ﬁlm. Under the action of the
undercoat layer, the dense inorganic SiNx Oy layer has an excellent oxygen barrier performance of
0.2 cm3 m−2 day−1 at a critical coating thickness of ~20 nm. Moreover, the presence of the undercoat
layer not only prevents the ﬁlm from being cracked when the composite ﬁlm is highly curved, but
also maintains the initial gas barrier performance of the curved ﬁlm. Iwamori et al. [125] prepared
a SiNx Oy -based transparent gas barrier material by depositing a SiNx Oy ﬁlm on a polyethylene
terephthalate (PET) substrate by reactive sputtering in a nitrogen plasma. The results showed that
the SiNx Oy ﬁlm has a lower oxygen transmission rate than that of the SiO2 ﬁlm, because the use of
nitrogen plasma instead of oxygen suppresses the formation of defects induced by peroxide, and the
increase in nitrogen content greatly enhances the density of SiNx Oy ﬁlm, forming a composite ﬁlm with
excellent gas barrier performance. Liu et al. [126] deposited a SiNx Oy ﬁlm on PES by RF magnetron
sputtering in Ar/N2 atmosphere as a barrier to prevent water vapor permeation. The experimental
results showed that the RF power is 250 W. At the ﬁxed ﬁlm pressure of 1.6 Pa, with the deposition
time of 30 min, the 100% N2 content, and the absence of substrate bias, the water vapor transmission
rate of the composite ﬁlm is two orders of magnitude smaller than that of the uncoated PES.
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These studies provided some new research ideas for the development of high-quality SiNx Oy
barrier material, and have important research signiﬁcance for the applications of SiNx Oy ﬁlm in
packaging materials, protective layer materials, and gas barriers.
4.2. Application of Non-Volatile Semiconducting Memory
Non-volatile semiconducting memory (NVSM) means that when the current is turned oﬀ, the stored
data does not disappear, which can be applied to many ﬁelds [127–129]. Wrazien et al. [130] conducted
a lot of work on non-volatile memory. They studied NVSM with silicon-oxide-nitride-oxide-silicon
(SONOS) structure, which theoretically proves its storage capacity under low pressure and 150 ◦ C
can be as long as 10 years and the erase/write cycle is 105 times. Moreover, the SONOS based
device has an oxynitride charge storage layer. In recent years, resistive memory is considered as a
non-volatile memory with broad application prospects because of its excellent durability, high data
transmission speed, and low power consumption [131]. Resistive random access memory (RRAM) is
also known as a memristor-an electronic component with memory function [132]. Currently, excellent
resistance switching characteristics of silicon-based dielectrics are often applied in RRAM devices.
Recently, with the development of SiNx Oy ﬁlm, it has been found that the defect density of SiNx Oy
ﬁlm is low, and the high operating voltage is more advantageous when used as a storage medium.
Chen et al. [133] proposed that the SiNx Oy ﬁlm has non-uniformities such as operating voltage and
current, and improved uniformity of the RRAM by doping. They prepared SiNx Oy ﬁlm with diﬀerent
oxygen concentrations by reactive magnetron sputtering. The resistance conversion performance and
conduction mechanisms of Cu/SiNx Oy /ITO device are investigated. The SiNx Oy is deposited under
O2 with a ﬂow rate of 0.8 sccm in their investigation. The fabricated Cu/SiNx Oy /ITO device showed
reliable resistance conversion behavior, including high durability and retention. Zhang et al. [134]
prepared a SiNx Oy ﬁlm with ultra-low power a-SiN0.69 O0.53 :H by PECVD and pass N2 O into a vacuum
chamber. An a-SiN0.69 O0.53 :H ﬁlm is prepared under high resistance state and low power conversion.
The RRAM cells based on the a-SiN0.69 O0.53 :H ﬁlm shows an ultra-low current compared with the
pure a-SiN0.62 :H-based RRAM, eﬀectively reducing the operating current.
Recently, Wang et al. [135] developed a diﬀusion type memristor composed of two electrodes
and a SiNx Oy ﬁlm embedded with nano silver particles, wherein the ﬁlm is placed between the two
electrodes. The SiNx Oy ﬁlm is an insulator, but after electriﬁcation, under the action of heat and electric
power, the positions of the silver particles arranged neatly on the ﬁlm begin to scatter, gradually diﬀuse,
and penetrate the ﬁlm to ﬁnally form a cluster of conductive ﬁlaments. Current is passed from one
electrode to the other. After turning oﬀ the power, the temperature drops and the nano silver particles
are rearranged. The work of the memristor developed by the researchers is very similar to that of
calcium ions in biological synapses, so the device can simulate the short-term plasticity of neurons,
and the schematic diagram and circuit diagram of RRAM simulating synaptic memory are shown
in Figure 5. In addition, the diﬀusion memristor can also be used as a selector with large transient
nonlinearity, which has great research signiﬁcance and application prospects.
4.3. Application of Optical Devices
By controlling the ratio of oxygen and nitrogen in the SiNx Oy ﬁlm, the refractive index and
extinction coeﬃcient of the SiNx Oy ﬁlm can be controlled, and it can be used as an optical waveguide
material and an anti-reﬂection ﬁlm.
Optical waveguide materials are generally required to have low transmission loss, single mode
transmission, and the ability to fabricate a variety of active and passive devices on the same platform.
The outstanding feature of planar optical waveguides based on SiNx Oy and SiN is their ultra-low
loss. Planar waveguides with attenuations less than 0.1 dB m−1 have been implemented, such as
Baudzus et al. [136] studied phase shifters based on electro-optic (EO) polymers and SiN and SiNx Oy
waveguide materials systems, and found that SiNx Oy and SiN can be combined with EO polymers
and a fast adaptive phase shifter with very low attenuation can be made. The phase shifter has an
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attenuation of 0.8 dB cm−1 at 1550 nm and an EO eﬃciency factor of 27%, which can achieve lower loss
and has important research signiﬁcance.

Figure 5. Resistive random-access memory (RRAM) that mimics synaptic memory. (a) Schematic
illustration of the analogy between Ca2+ and Ag dynamics. (b) Illustration of biological synaptic
connections between presynaptic and postsynaptic neurons and circuit diagrams of electrical
synapses [135]. Copyright 2016, Nat. Mater.

Optical waveguide materials, such as SiNx Oy and SiN, also have applications in resonators.
Compared with the straight waveguide structure, the ring resonator (RR) has the advantages of
small footprint, high wavelength selectivity, and accumulated light intensity in the cavity, so that
a large absorption is obtained in the case of a short absorption medium. Therefore, the microring
resonator structure can achieve high responsiveness in the photodetector, achieving large extinction
in the modulator. In recent years, the excellent performance of silicon waveguide photodetectors
with integrated graphene has been experimentally veriﬁed. In a recent study of SiN microring
resonators, Wang et al. [137] used a graphene-photonic integrated circuits (PICs) structure to fabricate
microring resonators on the Si3 N4 platform. Compared with the graphene-Si3 N4 straight waveguide,
the absorption of the ring resonator is increased, and the length of the required graphene is greatly
shortened, and the quality factor of the prepared resonator is 0.282 × 105 –0.038 × 105 . In 2018,
Jia et al. [138] developed a SiNx Oy -based optical waveguide ring resonator (OWRR), which employed
a liquid source CVD (LSCVD) method to deposit a SiNx Oy ﬁlm with a good refractive index. It is
found that the SiNx Oy -based resonator achieves a measured waveguide loss of 4.07 dB cm−1 and a
quality factor of 0.93 × 105 in the transverse electric (TE) mode, which provides a new idea for the
preparation of other SiNx Oy -based optical devices. The use of SiN and SiNx Oy described above in ring
resonators exhibits diﬀerent ranges of quality factors, and in speciﬁc applications, is eﬀectively selected
based on the required bandwidth. In order to improve the controllability of the deposition process and
the precise control of the SiNx Oy ﬁlm performance, PECVD and LPCVD methods are both used in the
preparation process. When the refractive index is less than 1.7, it is suitable for deposition by PECVD.
When the refractive index is greater than 1.7, the dependence of the refractive index of the SiNx Oy ﬁlm
on the gas ﬂow rate in PECVD deposition is large, which is not conducive to precise control. It must be
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deposited by LPCVD. The product rate is 1–10 nm/min, suitable for growing thin ﬁlms with a thickness
of 10–500 nm. The two deposition methods described above have thickness and refractive index
uniformity and process repeatability of the resulting SiNx Oy ﬁlm deposited in the respective refractive
index ranges, which can meet the requirements of high performance waveguides [139]. In addition to
these, Trenti et al. [140] not only conﬁrmed the low loss of SiNx Oy , but also assumed that SiNx Oy has
thermal and nonlinear optical properties, and that SiNx Oy is an excellent platform for nonlinear and
quantum optical integrated photonic circuit design.
As an anti-reﬂective ﬁlm, SiNx Oy ﬁlm can greatly reduce light reﬂection and loss, and increase
eﬃciency when applied to photovoltaic devices such as solar cells and OLEDs. The excellent optical
properties of SiNx Oy ﬁlm can increase the transmittance of light and reduce the reﬂectivity. Sapphire
substrate is widely used in various photoelectric applications on glass substrate. However, sapphire
has a low transmittance. In order to increase the transmittance of sapphire substrate and reduce the
refractive index, Loka et al. [141] used RF magnetron sputtering to deposit a layer of SiNx Oy ﬁlm
on the surface of sapphire, followed by annealing at a high temperature of 1099.85◦ C.The visible
light transmittance is comparable with that of sodium-calcium glass. In this study, it is worth noting
that after high temperature annealing, the nitrogen in the SiNx Oy ﬁlm disappears and the ﬁlm is
converted into SiOn . It is believed that the formation of SiOn and the high temperature annealing by
increasing the oxygen content help to lower the refractive index and reﬂectivity. Moreover, SiNx Oy
ﬁlm is used as an anti-reﬂection ﬁlm on solar cells and OLEDs, which not only improves eﬃciency,
but also protects the device due to its high resistance to corrosion and oxidation. However, in most
preparation processes, composite ﬁlms of SiNx Oy and other components are usually double or even
multilayered in order to obtain higher performance. In these studies, Nguyen et al. [142] developed a
dual stack of SiNx Oy /Al2 O3 for n-type c-Si solar cells. They deposited a SiNx Oy layer on the surface of
Al2 O3 as a coating by PECVD. It is found that the Al2 O3 /a-SiNx :H phase is excellent due to its excellent
anti-reﬂection and front surface passivation of the Al2 O3 /SiON stack. The refractive index and high
positive ﬁxed charge of the SiNx Oy cap layer in the Al2 O3 /SiNx Oy stack are reduced, but the lifetime is
signiﬁcantly improved, and the optical properties are excellent, such as the average transmission in the
entire wavelength range of 300–1100 nm. The rate is 93.8%, the average absorption rate is 0.33%, the
energy conversion eﬃciency is increased from 17.55% to 18.34%, the short-circuit current density and
open circuit voltage are also improved. Sahouane et al. [143] further investigated the application of
multilayer anti-reﬂective coatings to reduce optical losses in solar cells. They deposited multilayer
silicon nitride ﬁlm and SiNx Oy ﬁlm by PECVD and found that the best reﬂectivity of six layers of
ﬁlm is 1.05%, and that of four layers is 3.26%. It is proved that multilayer deposition can greatly
reduce reﬂectivity, reduce loss, and improve eﬃciency. Parashar et al. [144] found that the hybrid
plasma structure formed by adding self-assembled silver-aluminum alloy nanoparticles to the SiNx Oy
ﬁlm can also signiﬁcantly reduce the reﬂectivity of silicon. The results showed that SiNx Oy /Ag2 Al
nanoparticles reduce the average reﬂectance of silicon from 22.7% to 9.2%, and the SiNx Oy cover layer
reduces the reﬂectivity of silicon from 9.2% to 3.6% in the wavelength range of 300–1150 nm. By
further enhancing photon management, the reﬂectivity decreased from 22.7% to ~3.6% in a 35 nm
SiNx Oy /Ag2 Al nanoparticles /25 nm SiNx Oy hybrid plasma structure, and when used as a battery,
photocurrent and cell eﬃciency are improved to some extent.
4.4. Application of Anti-Scratch Coating
With the development of ﬂexible optoelectronic devices, more and more transparent polymers are
developed as ﬂexible substrate in devices, and the polymer is widely used because of its advantages
of light weight, low cost, high transparency, and easy to process and design [145,146]. However, for
long-term use, the polymer is limited in many applications due to its poor scratch resistance, fragility,
or inﬂuence on device. Researchers have further protected the device by depositing a coating on
the surface of the transparent polymer to enhance its scratch resistance. In recent years, silica-based
coatings (SiNx Oy ﬁlm) have been considered as promising transparent coatings for protection of
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transparent polymers. Lin et al. [147,148] deposited organo-silicon oxynitride (SiOx Cy Nz ) ﬁlm on
a ﬂexible polycarbonate (PC) substrate by low-temperature tetramethylsilane (TMS)-O2 -N2 plasma
polymerization at room temperature. They also studied the eﬀect of N2 ﬂow rate on scratch resistance
of PC substrates, and found that the optimal ﬂow rate of N2 is 3 sccm, and the scraping rate is 0%
after scraping 200 times with steel wool under the pressure of 300 g. The SiOx Cy Nz ﬁlm covered
PC substrate has very good scratch resistance and provides a hard and smooth surface for ﬂexible
PC substrates. In addition, they also deposited SiOx Cy Nz ﬁlm on reinforced carbon ﬁber reinforced
polymer composites (FCFRPCs) by atmospheric pressure plasma low temperature polymerization
to enhance the scratch resistance of the composites. There is a large amount of scratching (100%) on
the original FCFRPC. By depositing SiOx Cy Nz ﬁlm, the scratch resistance of FCFRPCs is signiﬁcantly
improved. After scratch testing, there are no scratches (0%), which is of great signiﬁcance for the
development of FCFRPCs. Furthermore, Zhang et al. [149] prepared a SiNx Oy coating on glass and
PET ﬁlms by thermally annealing the inorganic polymer perhydropolysilazane (PHPS) between 60 and
200 ◦ C. The results showed that the glass and PET ﬁlm covered by SiNx Oy ﬁlm have higher hardness,
stronger hydrophobicity and excellent adhesion. Additionally, the coated PET ﬁlm exhibited high
transparency and excellent scratch resistance in the visible wavelength range, and is advantageous as a
hydrophobic scratch-resistant coating in optical devices, as shown in Figure 6.
The high hardness and high scratch resistance of the SiNx Oy ﬁlm make it widely used as a
coating on transparent polymer and glass, which enhances the reliability of devices and has important
research signiﬁcance.

Figure 6. Scratch-resistant coating properties of the coated polyethylene terephthalate (PET) ﬁlm. (a)
Optical pictures of the coated ﬁlms after cut-cross tape test (the left side shows a magniﬁcation of 1
time, and the right side shows a magniﬁcation of 10 times). (b) The left side shows the sample under
the load of 1000 g left for the pencil scratch marks over 9 hours, and the water droplets on the coated
PET ﬁlm are shown in the right image. (c) Optical images of naked PET ﬁlm. The PET ﬁlm after coating
is observed on the left and the right shows the coated PET ﬁlm after wear test [149]. Copyright 2015,
Polym. Int.
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5. Conclusions
The SiNx Oy ﬁlm has important applications in optical devices, non-volatile memory, barrier
materials, and scratch-resistant materials due to its good optoelectronic performance, mechanical
strength, chemical stability, and barrier performance. The review focuses on the optical performance of
SiNx Oy , including luminescent performance and adjustable refractive index. This is a characteristic of
SiNx Oy ﬁlm that is superior to conventional silicon-containing ﬁlms such as Si3 N4 and SiO2 . Moreover,
several methods for preparing SiNx Oy ﬁlm, including chemical deposition methods, sputtering
methods, and nitrogen oxidation methods, which are mainly used at present, are reviewed and
compared, and the advantages and disadvantages of diﬀerent methods will help us design and select
the preparation methods correctly.
As a new type of thin ﬁlm, SiNx Oy ﬁlm has a wide range of research space in many aspects.
We believe that with the maturity and development of various preparation methods, the application
prospect of SiNx Oy ﬁlm will be brighter.
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Abstract: Miniaturization of frequency-comb sources could open a host of potential applications in
spectroscopy, biomedical monitoring, astronomy, microwave signal generation, and distribution of
precise time or frequency across networks. This review article places emphasis on an architecture
with a semiconductor mode-locked laser at the heart of the system and subsequent supercontinuum
generation and carrier-envelope offset detection and stabilization in nonlinear integrated optics.
Keywords: frequency combs; heterogeneous integration; second-harmonic generation; supercontinuum;
integrated photonics; silicon photonics; mode-locked lasers; nonlinear optics

1. Introduction
The ﬁeld of integrated photonics aims at harnessing optical waves in submicron-scale devices and
circuits, for applications such as transmitting information (communications) and gathering information
about the environment (imaging, spectroscopy, etc.). The applications pertaining to the transmission
of information include optical transceivers [1], interconnects for high-performance computing [2,3],
optical switches [4], and perhaps neural networks [5]. The sensing applications can be long-range,
e.g., LiDAR [6], or short-range, e.g., absorption, Raman or ﬂorescence spectroscopy [7]. This includes
spectroscopy of atomic vapors [8], which is essential in realizing a miniature atomic clock. Somewhere
in between these two ranges is the quest to design an on-chip frequency-stabilized comb source.
The unprecedented frequency stability, coupled with the broad comb bandwidth, has had such an
impact that two of its inventors, John L. Hall and Theodor W. Hänsch, are awarded the 2005 Nobel
Prize in Physics for their “contributions to the development of laser-based precision spectroscopy,
including the optical frequency-comb technique”.
This review paper summarizes efforts in developing an on-chip stabilized broadband
supercontinuum source in the context of above sensing goals. The paper discusses in detail the
applications, the physics of supercontinuum broadening and ﬁnally various integrated-photonic
architectures and associated material choices. We concentrate speciﬁcally on supercontinuum from
waveguides, because the attained spectrum is typically broader and ﬂatter than the competing
architecture based on microring resonators [9]. However, this comes at the cost of the need for
on-chip narrow-linewidth and high-power mode-locked laser (which is yet to be demonstrated),
instead of continuous-wave (CW) pump sources needed for microrings. Irrespective of the speciﬁc
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implementation requirements of such a supercontinuum source, some of the challenges for developing
such systems are common to the whole ﬁeld of integrated photonics. For example, if silicon is chosen
as the primary optical material, a.k.a., silicon photonics, there exist fundamental material limitations,
such as two-photon absorption and the material’s indirect bandgap. The high propagation loss of the
III/V compound semiconductor competitors—which can possess direct bandgaps, hence lasing—also
renders them a less than ideal alternative. Just like in optical transceivers, the solution is ushered by
heterogeneous integration of various materials for different optical functionalities [10,11]. Material
heterogeneity is therefore another common feature of the technologies reviewed in this paper.
2. Applications of Miniature Frequency Combs

Figure 1. Frequency combs ﬁnd applications in (i) low-noise microwave signal generation and
processing, (ii) gears in atomic clocks that measure the precise frequency of atomic transitions,
(iii) broadband light sources in spectroscopy. They can also be viewed as (iv) a source of densely
spaced optical channels for optical communications and (v) source of high peak-power pulses in
time-of-ﬂight lidar.

The development of mode-locked laser was crucial to the proliferation of frequency combs and has
spawned a multitude of applications [12], which are schematically depicted in Figure 1. Among them,
spectroscopy is of prime importance. The ﬁrst spectroscopic experiments concentrated on atoms
from the ﬁrst group of the periodic table. For instance, the Cesium D1 line (895 nm) was measured,
thus its hyperﬁne constant could be calculated to high precision [13]. Further improvements were
made by using self-referenced frequency combs and counter-propagating beams to avoid Doppler
broadening [14]. In the initial experiments, only a single line of the frequency comb was used.
However, the main advantage of the frequency comb is to use all the available frequency teeth.
The next technology leap came with the invention of dual-comb spectroscopy (DCS) [15], where two
locked frequency combs, with slightly detuned repetition rates, are used. In DCS, one of the combs is
transmitted through the sample and then beat against the other comb producing a radio-frequency (RF)
comb. The phase and amplitude information of the probing comb is mapped into the RF comb and thus
the sample’s absorption spectrum can be recorded. DCS is superior—in terms of resolution, acquisition
speed, accuracy and signal-to-noise ratio (SNR)—to other methods, such as high-resolution virtually
imaged phased array (VIPA) disperser [16]. Since it does not require a spectrometer, i.e., a grating or
an interferometer, it is a perfect candidate for an on-chip source [17]. It should be stressed that for
applications in organic chemistry, it is the mid-infrared (mid-IR) region lying approximately between
4000–400 cm−1 or 2.5–25 μm is the most spectroscopically interesting window, and is referred to as
the ﬁngerprint region. Within this wavelength range, the rich number of rotational and vibrational
excitations is sufﬁcient for identiﬁcation of organic molecules. Examples include the broadband
absorption of the O-H bond of alcohols around 2.9 μm or the sharp and strong peak of the carboxyl
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group (C=O) near 5.5 μm [18]. Should a miniature frequency-comb spectrometer be realized in this
regime, one could envision a multitude on biomedical and environmental monitoring applications.
However, there are limited laser sources beyond 3 μm, hence alternative light generation methods,
e.g., difference-frequency generation and optical-parametric oscillation, are required [19]. Furthermore,
mid-IR detectors require cryogenic cooling, in order to limit thermal noise, and even so perform worse
than their Si or InGaAs counterparts. Consequently, on-chip stabilization experiments have been
primarily performed in the near-IR wavelengths, as summarized in Table 1. In this region, it is still
possible to detect the overtones of vibrational resonances of certain molecules, e.g., methane (CH4 ) [20].
Additionally, the near-IR range is used in astronomical spectrograms, where frequency combs are
used for calibration [21], in order to detect Doppler shifts as small as 1 cm·s−1 . Miniaturization would
enable extraterrestrial applications for frequency-comb sources.
Intimately intertwined with the topic of atomic spectroscopy is the subject of atomic clocks.
Here, a narrow-linewidth laser is tuned to an atomic transition locked to one of the optical comb
teeth. The frequency comb serves as the clockwork that maps the optical frequencies to microwave
frequencies that can be counted by electronics. Atomic clocks form the core of international time
standard disseminated globally [22]. Simultaneously, this makes them an equally capable frequency
standard that would beneﬁt from miniaturization. As the data rates and the number of data channels
grow, it becomes increasingly important to synchronize the frequency among devices on the same
network [23]. Miniature atomic vapors cells with vertical-cavity surface-emitting lasers (VCSELs),
locked to the atomic transition, and Rubidium (Rb) vapor cells integrated with silicon waveguides [8],
have already been demonstrated [23]. The next step is integration with an on-chip frequency comb
source that would link the optical and microwave frequencies. Miniature atomic clocks would greatly
improve the resilience of receivers for global-positioning system (GPS) against jamming [24].
Finally, there are potential applications that stem from the ability to separate individual comb
lines and alter their phase and amplitude. In this manner, it is possible to synthesize arbitrary optical
pulses [25] and characterize them via multiheterodyne beat [26]. Pulse shaping in the optical domain
can also be used to realize programmable and tunable ﬁlters for microwave signals encoded on the
optical carrier [25]. The individual comb lines can equally well-function as separate channels for
coherent terabit-per-second communication [27].
3. Stabilization
Frequency-comb spectra are composed of series of equally spaced lines, hence the name.
The frequency comb has two free parameters, namely the repetition rate or the spacing between
the comb lines, f r , and the carrier-envelope offset (CEO) f 0 , which is a measure of the phase slippage
between the carrier frequency and the peak amplitude of a pulse [12], or alternatively the offset
of the comb lines, with respect to zero frequency. Thus, the position of the comb lines is given
by the simple relation f n = f 0 + n f r , where n is an integer as depicted in Figure 2. To take full
advantage of the frequency comb as an optical metrology tool, stabilizing both parameters through
detection and a feedback loop back to the oscillator is demanded. Stabilization of the repetition rate is
easier, as GHz-bandwidth photodetectors are readily available. Some of the repetition stabilization
schemes are discussed in the Section 5. Stabilization of the CEO is more challenging, because in
absence of an external reference, it is impossible to measure the optical frequency precisely. Therefore,
the optical frequencies ought to be mapped into the microwave domain, so that they can be measured
electronically. This is accomplished by frequency broadening of the original spectrum, frequency
multiplication of one or two portions of the spectrum and subsequent measurement of the heterodyne
beat between the two.
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(a) f -2 f .

(b) f -3 f .













(c) 2 f -3 f .
(d) f -2 f interferometer.
Figure 2. Carrier-envelope offset ( f 0 ) detection schemes.

Different frequency-stabilization methods are introduced in the following. Their common
challenge is that in general, frequency broadening is a non-trivial task, as the requirements for broad
bandwidth and coherence must be met simultaneously. This aspect of frequency broadening is
discussed in more detail in the Section 4.
As shown in Figure 2a, the most common scheme is the so-called f -2 f self-referencing technique,
where a tooth from the long-wavelength portion, f 0 + n f r is frequency-doubled to 2 f 0 + 2n f r and beat
against a tooth an octave apart f 0 + 2n f r . In practice, the frequency doubling has a few nanometers of
bandwidth, so actually multiple comb lines around these frequencies are used.
Another method is f -3 f referencing, which requires two octaves of bandwidth. Here, frequency
doubling is replaced with frequency-tripling, which means that the same third-order nonlinear material,
i.e., with a strong χ(3) optical susceptibility, can be simultaneously used for supercontinuum generation
and frequency multiplication. In this case, the beat frequency is actually 2 f 0 , as evident in Figure 2b.
But this attribution does not make a difference for the controllers used in the electronic-feedback loops,
because it just affects the proportionality factor.
Finally, there are various fractional schemes, such as 2 f -3 f referencing that require shorter
bandwidth, in this case 2/3 of an octave, but also frequency multiplication of both sides of the
supercontinuum spectrum. The frequency-tripling is done in two stages, through second-harmonic
and sum-frequency generations, making the whole process inefﬁcient. The 2 f -3 f referencing technique
is more prevalent in the case of microring resonators with limited bandwidth [28]. In one report [28],
two CW lasers are locked to opposite ends of the spectrum to boost the power for 2 f -3 f referencing.
Several CEO detection experiments involving integrated optical waveguides are collected
in Table 1. Due to the simplicity of the approach, there is particular allure of using a single,
straight waveguide for both frequency doubling and supercontinuum generation. Materials such
as AlN and LiNbO3 (LN) or even strained Si3 N4 , possessing both χ(3) and χ(2) nonlinear
responses, can be considered. However, this comes at the price of increased power consumption
for two reasons. First, efﬁcient frequency doubling requires phase matching. In large waveguides
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used for supercontinuum generation, the phase-matching typically occurs for higher-order modes,
as in experiments on LiNbO3 and AlN suggest (Table 1). This results in the CEO signal being
generated from beating two different spatial modes, which limits the signal strength. Secondly,
the frequency components used in f -2 f referencing are separated by an octave, which means that they
have substantially different group velocities. Therefore, as they exit the waveguide they are separated
in space (or equivalently the arrival times at the detector are different). Thus, in f -2 f referencing
experiments, it is common to split the spectral components and compensate from the time delay in an
interferometer, as depicted in Figure 2d. This feature is not easily available in a single waveguide with
simultaneous χ(3) and χ(2) nonliterary.
Table 1. On-chip CEO detection experiments. Abbreviations: SHG—second harmonic generation,
THG—third harmonic generation, CEO SNR—carrier envelope offset signal to noise ratio.
χ(3) Material

Si3 N4

Si3 N4

Si3 N4

AlN

LiNbO3

2.5 × 10−19

2.5 × 10−19

2.5 × 10−19

2.3 × 10−19

span
pump wavelength
pulse energy
pulse duration
repetition rate
total insertion loss

600–1700 + nm
1510 nm
62 pJ
200 fs
80 MHz
7 dB

520–1700 + nm
1550 nm
110 pJ
80 fs
100 MHz
4 dB

600–1900 nm
1055 nm
36 pJ
64 fs
1 GHz
8 dB

500–4000 nm
1550 nm
800 pJ
80 fs
100 MHz
8 dB

1.8 × 10−19
400–2400 nm
1506 nm
185 pJ
160 fs
80 MHz
8.5 dB

χ(2) Material

Strained Si3 N4

NA

PPLN

AlN

LiNbO3

referencing scheme
SHG/THG
variable delay
CEO SNR
reference

f -2 f
770 nm
No
27 dB
[29]

f -3 f
420 nm
No
23 dB
[30]

f -2 f
680 nm
Yes
40 dB
[31]

f -2 f
780 nm
No
37 dB
[32]

f -2 f
800 nm
No
30 dB
[33]

n2

[m2 ·W−1 ]

Due to above-mentioned reasons, the experiment with the highest CEO SNR and lowest power
consumption in Table 1 employs the architecture from Figure 2d, together with periodically poled
lithium niobate (PPLN) device to achieve quasi-phase-matching to the preferred fundamental mode.
To date, this has only been done in free-space optics, but progress on efforts for on-chip integration are
discussed in Section 6.
Once a CEO signal with sufﬁcient SNR (typically 25 dB) is detected, a feedback loop is used
to stabilize it. In a semiconductor MLL, there are multiple factors that can affect the magnitude of
the CEO. These include the gain current, operating temperature, reverse voltage of the saturable
absorber and the current in an integrated phase-shifter. Furthermore, these parameters simultaneously
affect the CEO and the repetition rate [34]. It is preferential to choose a free parameter and operating
conditions that affect mostly the CEO, while keeping the repetition rate ﬁxed. For semiconductor disk
lasers, this has been successfully accomplished via gain current modulation [35]. Another possibility is
injection locking [36], as discussed in Section 5.
Strides towards miniaturization have been made that extend beyond CEO detection.
A self-referenced frequency-comb source with a ﬁber oscillator and silicon nitride waveguides,
consuming only 5 W of electrical power, was demonstrated [37]. In this work, power-efﬁcient repetition
rate control is achieved by resistive thermal ﬁber heater. In another report [38], the CEO signal of
a semiconductor disk laser, operating at 1.8 GHz, is stabilized via supercontinuum generation in
photonic-crystal ﬁber. The whole system consumed 6 W of optical power. Replacing the ﬁber with
integrated silicon nitride waveguides reduced the optical power requirement to 160 mW for a similar
system, operating at 1.6 GHz [35]. However, the semiconductor disc lasers still require an external
cavity with active feedback to one of the mirrors to limit amplitude and phase noise.
There also exist alternative architectures for self-referenced on-chip frequency combs. They use
the spontaneous formation of solitons in microring resonators from CW background. This approach
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beneﬁts from using a CW laser, instead of a mode-locked laser. An on-chip optical synthesizer has
been realized based on this approach [39]. However, the spectrum of frequency combs generated
in microrings follows the sech envelope function and has a limited bandwidth. Thus, from the
spectroscopy viewpoint, photonic waveguides are preferable.
In the future, hybrid approaches could be possible. An example is synchronous pumping of
microrings with a mode-locked laser, which should further reduce the system power consumption [40,41].
4. Supercontinuum Generation in Integrated Waveguides
All the self-referencing schemes in Section 3, i.e., 2 f -3 f , f -2 f , and f -3 f , require a broad-bandwidth
source that is respectively 2/3 of an octave, an octave and 2 octaves wide. An octave centered around
1550 nm, corresponds to roughly 1000 nm of bandwidth. This is signiﬁcantly larger than the bandwidth
of typical semiconductor lasers, which is around 10 nm (see Table 2). Hence, a crucial element of
any on-chip CEO detection scheme is a χ(3) waveguide, in which frequency broadening, also called
supercontinuum generation, occurs. Supercontinuum generation has been thoroughly studied in
the context of optical ﬁbers [42]. Here, we review the most important ﬁndings that are relevant to
obtaining a broadband, coherent supercontinuum in waveguides required for self-referencing.
The master and accurate equation describing the dynamics of fs-range pulses is
∂A
∂z

= − α2 A + ∑k≥2

∂k A
i k +1
k! β k ∂T k

∂
+ iγ(1 + iτshock ∂T
)( A(z, t)

 +∞
−∞

R( T  )| A(z, T − T  |2 dT  + iΓ R (z, T )),

(1)

where A is the pulse amplitude in W −1/2 , β i are dispersion coefﬁcients from the Taylor expansion
around the center frequency, ω0 , and γ is the nonlinear coefﬁcient. τshock ≈ 1/ω0 is the shock timescale,
although there are more complicated expressions that account for the dispersion of the effective
area [42]. R( T ) is the Raman response function and various semi-empirical models are developed for
it [43]. Finally, Γ R (z, T ) is the stochastic noise term arising from spontaneous Raman scattering.
The dynamics of supercontinuum generation from ultrashort (100 fs range) pulse in the anomalous
dispersion region, β 2 < 0, are dominated by soliton ﬁssion, as opposed to self-phase modulation in
the normal dispersion case. The latter involves ampliﬁcation of quantum noise via four-wave mixing
(FWM) processes, which muddle the coherence of the supercontinuum. Hence, in the context of
stabilization we concentrate on the anomalous dispersion regime.
Regarding the dynamics of supercontinuum generation, it is necessary to introduce the soliton
number, N, deﬁned as N 2 = γP0 T02 /| β 2 |, where P0 and T0 refer to the peak power and duration of the
input pulse in Equation (1). The ﬁrst ejected soliton—which is the shortest and most energetic—has a
temporal width of T0 /(2N − 1) and a peak power of (2N − 1)2 /N 2 P0 [44]. All solitons formed during
the ﬁssion process are perturbed by the higher-order dispersion terms and Raman scattering, but the
perturbation of the ﬁrst soliton dominates the spectrum. Under phase-matching conditions,
D=

∑

k ≥2

βk
1
|β |
= (2N − 1)2 22 ,
k!
2
T0

(2)

the soliton can transfer energy to a linear dispersive wave [44]. To a good approximation, the right-hand
side of the equation can be equated to zero. The dispersive waves are also referred to as Cherenkov
radiation [45], due to similarities with radiation emitted by charged particles traveling through a
dielectric medium. This equation forms the basis of dispersion engineering. Since semiconductor
processing offers tight control of the waveguide geometry, it is possible to control the shape of
supercontinuum spectrum in integrated waveguides (such an attribution is difﬁcult to accomplish in
largely axially symmetrical ﬁbers). For example, it is possible to introduce a slot into the waveguide
structure, effectively ﬂattening the dispersion proﬁle and increasing the bandwidth to two octaves [46].
This design leads the phase-matching condition from Equation (2) to be satisﬁed at four different
wavelengths [47] with relatively ﬂat spectrum, which would be advantageous in spectroscopic
applications. Dispersion engineering is especially important in microring resonators [48], where the
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envelope follows the sech-shape of solitons. A simulated spectrum of supercontinuum generated
in chalcogenide waveguides together with experimental data from [49] is appended to Figure 4b.
The phase-matching condition, shown as a green curve, from Equation (2) predicts the position of
dispersive waves to great accuracy.
The second nonlinear effect that perturbs the solitons is Raman scattering. In Raman scattering,
some of the energy of impeding photon is transferred to electronic oscillations of molecules. This means
that the soliton spectrum is continuously shifted towards red wavelengths. The speed of the frequency
drift scales as dω R /dz ∼ | β 2 |/T04 [50]. Importantly, spontaneous Raman scattering is an additional
source of noise. It has been shown that this noise term leads to the degradation of coherence in the
long-wavelength portion of the supercontinuum, hence materials with weak Raman response are
preferred [31].
Apart from octave-spanning or wider bandwidth, it is necessary to ensure that the generated
supercontinuum is coherent to observe the CEO beat. Coherence is deﬁned as [42]
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(3)

where A1 and A2 refer to different pulse amplitudes in the pulse train separated by t1 − t2 .
Coherence requires sub-100-fs pulses [42] and the highest degree of coherence is usually observed
near the soliton ﬁssion point. Also, there are several noise sources that have adverse effect on coherence.
As mentioned beforehand, strong Raman effect also leads to undesired additional non-coherent
photons generated through spontaneous Raman scattering. Additionally, there is quantum noise
(shot noise), which is usually dominant and cannot be eradicated [51]. Furthermore, there are
additional sources of noise that come from the oscillator itself, such as phase (optical linewidth),
timing jitter (RF linewidth), amplitude noise and technical noise from environmental changes [52].
As the optical-ﬁber-based oscillators usually do not produce sufﬁcient power for CEO detection
experiments, it is necessary to amplify their output, but this leads to additional ampliﬁed spontaneous
emission (ASE) noise. It has been shown that ASE noise leads to variations in the group velocity of
solitons and thus timing jitter [53].
A challenge for supercontinuum generation is that as a nonlinear process, the above noise sources
(ASE, Raman and shot noise) are not additive but are actually ampliﬁed through FWM processes [54].
Consequently, the FWM gain grows exponentially with pulse energy, whereas the supercontinuum
bandwidth increases only linearly [55]. In other words, the minimal pulse energy that produces
sufﬁcient bandwidth would also be the point of maximum coherence.
5. Requirements for Semiconductor Lasers
To date, all CEO detection and stabilization experiments using integrated waveguides are
performed with either ﬁber lasers [30], optical-parametric oscillators (OPOs) [29] or pumped vertical
external-cavity surface-emitting lasers (VECSEL) [38]. Just like mode-locked ﬁber lasers were crucial
to the development of stabilized frequency combs [13], a semiconductor laser is necessary for
on-chip counterparts.
Thus, it would be prudent to compare current state-of-the art semiconductor mode-locked lasers
(MLL) with these prior alternatives. As noted in reference [52], the overall frequency-comb performance
is much more sensitive to the noise inside the oscillator than the noise added through subsequent
ampliﬁcation. The reason is that the noise inside the cavity (ASE or length variations with temperature)
translates into frequency shifts or broader linewidth, whereas the same noise sources outside the cavity
would increase the noise ﬂoor on the detector that is used for CEO detection.
The comparison presented here is by no means a thorough review of semiconductor MLLs
and the reader is directed to references [34,56,57]. Table 2 collects performance of representative
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lasers. The subsequent discussion compares them against Erbium-doped ﬁber oscillators used in
frequency-comb experiments [37,58–60].
Table 2. Passively mode-locked semiconductor lasers in comparison to Erbium-doped ﬁber oscillators.
Material

III-V/Si

III-V/Si

III-V/Si

InP

InP

InP

Er ﬁber (+EDFA)

repetition rate
pulse duration
opt. bandwidth
band. threshold.
power

19 GHz
1.83 ps
9 mW
est.
6 kHz
−3 dB
1.2 ps
0.1 MHz–
100 MHz
[61]

1 GHz
15 ps
12 nm
−10 dB
-

20 GHz
900 fs
3 nm
−3 dB
1.8 mW

400 kHz
0.9 kHz
−10 dB
[57]

1.1 kHz
−3 dB
[56]

30 GHz
900 fs
15 nm
−10 dB
0.25 mW
coup.
29 MHz
500 kHz
−20 dB
4.5 ps
100 Hz–
30 MHz
[62]

2.5 GHz
9.8 ps
3 nm
−3 dB
80 uW
coup.
6 kHz/61 kHz
−3 dB/−20 dB
10 kHz–
10 MHz
[63]

1 GHz
70 ps
5 nm
−10 dB
0.59 mW
coup.
80 MHz
1 MHz
−20 dB
4.16 ps
20 kHz–
80 MHz
[64]

50–200 MHz
<300 fs (<100 fs)
(~50 nm)
−3 dB
~5 mW
(<200 mW)
10 s kHz
<2 fs
10 kHz10 MHz
[37,58–60]

3 dB optical lw
RF lw
RF lw threshold
timing jitter
int. range
reference

With regards to the power consumption metric, nonlinear integrated waveguides typically require
lower pulse energies than those in photonic-crystal ﬁbers for supercontinuum generation. However,
semiconductor-based MLL cavities are shorter and thus the repetition rates are higher than those
in ﬁber cavities. If we take the most optimistic repetition rate value of 1 GHz from Table 2, and the
best InGaP waveguides from Table 4 (which require only 2 pJ pulses, and also assume no coupling
loss), the average power requirement turns out to be only 2 mW. This power is perfectly reasonable,
albeit the value can quickly grow in practice. For instance, a 10-GHz InP cavity and the chalcogenide
waveguides discussed later would consume 260 mW of optical power.
The next metric discussed is the pulse width. From the ﬁber-based comb literature [42], it is
generally assumed that coherent supercontinuum generation requires 100 fs pulses, while the best MLL
from Table 2 produce 900 fs pulses. However, this is not prohibitive, as it has been shown that some of
the pulse compression task can be off-loaded to nonlinear waveguides. It is, for example, shown via
simulations that 1 ps pulses can be compressed to 41 fs in 39-cm-long silicon nitride waveguides with
ultralow propagation loss of 4.2 dB/m [65]. Similar ideas are proposed for optical ﬁbers [66].
The subtlety lies in the fact that these two requirements are not independent. As seen in Table 2,
lasers with long cavities (low repetition rates) tend to produce pulses that span tens of picoseconds. This
is because, in general, longer cavities lead to larger net accumulated dispersion, which leads to wider
√
solitons [58], i.e., τs = 2| β 2 |/γP0 for A( T ) = P0 /cosh( T/τs ) in the basic form of Equation (1). In this
context, the path forward would probably involve further work on 1 GHz cavities with dispersion
engineering or addition of gain ﬂattering ﬁlters as in [62], in order to broaden the spectrum and reduce
pulse width to picosecond level which is sufﬁcient for further compression in nonlinear waveguides.
The issues of quick gain saturation could be addressed via the breathing mode architecture [67],
where the pulse is stretched before the gain section and compressed afterwards.
In the elastic-tape model of frequency combs [52,58], there exists a ﬁxed point in the frequency
spectrum, f r , around which the comb teeth breath. In other words, the linewidth of individual comb
teeth increases as we move away from f r [52]. In the case of active/hybrid MLLs, the ﬁxed point
is located near the carrier frequency, while in passive MLLs it is close to the zero frequency [34].
In CEO detection experiments, the comb teeth that are beat against one another (after frequency
multiplication) are on the extremes of the spectrum. Hence, the linewidth of the CEO is directly
proportional to the linewidth of these comb teeth. Reducing the linewidth of the CEO improves
its SNR and typically a value of 25 dB is required by the locking electronics for CEO stabilization.
For comparison, the free-running CEO linewidth of Erbium-doped ﬁber lasers is in the range of
10–1000 kHz [58]. Thus, to compare the performance of MLL in the context of frequency-comb
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generation, several key factors should ideally be known. They include the ﬁxed point and its optical
linewidth, as well as the spectral power density of RF phase noise, which dictates the RF linewidth and
thus the magnitude of the breathing of the comb lines. However, the ﬁxed point is rarely measured,
so the optical linewidth near the carrier frequency is used as an alternative metric.
A clear distinction can be made in Table 2, between the heterogeneously integrated III-V/Si MLL
and monolithic InP lasers. The former have narrower optical linewidth (e.g., 400 kHz [57]) than the
latter (e.g., tens of MHz [62,64]). This is because the silicon cavities in III-V/Si have longer cavity
photon lifetime than the monolithic, high-loss InP counterparts and thus wider optical linewidth
through the Schawlow-Townes limit [68]. The narrowest optical linewidth of 400 kHz is still higher
than typical values of tens of kHz in Erbium-doped ﬁber cavities, but it can be further improved with
injection-locking techniques mentioned below.
The timing jitter of passive semiconductor MLLs is on the order of picoseconds, as seen in Table 2,
in contrast to the femtosecond timing jitter of passive ﬁber cavities. However, the situation is not as
dire as the numbers might imply. The 1.8 GHz VECELS used in CEO stabilization experiments [38],
which are closer in repetition rate to semiconductor MLLs, have an integrated timing jitter of 60 fs
(1 Hz–100 MHz) after stabilization to an external synthesizer. Therefore, in semiconductor MLLs some
feedback system equalizing the repetition rate is necessary before the CEO signal can be detected.
To date, there is no single integrated passively mode-locked laser that can compete with the
performance of ﬁber cavities simultaneously on all metrics. However, there are various methods to
augment an oscillator to improve its performance. For example, hybrid-mode locking of cavity is
shown to reduce the 10-dB RF linewidth from 0.9 kHz to 1 Hz [57]. In this case, hybrid-mode locking
was accomplished by supplying an RF signal to the saturable absorber. We also note that the beneﬁt of
hybrid-mode locking is that it provides an access point for repetition rate control in a feedback loop in
a fully self-referenced frequency-comb source.
Another possibility is optical feedback, with on-chip external cavity [61]. However,
the performance of the feedback is proportional to the cavity length, as it increases the memory
of the system. In one report [61], the on-chip external cavity is only twice as long as the oscillator cavity
and the 3-dB RF linewidth is 6 kHz. In contrast, in a report based on a much longer (22 m) ﬁber-based
external cavity [69], the RF linewidth is only 192 Hz. However, fabricating equally long waveguides is
challenging, due to higher propagation losses of integrated photonics and limited chip space.
Another scheme is to use multitone injection locking [70]. Multitone injection locking is an
extension of the injection locking technique. It reduces the optical linewidth through the use of a
narrow-linewidth CW seed that is injected into the cavity [71]. The beneﬁt of multitone injection
locking is that it simultaneously reduces optical linewidth and also provides a means of controlling
the repetition rate by varying the spacing of the tones. We also note that injection locking provides
an alternative to the standard way of controlling f 0 , via tuning the wavelength of the seed instead of
modulation of the current injected into the gain section of the MLL [35].
An example of such an approach is shown in Figure 3a. The cavity used in the experiment
is a 10-GHz InP colliding pulse MLL [72]. Here, the multitone injection locking is part of a
coupled opto-electronic oscillator loop (COEO), i.e., the repetition rate of the MLL is detected on
the electroabsorption modulator (EAM), ampliﬁed, and fed back into the Mach-Zehnder modulator,
generating sidebands on the injection seed and forming a feedback loop in the system. The resonance
condition is ensured by adding a phase-shifter in the loop. Another way to look at COEO is to notice
that the MLL acts as a selective ﬁlter that ampliﬁes RF modes of the cavity that overlap with the modes
of the MLL. In this manner, the performance of the InP MLL is greatly improved. The free-running
optical linewidth is reduced by a factor of 6000 to 100 kHz, limited by the optical linewidth of the
injection seed, and the COEO loop reduces the RF linewidth by a factor of 70, yielding a 3-dB RF
linewidth of 400 Hz [36]. The RF phase noise is further reduced by locking the COEO loop to an external
reference, resulting in integrated timing jitter of 500 fs at 1 kHz. Unfortunately, again, the performance

37

Micromachines 2019, 10, 391

of COEO loop is proportional to the length of the optical delay. In this case, the optical delay line is
100 m long.
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Figure 3. (a) Coupled-optoelectronic oscillator with InP MLL using multitone injection locking.
The output pulses are pulse-picked, compressed and ampliﬁed to generate supercontinuum in
chalcogenide (ChG) waveguides. The experimental data comes from [73]; (b) Autocorrelation
of pulses coming out of the chip; (c) High-extinction modulator is essential for pulse picking,
otherwise the residual pulse train is ampliﬁed leading to a wide pedestal in the autocorrelation;
(d) Octave-spanning supercontinuum generated in ChG waveguides using the InP-based source as
a seed. Abbreviations: TL—tunable laser, (HX)-MZ—(high-extinction) Mach-Zehnder modulator,
MMI—multimode interferometer, EAM—electrooptic amplitude modulator, SA—saturable absorber,
SOA—semiconductor optical ampliﬁer, EDFA—Erbium-doped ﬁber ampliﬁer, ISO—optical isolator,
VC-PS voltage-controlled RF phase shifter, BT—bias tee, PID—proportional-integral-derivative
controller, SMF—single-mode ﬁber.

Such augmented cavity acts as a seed for supercontinuum generation in chalcogenide waveguides
that are discussed in detail in Section 6. The cavity by itself produces 2.5 ps pulses (see Figure 3b)
that are further ampliﬁed and compressed to 111 fs. We note that because the carrier dynamics in
an EDFA is on the order of μs, every 500th pulse must be picked by a high-extinction modulator.
The high-extinction modulator is essential, otherwise the residual 10 GHz pulse train is ampliﬁed,
leading to a large pedestal in the autocorrelation trace as in Figure 3c.
Finally, an octave-spanning supercontinuum is achieved, as presented in Figure 3d [73]. It is
anticipated that the pulse picking and multiple stages of ampliﬁcation can be integrated on a single
InP-based monolithic superchip.
6. Materials for Nonlinear Processes
As mentioned in the introduction, despite signiﬁcant success of silicon photonics, some of
its optical properties have certain limitations. The material has a large third-order nonlinearity,
n2 = (4.5 ± 1.5) × 10−18 m2 W−1 at 1.55 μm [74], but researchers have been unable to achieve an
octave-spanning supercontinuum pumped at 1.55 μm. As noted in [75], where 3/10 of an octave
was demonstrated with 100 fJ pulses at 1310 nm, the two-photon and associated free-carrier
absorptions clamp the maximum power inside the waveguides and hence limit the spectral broadening.
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Nonetheless, the pump does not have to be completely outside the two-photon absorption region
supercontinuum to achieve a full octave span as in report [76]) where 1900 nm laser was used.
The experimental details are provided in Table 3.
Table 3. On-chip supercontinuum. The n2 for Ge23 Sb7 S70 and InGaP are inferred indirectly through
measurement of γ coefﬁcient in waveguides. For SiN, AlN, and LiNbO3 refer to Table 1 with CEO
detection experiments.
χ(3) Material

Ge23 Sb7 S70

As2 S3

InGaP

Si

n2 [m2 ·W−1 ]
span
pump wavelength
pulse energy
pulse duration
repetition rate
propagation loss
references

3.7 × 10−18
1030–2080 nm
1550 nm
26 pJ
240 fs
25 MHz
0.5 dB/cm
[49]

3.8 × 10−18
1200–1700 + nm
1550 nm
60 pJ
610 fs
10 MHz
0.6 dB/cm
[77]

2.3 × 10−17
1000–2100 nm
1550 nm
2 pJ
170 fs
82 MHz
12 dB/cm
[78]

4.5 × 10−18
1150–2400 + nm
1900 nm
4 pJ
50 fs
200 MHz
1.5 dB/cm
[76]

However, once appropriate on-chip sources become available, silicon is an excellent material for
supercontinuum generation in the mid-IR. An octave span is already demonstrated with only 5 pJ
and 300 fs pulses at 2.5 μm wavelength [79]. The bandwidth could be further improved by removing
the buried oxide layer, as in suspended-membrane air-clad silicon [80], silicon-germanium [81],
or silicon-on-sapphire waveguides [82].
In the nearest future, a near-IR frequency comb is the most viable path, and therefore the
χ(3) limitations of silicon must be addressed by heterogeneous integration with other materials.
Additionally, silicon has a centrosymmetric lattice structure, hence does not possess an intrinsic
second-order nonlinear optical susceptibility, χ(2), needed for frequency doubling.
When comparing the waveguides used for CEO detection supercontinuum generation,
i.e., experiments from Tables 1 and 3, respectively, it is evident that materials with a strong
χ(3) response are preferred, as it can lead to lower pulse energies required for octave-spanning
supercontinuum. This is despite the fact that the Kerr nonlinearity, n2 , scales as 1/E4g with bandgap,
Eg , and is inherently tied to the two-photon absorption via Kramers–Kroning relationship [83]. This
means that materials with high n2 possess a bandgap that is relatively close to the pump. For example,
the transparency range of Si3 N4 is 0.4–4.6 μm, whereas for silicon the transmission window is 1.2–8 μm.
Due to the proximity of the bandgap, the high n2 materials are likely to suffer from two-photon
absorption. Nevertheless, within the tables, the best performing material is InGaP, which has the
highest nonlinearity, despite having the highest propagation losses of 12 dB/cm [78]. Octave span is
achieved with only 2 pJ of pulse energy in short (2 mm long) waveguides, which is why the high loss
is not prohibitive.
The second functionality, required for the f -2 f referencing scheme, is efﬁcient SHG. For a
thorough review of SHG in heterogeneous integrated photonics, the reader is directed to [84] and for a
discussion of appropriate ﬁgures of merit to [85]. Table 4 collects the most important demonstrations in
integrated photonics. First, we note the efﬁciency of SHG can be greatly improved through the power
enhancement of resonant cavities such as microrings. Consequently, the highest efﬁciency from Table 4,
as expressed in %W−1 , is for low-loss AlN microrings, when compared to LN and GaAs waveguides,
despite the AlN’s smaller χ(2) nonlinearity. However, the bandwidth of these resonant structures
is limited by their quality factor, Q, and thus they have limited applicability to the f -2 f referencing
schemes, because for SHG to occur one of the comb lines would have to be tuned to the microring
resonance, and tuning would amount to having an already stabilized frequency-comb source. Secondly,
it is advantageous to use all comb lines that fall within the phase-matching bandwidth (usually couple
of nanometers) for highest CEO SNR. Thus, in terms of architecture, straight waveguides are a
better choice.
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Table 4. Second-harmonic generation in integrated waveguides.
χ(2) Material

LiNbO3

GaAs

AlN

GaN

Strained Si3 N4

d [ 12 χ(2)]
efﬁciency
efﬁciency
SHG mode order
architecture
reference

30 pmV−1
17%W−1
4600% W−1 cm−2
fundamental
waveguide
[85]

119 pmV−1
255% W−1
13,000% W−1 cm−2
fundamental
waveguide
[86]

1 pmV−1
2300% W−1
5th
microring
[87]

8 pmV−1
0.015% W−1
6th
microring
[88]

eff. 0.02 pmV−1
6th
microring
[89]

Efﬁcient SHG requires phase matching between the pump and the signal. Since the two are
separated by an octave, in terms of frequency, this leads to the phase-matching condition being
satisﬁed for a higher-order mode at the signal wavelength as for Si3 N4 , GaN and AlN cases in Table 4.
This is suboptimal, as it compromises the mode-overlap between the pump and signal and thus overall
conversion efﬁciency [84], as well as the mode-overlap between the signal short-wavelength part of
supercontinuum (which is usually in the fundamental mode).
As shown in Table 4, record efﬁciencies of 13,000% W−1 cm−2 have been demonstrated in thin-ﬁlm
GaAs [86]. This is possible due to GaAs’s highest χ(2) response among the materials in Table 4 and
a large refractive index contrast leading to a small mode area. However, this has been achieved by
modal-phase matching between fundamental modes of different polarizations, i.e., the pump being
in the transverse-electric (TE) and the signal in the transverse-magnetic (TM mode). This attribution
has potential hurdles in f -2 f referencing scheme polarization rotators must be included, because the
generated SHG would be in an orthogonal polarization state to the short end of the supercontinuum.
Finally, there is the thin-ﬁlm equivalent of the commercially successful PPLN technology, where
the phase matching is achieved through periodic-poling of the ferroelectric LN crystals [84,90,91].
Here, efﬁciencies of up to 4600% W−1 cm−2 have been recently demonstrated for 1550 nm pump [85]
and functionality for 2 μm pump has also been shown [92,93]. Similar to the above GaAs report,
operation in the fundamental mode at both pump and signal wavelengths is feasible. An advantage
of the above PPLN devices is that the pump and signal can have the same TE polarization modes,
hence polarization rotation is not needed.
To summarize, the most optimal on-chip CEO detection scheme, for sufﬁcient CEO signal with
the lowest pulse energy, would incorporate (a) strong χ(3) material, (b) integrated spectral splitters
and delay lines, and (c) a strong χ(2) material with a device geometry leading to SHG generated in the
fundamental mode and same polarization as the pump.
A sensible approach to this task is the integration of chalcogenide glass, e.g., Ge23 Sb7 S70 ,
with thin-ﬁlm LN. As discussed earlier, LN is one of the prime contenders for efﬁcient SHG and
ChG was chosen as the χ(3) material, because it is a glass that can be easily deposited on LN,
without heating the substrate that would damage the thin-ﬁlm LN.
Another material alternative, with strong χ(3) nonliterary, is silicon nitride. Low-loss material is
typically achieved by low-pressure chemical-vapor deposition (LPCVD), which requires deposition
temperature of ∼700 ◦ C. Hence, in this case, it is preferred to bond LN onto patterned silicon nitride
layer to avoid thermal damage to the LN thin ﬁlms [94].
The fabrication ﬂow for integration of ChG and LN has already been demonstrated together
with efﬁcient mode-conversion from the ChG layer and rib-loaded LN with only 1.5 dB loss [95].
The strongest χ(2) response of LN is along the z axis. Since the demonstrated thin-ﬁlm PPLN devices
use y-cut crystals, so the electrodes could be placed in the plane of the wafer, the pump ﬁeld for
the SHG process has to be oriented along the z-axis. This in turn requires the geometry of the ChG
waveguide to support broadband TE supercontinuum generation, which is shown to be feasible [96].
The grand vision of the ﬁnal device to be demonstrated is depicted in Figure 4, together
with the measured performance of discrete components. Figure 4b shows an octave-spanning TM
supercontinuum generated with 240-fs-wide pulses, carrying 26 pJ of energy [49]. Figure 4c shows the
performance of spectral splitters, as measured using a ﬁber-based supercontinuum source. Spectral
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separation is achieved through intermediate coupling to a higher-order mode (TE1 ), which permits
deﬁnition of the whole structure in a single lithography step and avoids tiny gaps between waveguides
or sharp terminations [97].
As mentioned, second harmonic was demonstrated on thin-ﬁlm PPLN, reviews of which can
be found elsewhere [84,85]. The ﬁrst PPLN device on silicon substrates showed only 3 dB difference
between the signal and the pump [90] and the recorded spectrum is shown in Figure 4d. We note
that this early experiment was performed using a pulsed source and therefore there is a signiﬁcant
contribution from sum-frequency signal generation in the signal. Highly efﬁcient devices, under CW
pumping, were later reported [85].

(a)

(b)
(c)
(d)
Figure 4. (a) The vision for a fully integrated f -2 f referencing chip and the performance of individual
components; (b) measured (red) octave-spanning TM supercontinuum requiring only 26 pJ of pulse
energy and the simulated spectrum (blue) together with the phase-matching condition (green) that
predicts the position of dispersive waves; (c) spectral splitters showing 30 dB extinction ratio at 2 μm;
(d) second-harmonic generation in thin-ﬁlm PPLN.

Lastly, Figure 5 shows an experiment used to detect a second harmonic generated from
supercontinuum from integrated waveguides. The long end of the supercontinuum is amplified using
a custom-made Thulium-doped fiber amplifier (TDFA). The pump wavelength at 1984 nm is amplified
by 20 dB to compensate for the high, 12 dB, coupling losses of the ChG chip. This is sufﬁcient to
observe a SHG signal at 992 nm at −71 dBm that falls within the short end of the supercontinuum [98].
A similar experiment with a highly nonlinear ﬁber and thin-ﬁlm PPLN was also performed and is
shown in Figure 5c. It is anticipated that integration would reduce the coupling losses rendering the
TDFA unnecessary.
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(b)

(a)
(c)
Figure 5. (a) Experimental setup for generating a second harmonic from supercontinuum, in turn,
generated in chalcogenide (ChG) waveguides. A Thulium-doped ampliﬁer (TDFA) is inserted between
the ChG chip and bulk periodically poled lithium niobate (PPLN) to compensate for insertion
losses. (b) The measured spectra in the experiment: blue—supercontinuum generated from ChG,
green—ampliﬁed supercontinuum, red—second harmonic. (c) The same experiment performed with
highly nonlinear ﬁber and thin-ﬁlm lithium niobate.

7. Future Outlook
Great progress has been made towards realizing on-chip frequency-stabilized supercontinuum-based
comb sources. The integrated nonlinear components outperform the bulk counterparts, due to their
smaller effective mode areas that increase the strength of interaction. The χ(3) waveguides require less
power than optical ﬁbers, in order to produce an octave-spanning supercontinuum, and in some cases
the supercontinuum extends far enough to even enable f -3 f referencing. Some materials, such as
AlN, exhibit both χ(3) and χ(2) responses, allowing the detection of the CEO signal straight out
of the waveguides. Record-high second-harmonic generation efﬁciencies have been demonstrated
in thin-ﬁlm PPLN and GaAs. The missing component is a semiconductor mode-locked laser that
would serve as the heart of an on-chip frequency-comb source. In this case, heterogeneous integration
of III-V gain media with long low-loss cavities, and possibly further stages of ampliﬁcation and
pulse compression to achieve low noise, sub-ps, 1-GHz oscillators seems to be the path forward.
Subpicosecond pulses would be sufﬁcient, provided that the nonlinear waveguides could shoulder
compression to 100 fs pulses. Injection locking and hybrid-mode locking could be used to reduce the
optical and RF linewidth of passive cavities. In the nearest future, an stabilized frequency combs in the
near-IR is the next milestone, with potential applications in microwave synthesis, miniature atomic
clocks, astronomy, and LiDAR. In the distant future, the technology could be extended to encompass
the mid-IR range, where spectroscopic identiﬁcation of organic molecules is possible. This is where a
ﬂat-, broadband- and stabilized-supercontinuum source would shine and open plethora of possibilities
for inexpensive biomedical diagnostics and environmental monitoring.
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Abstract: The eﬀect of nitrogen doping on the photoluminescence (PL) of amorphous SiCx Oy ﬁlms
was investigated. An increase in the content of nitrogen in the ﬁlms from 1.07% to 25.6% resulted in red,
orange-yellow, white, and blue switching PL. Luminescence decay measurements showed an ultrafast
decay dynamic with a lifetime of ~1 ns for all the nitrogen-doped SiCx Oy ﬁlms. Nitrogen doping
could also widen the bandgap of SiCx Oy ﬁlms. The microstructure and the elemental compositions of
the ﬁlms were studied by obtaining their Raman spectra and their X-ray photoelectron spectroscopy,
respectively. The PL characteristics combined with an analysis of the chemical bonds conﬁgurations
present in the ﬁlms suggested that the switching PL was attributed to the change in defect luminescent
centers resulting from the chemical bond reconstruction as a function of nitrogen doping. Nitrogen
doping provides an alternative route for designing and fabricating tunable and eﬃcient SiCx Oy -based
luminescent ﬁlms for the development of Si-based optoelectronic devices.
Keywords: photoluminescence; amorphous silicon oxycarbide; nitrogen doping; defect; plasma
enhanced chemical vapor deposition

1. Introduction
Eﬃcient silicon (Si)-based luminescent materials are indispensable components to realize a cheap
and complementary metal oxide semiconductor (CMOS) optical integration. Thus far, diﬀerent
systems of Si-based luminescent materials, such as SiOx , SiNx , SiCx , and SiNx Oy , have been developed,
and eﬀorts have been devoted to understanding and ameliorating the light emission of Si-based
materials [1–9]. Silicon oxycarbide (SiCx Oy ) has been widely explored because of its strong light
emission and high solid solubility for rare earths [10–13]. SiCx Oy also features a tunable band gap.
As such, it is beneﬁcial to obtaining strong white electroluminescence at a low driving voltage in
SiCx Oy -based light-emitting diodes [14]. In the recent reference, Gallis et al. systematically studied
the white photoluminescence (PL) dynamics from SiCx Oy ﬁlm, where the band tail states related to
the Si−O−C and/or the Si−C bonds were suggested as the sources of the luminescence [11]. Recently,
optical gain was demonstrated in a-SiCx Oy under ultraviolet excitation, which was attributed to the
formation of a three-level luminescence model with the intermediate level related to Si dangling bond
(DB) defects radiative state [15]. Furthermore, an increase in C content in SiCx Oy ﬁlms can cause a
strong light emission ranging from near-infrared to orange regions [15]. Although performance is
enhanced in SiCx Oy ﬁlms, progress remains slow. The main obstacle lies in the fact that the light
emission eﬃciency generally remains too low to allow the fabrication of eﬃcient light-emitter devices.
To date, studies on the eﬀect of doping on the optical properties of SiCx Oy ﬁlms have mainly focused
on rare earth (RE) doping, such as Er and Eu doping [16–18]. However, up to now, the eﬀect of other
elements on the optical properties of SiCx Oy ﬁlms is still unclear.
Micromachines 2019, 10, 649; doi:10.3390/mi10100649
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In this letter, the eﬀect of nitrogen doping on the PL of amorphous SiCx Oy ﬁlm was investigated.
Interestingly, an increase in nitrogen content in the ﬁlms induced strong red, orange-yellow, white, and
blue switching PL. Combining the PL results with the analysis of the microstructure and the chemical
bonding conﬁgurations within the ﬁlms, it suggests that the rearrangement of chemical bonds with
varying nitrogen plays an important role in the evolution of PL characteristics in the ﬁlms.
2. Materials and Methods
Nitrogen-doped SiCx Oy ﬁlms with the thickness of 550 nm were grown at 250 ◦ C on Si substrates
and quartz by radio frequency (RF) glow-discharge decomposition of SiH4 , CH4 , O2 , and NH3 mixtures
in the very high frequency plasma enhanced chemical vapor deposition (VHF-PECVD) system. The ﬂow
rates of SiH4 , CH4 , and O2 were kept at 3.5, 5, and 1.2 sccm, respectively, whereas the ﬂow rate of NH3
varied from 0.5 sccm to 5 sccm to control the N content in the ﬁlms. The ﬁlms were named Sx (x = 1, 2,
3, 4) for the NH3 ﬂow rates at 0.5, 1, 3, and 5 sccm, respectively. The RF power and the deposition
pressure for the growth were maintained at 30 W and 20 Pa, respectively. The optical band gaps
of the ﬁlms were calculated using the Tauc method, which were determined by spectrophotometer
(Shimadzu UV-3600, Shimadzu Corporation, Kyoto, Japan). The PL spectra of the ﬁlms were measured
at room temperature by use of a ﬂuorescence spectrophotometer (Jobin Yvon ﬂuorolog-3, Horiba,
Ltd., Kyoto, Japan). Time resolved PL were measured by use of an Edinburgh FLS1000 spectrometer
(Edinburgh Instruments Ltd., Livingston, UK) equipped with a 600 mW 375 nm-laser beam with the
repetition rate of 20 MHz. The microstructures of the ﬁlms were characterized by Raman spectra.
The chemical bonds of the ﬁlms were examined by Fourier transform infrared (FTIR) absorption, and
Si, O, C, and N contents in the ﬁlms were identiﬁed through X-ray photoelectron spectroscopy.
3. Results and Discussion
Figure 1a shows the PL spectra of the SiCO:N ﬁlms prepared at diﬀerent NH3 ﬂow rates. Strong
visible light emission could be tuned from red to blue regions at room temperature by adjusting the
NH3 ﬂow rates increased from 0.5 sccm to 5 sccm. Red, orange-yellow, white, and blue switching
luminescence were strong enough to be seen with naked eyes even at 325 nm Xe lamp light excitation.
Figure 1b illustrates the optical band gap energy of the ﬁlms as a function of the NH3 ﬂow rate.
The optical band gap Eopt of the ﬁlms was obtained in accordance with the Tauc plot Equation (1):

(αhν)1/2 = A1/2 (hν − Eopt )

(1)

where α is the absorption coeﬃcient, A is a coeﬃcient quantifying the slope of the absorption edge,
and hν is the photon energy [19]. The calculated Eopt increases linearly from 2.83 eV to 3.66 eV as the
NH3 ﬂow rate increases from 0.5 sccm to 5 sccm. This ﬁnding demonstrates that N doping can widen
the bandgap of SiCx Oy ﬁlms, which may result from the substitution of stronger Si–N bonds for weak
Si–Si bonds or Si–C bonds. The comparison of PL with Eopt results indicated that the value of PL peak
energy of all the ﬁlms was obviously smaller than the corresponding Eopt , suggesting that the origin of
PL was not from the band-to-band recombination.
The microstructure of the SiCO:N ﬁlms was examined using Raman spectra (Figure 2a) to
further understand the origin of PL characteristics. All the SiCO:N ﬁlms exhibited similar line shape
characteristics typical of amorphous silicon-based materials. A broad Raman band, which was ascribed
to the transverse optical (TO) vibration mode of amorphous silicon, peaked at ~470 cm−1 for all the
SiCO:N ﬁlms. These results showed that all the SiCO:N ﬁlms had a uniform amorphous structure
without the presence of Si nanocrystals [20]. Furthermore, there was no obvious change in the
surface morphology of the ﬁlms prepared at diﬀerent NH3 ﬂow rates, as was revealed by atomic force
microscopy (Figure 2b).
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Figure 1. (a) Photoluminescence (PL) spectra of the SiCO:N ﬁlms prepared by diﬀerent NH3 ﬂow rates:
S1 (0.5 sccm), S2 (1 sccm), S3 (3 sccm), and S4 (5 sccm). The inset is the optical images of PL from the
ﬁlms under 325 nm Xe lamp light excitation. (b) The optical band gap of the SiCO:N ﬁlms vs. the NH3
ﬂow rates. The inset shows the ((αhν)1/2 ·vs·hν) plot of the SiCO:N ﬁlm Sx (x = 1, 2, 3, 4).

Figure 2. (a) Raman spectra of the SiCO:N ﬁlms with various NH3 ﬂow rates, (b) atomic force
microscopic images of the SiCO:N ﬁlms prepared by diﬀerent NH3 ﬂow rates: S1 (0.5 sccm), S2 (1 sccm),
S3 (3 sccm), and S4 (5 sccm).

The ﬁlms were measured by time-resolved PL to obtain further insights into the PL mechanism of
the SiCO:N ﬁlms (Figure 3). The decay curves could be ﬁtted with a double exponential function:
I (t) = A1 exp(

−t
−t
) + A2 exp( )
τ1
τ2

(2)

where Ai and τi (i = 1, 2) are the normalized amplitudes of the components and the time constants,
respectively [21]. The obtained average lifetime of the SiCO:N ﬁlms was about 1 ns. The luminescent
dynamic behavior was similar to that observed in defect-related luminescent Si-based materials, such
as SiNx Oy and SiCx Oy [19,21]. Furthermore, it was also found that the luminescence decay lifetimes
in our case were shorter than those in the band-tail recombination model where a broader band-tail
brought a longer lifetime, as the photogenerated carriers could be thermalized into deeper localized
states [22]. Therefore, the results suggested that the light emission of the SiCO:N ﬁlms originated from
the defect luminescent centers in the ﬁlms.
The FTIR spectra of the SiCO:N ﬁlms were obtained to study the local bonding changes in the
ﬁlms grown at diﬀerent NH3 ﬂow rates (Figure 4). In the S1 ﬁlm, the vibration modes related to
Si–C, Si–N, C–Si–O, Si–H, and C–H bonds could be clearly observed. The bands centered at 860 and
1039 cm−1 could be ascribed to Si–N and C–Si–O stretching modes, respectively [23,24]. Additionally,
a band at 1265 cm−1 was assigned to the Si–CH3 stretching vibration [25]. A small band shoulder at
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800 cm−1 was observed and was assigned to the Si–C stretching vibration [24]. A distinct absorption
peak at 2170 cm−1 and a weak band located at 2965 cm−1 were attributed to the Si–H and the C–H
stretching vibrations, respectively [26]. A weak band around 3375 cm−1 was associated with the N–H
stretching mode [23]. The most important feature for the FTIR spectra was the strong dependence
of major bands on NH3 ﬂow rates. As the NH3 ﬂow rates increased, the intensity of C–Si–O bonds
gradually decreased, and the peak gradually became red shifted. As the NH3 ﬂow rate increased to
3 sccm, this band broadened and red shifted to ~1010 cm−1 with a shoulder at ~940 cm−1 , which was
assigned to the N–Si–O vibration [27]. As the NH3 ﬂow rate further increased to 5 sccm, the band of the
N–Si–O vibration became dominant, indicating that the silicon oxycarbide-dominant phase of the ﬁlm
transformed into silicon oxynitride. Apparently, the increase in the NH3 ﬂow rate resulted in chemical
bond reconstruction in the ﬁlms. Based on the FTIR spectra, the evolution of PL characteristics could
be suggested from the chemical bond reconstruction in SiCO:N ﬁlms.

Figure 3. Room temperature time resolved photoluminescence for the SiCO:N ﬁlms with various NH3
ﬂow rates.

Figure 4. Fourier transform infrared (FTIR) spectra of the SiCO:N ﬁlms grown at diﬀerent NH3
ﬂow rates.
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The composition of the SiCO:N ﬁlms was examined through X-ray photoelectron spectroscopy
(XPS) (Figure 5). The atomic percentages of Si, C, O, and N in the SiCO:N ﬁlm fabricated at an NH3
ﬂow rate of 0.5 sccm were 51.89%, 19.82%, 27.22%, and 1.07%, respectively. This ﬁnding indicated that
the Si-rich silicon oxycarbide phase was dominant in the S1 ﬁlm. The change in the XPS spectra was the
gradual decrease in Si and C concentrations with the increase in N concentration and NH3 ﬂow rates
(Figure 5). As the NH3 ﬂow rate increased to 5 sccm, the N concentration rapidly increased to 25.6%,
whereas the Si and the C concentrations decreased to 40.8% and 8.22%, respectively. This ﬁnding was
consistent with the observed results in the FTIR spectra shown in Figure 4, that is, the N–Si–O vibration
band became dominant, while the C–Si–O vibration band signiﬁcantly weakened as the NH3 ﬂow rate
increased to 5 sccm. This result indicated that the dominant phase in the ﬁlms changed from silicon
oxycarbide to silicon oxynitride when the NH3 ﬂow rate increased to 5 sccm.

Figure 5. The atom concentration of Si, C, O, and N of the SiCO:N ﬁlms against the NH3 ﬂow rates.

The PL decay analysis (Figure 3) revealed that the luminescent dynamic behavior in the nitrogen
doped SiCx Oy ﬁlms featured a defect-related luminescent characteristic, as observed in SiNx Oy and
SiCx Oy ﬁlms. Previous studies clariﬁed that C-related nonbridging oxygen hole centers (NBOHC)
are the principal radiative recombination centers in silicon oxycarbide, and they are responsible for
light emission ranging from the green region to the red region [28]. In our case, the PL intensity in the
ﬁlm decreased as the NH3 ﬂow rate increased. This change was similar to that of the intensity of the
C–Si–O bonds (Figure 4). Therefore, the observed tunable light emissions from green to red may have
originated from recombination through C-related NBOHC defects in SiCx Oy ﬁlms. The PL spectra of
the S3 ﬁlm could be deconvoluted into a strong green band and a weak blue band. As the NH3 ﬂow
rate increased to 5 sccm, the intensity of the green PL band decreased dramatically, whereas the blue PL
band of the ﬁlm S4 became dominant. This behavior could be attributed to the change in the dominant
phase of the ﬁlms from silicon oxycarbide to silicon oxynitride as a result of the increase in NH3 ﬂow
rate to 5 sccm (Figure 4). In the case of amorphous SiNx Oy ﬁlms, the blue PL could be ascribed to
the radiative recombination between N–Si–O defect states and the valence band tail states [27]. Thus,
the blue PL from S3 and S4 was likely from N–Si–O defect luminescent centers.
4. Conclusions
In summary, we report the eﬀect of nitrogen doping on the PL of amorphous SiCx Oy ﬁlms. Nitrogen
doping can induce strong red, orange-yellow, white, and blue switching PL with a recombination
lifetime in nanoseconds. This process can also widen the band gap of SiCx Oy ﬁlms. The PL results and
the FTIR analyses reveal that the switching characteristics in PL originate from the variation in defect
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luminescent centers resulting from the chemical bond re-construction as a function of nitrogen doping.
Apparently, nitrogen doping provides an alternative route for designing and fabricating tunable and
eﬃcient SiCx Oy -based luminescent ﬁlms for the development of Si-based optoelec-tronic devices.
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Abstract: Universal unitary multiport interferometers (UMIs) can perform any arbitrary unitary
transformation to a vector of input optical modes, which are essential for a wide range of applications.
Most UMIs are realized by ﬁxed photonic circuits with a triangular or a rectangular architecture.
Here, we present the implementation of an N × N rectangular UMI with a programmable photonic
processor based on two-dimensional meshes of self-coupled optical waveguide (SCOW) resonant
structures. Our architecture shows a high tolerance to the unbalanced loss upon interference.
This work enriches the functionality of the SCOW mesh photonic processors, which are promising for
ﬁeld-programmable photonic arrays.
Keywords: photonic processors; unitary transformation; silicon photonics

1. Introduction
Photonic integration has attracted increasing interest in the potential of extensive reduction of
size, weight, and power (SWaP). Silicon photonics is a promising solution for complex integrated
photonic systems with low cost and high integration density, due to the advantages of complementary
metal-oxide-semiconductor (CMOS) compatible processing and high refractive index contrast. Lots of
silicon-based photonic integrated circuits (PICs) have been demonstrated in a wide variety of
applications. Among them, unitary multiport interferometers (UMIs) are now receiving more and more
attention. UMIs can implement various arbitrary unitary transformation, addressing a wide range
of applications including mode-division (de)multiplexing [1,2], photonic deep machine learning [3],
quantum particle simulation [4], and quantum signal processing [5,6]. Besides, a UMI can be extended
to any M × N linear (non-unitary) transformation. The most common architecture for UMIs is based
on a speciﬁc triangular mesh of 2 × 2 couplers and phase shifters, proposed by Reck et al. [7]. Recently,
a silicon 4 × 4 photonic UMI has been experimentally demonstrated [8]. An optimal design with a
more symmetrical rectangular mesh for the UMIs shows the superior performance of less optical depth
and more robustness to optical losses compared with Reck’s architecture [9].
Inspired by the concept of Field Programmable Gate Arrays (FPGAs), general photonic processors,
which can be programmed to perform multiple photonic processing functions by using the same
hardware conﬁguration, have the merits of higher ﬂexibility and more cost-eﬀectiveness compared
with application-speciﬁc PICs (ASPICs) [10–12]. Several elegant programmable photonic processors
have been proposed and demonstrated with square [13], hexagonal [14], or triangular [15] mesh
networks. These processors show versatile functionalities in optical and microwave photonics signal
processing [16–18]. The method and algorithm for setting up mesh networks composed of non-ideal
components have also been proposed [19–21]. Recently, Perez et al. realized a rectangular UMI with
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the hexagonal mesh processor by properly setting tunable waveguide couplers. This work, in turn,
veriﬁes the reconﬁguration capability of the hexagonal meshes [22].
In our previous work, we proposed a reconﬁgurable photonic processor based on a mesh of
self-coupled optical waveguide (SCOW) resonators [23]. This architecture has the advantages of high
scalability and versatile conﬁgurations, which can be programmed to various optical components
like ring resonators, Mach–Zehnder interferometers (MZIs), Fabry–Perot (FP) cavities, and also more
complicated structures composed of these basic components. These structures are key components in
various photonic processing. In this work, we extend the functionality of the SCOW-mesh photonic
processors to an arbitrary unitary operator. We present, in detail, the implementation method as well
as the synthesis algorithm for an N × N rectangular UMI. These results show the capability of the
programmable SCOW mesh processors.
2. Materials and Methods
The SCOW resonator is formed by bending a single waveguide twice to form two directional
couplers (DCs) at the input and output ports [24,25]. A single-stage SCOW resonator has versatile
spectral responses from both transmission and reﬂection sides, depending on the coupling coeﬃcients
of these two DCs. We can also realize a two-dimensional array of SCOW resonators as illustrated
in Figure 1a. In the vertical direction, two contiguous SCOWs share two DCs, while in the lateral
direction, the two adjacent SCOWs are placed closely to form an additional DC.

Figure 1. (a) Schematic of an array of N × M SCOW resonators placed in a two-dimensional mesh.
(b) Schematic of an N × M SCOW mesh photonic processor with tunable couplers. (c) Structure of a
tunable coupler based on a 2 × 2 MZI. φu and φb are phases of the upper and bottom arms of the MZI,
respectively. T is the transfer matrix of the MZI. (d) Schematic implementation of a 4 × 4 SCOW mesh
processor constructed by 2 × 2 MZI tunable couplers. The green dashed circle represents a SCOW
unit composed of six MZIs placed in the vertical and horizontal directions. All the vertical MZIs
(blue dashed rectangle) and the horizontal MZIs (red dashed rectangle) are designed with the same
equivalent optical path length.
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To realize a reconﬁgurable photonic processor, we replace the passive couplers with tunable
couplers (TCs), as shown in Figure 1b [26,27]. By adjusting the coupling states of the TCs, the SCOW
mesh processor can be reconﬁgured to various optical structures with versatile spectral responses,
which can accomplish multiple signal processing tasks. For an N × M photonic processor, there are
totally 3MN − N TCs. As shown in Figure 1b, we break the connecting waveguides at the right and
left edges of the processor to form multiple input and output ports. The TC can be formed by a 2 × 2
MZI, as depicted in Figure 1c. According to the transfer matrix, the diﬀerential phase between the
two arms of the MZI, θ = (φu − φb )/2, decides the coupling coeﬃcient of the TC, while the common
phase, φ = (φu + φb )/2, decides the phases of the output ports. When the two MZI arms are in phase
(θ = 0), light from the input port is fully transmitted to the cross port, which is referred to as cross-state.
In the case where the phase diﬀerence of two arms is equal to π (θ = π/2), the MZI is changed to the
bar-state. For these two speciﬁc cases, the MZI works as parallel or crossed waveguides with their
phases controlled by φ, which can be recognized as phase shifters.
For universal unitary transformation, any two interference optical paths must have an equal path
length. Therefore, the MZI elements should be designed with the same equivalent optical path length.
Figure 1d shows an example of a 4 × 4 SCOW mesh processor for UMI application. The green dashed
circle represents a SCOW unit consisting of six directly-connected MZIs without any extra connecting
waveguide. The MZIs are arranged in either vertical or horizontal directions. In order to get an equal
optical path length, these two kinds of MZIs are slightly diﬀerent at the input and output ports as
shown the red and blue dashed rectangles in Figure 1d. At the top and bottom edges, one of the MZIs
in the SCOW unit is replaced by a propagation waveguide with an equal optical length. In this case,
we can easily construct a rectangular UMI for arbitrary unitary transformation applications even when
used with a pulsed signal.
3. Results
Here, we present the implementation of the SCOW mesh photonic processor as a rectangular UMI.
Figure 2a shows an example of the 9 × 9 rectangular UMI proposed by Clements et al. [9]. There are 36
crossings in the UMI. Each crossing represents a two-path interferometer. It corresponds to a variable
beam splitter described by an optical ﬁeld transfer matrix, Tm,n (θ, φ), as depicted in Figure 2b. It can be
implemented by an MZI with an additional phase shifter at one input port. In our proposed processor,
the variable beam splitter can be constructed by three MZIs as illustrated in Figure 2b. The left two
MZIs are considered as input ports of the variable beam splitter, which are at the bar-state. These two
MZIs also serve as two phase shifters with target phases of φ + φ0 and φ0 . To be mentioned, for an
MZI at the bar-state, the bottom path has an additional π phase shift compared with the upper path,
as shown in Figure 1c. Therefore, the applied phase (φu , φb ) of the upper MZI has an extra common
phase shift of π for the target phase of φ + φ0 . That is very important in the implementation of the
rectangular UMI, where we share the bar-state MZI as the phase shifters for two adjacent variable
beam splitters in the same column, as indicated by the dashed circles in Figure 2c. The right MZI
works as the TC. Therefore, at the output ports of the right MZI, the transfer matrix is:

M = ieiφ0

eiφ sin θ
eiφ cos θ

cos θ
− sin θ


(1)

From Equation (1), we can see that M equals to iexp(iφ0 )Tm,n (θ, φ). The common phase item
iexp(iφ0 ) only brings a phase to the ﬁnal diagonal matrix, which can be omitted.
Figure 2c shows the implementation of a 9 × 9 rectangular UMI using the proposed photonic
processor. The processor is based on a 5 × 9 SCOW mesh, which incorporates 130 MZIs in total. We use
simple rectangles to represent all MZIs and diﬀerent colors for MZI working states. The MZI design
parameters are the same as in Figure 1d. The optical path length of one MZI is deﬁned as Lmzi . There
are four variable beam splitters in every column, which are all constructed by three MZIs. Each two
adjacent beam splitters share a bar-sate MZI. Therefore, in every column, there are ﬁve bar-state MZIs
59

Micromachines 2019, 10, 646

and 4 MZIs working as the TCs. The rest of the MZIs are implemented as cross-connecting waveguides
once they are tuned to the cross-state. The target phases φ and θ of the variable beam splitter in the dth
row and the qth column of the two-dimensional SCOW mesh are denoted as φdq and θdq (d = 1, 2, 3,
4; q = 1, 2, . . . , 9). These target phases can be calculated by the decomposition method proposed by
Clements et al. [9], which will be presented later. The phases of the bar-state MZIs are denoted as ϕpq
(p = 1, 2, . . . , 5), as labeled in Figure 2c. As the phases of all the 5 bar-state MZIs in one column can
be tuned independently, it is suﬃcient to determine the 4 independent phases in the variable beam
splitters as required for practical application.

Figure 2. (a) A 9 × 9 rectangular UMI as proposed in [9]. (b) The crossing in the rectangular UMI
is represented by a transfer matrix, Tm,n (θ, φ), implemented by a 2 × 2 coupler and a phase shifter.
It can be equivalently implemented by three MZIs in the SCOW-based mesh network. (c) Equivalent
implementation of the 9 × 9 rectangular UMI using the SCOW-based photonic processor.

For universal unitary applications, any interferometer in the UMI must have an equal path length.
We can see that in the ﬁrst column, each interferometer has an equal path length of 2Lmzi . In the
second column, the ﬁrst three interferometers have two interferential optical paths with one shared
cross-state MZI and one independent bar-state MZI. The optical path length is 3Lmzi . For the fourth
interferometer, light from I9 passes two cross-state MZIs, a bar-state MZI and a propagation waveguide
with a length of Lmzi before interfering with another path. The other optical path includes the ﬁrst
stage interferometer, a cross-state MZI, and a bar-state MZI, which has the same path length as that
for interference. For the ﬁrst interferometer of the third column, the upper optical path originates
from the ﬁrst column interferometer and then passes one propagation waveguide and three MZIs with
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4Lmzi equivalent path, which is the same as the bottom optical path. It is easy to verify that the rest of
the interferometers also have equal path lengths, which proves the functionality of our SCOW-mesh
photonic processor.
Our SCOW-based processors can be easily programmed to an arbitrary rectangular UMI with
such an implementation method. For an N × N rectangular UMI, the minimum number of variable
beam splitters is N(N − 1)/2. Figure 3 shows the schematics of various rectangular UMIs and the
corresponding implementations with SCOW-based processors. The number of columns in the SCOW
processor linearly increases with N, while the number of rows equals to mod ((N + 2)/2). In each SCOW,
the left MZI is conﬁgured to the bar-state. When N is odd, N − 1 of the right MZIs in each column
work as TCs, while the other MZI is at the cross-state. When N is even, the number of cross-state
MZIs increases to two for each even column. The rest of the MZIs are implemented to the cross-state.
The required numbers of MZIs are listed in Table 1.

Figure 3. Schematics of the rectangular UMIs and the equivalent implementations using SCOW-based
photonic processors. The scales of the UMIs are (a) 4 × 4, (b) 5 × 5, (c) 6 × 6, (d) 7 × 7, (e) 8 × 8,
and (f) 9 × 9.

61

Micromachines 2019, 10, 646

Table 1. Required number of MZIs to construct an N × N rectangular UMI.
UMI Scale N

SCOW Architecture

2n + 1
2n

6n2 + 8n + 2
6n2 + 5n − 1

The synthesis procedure of the rectangular UMI with the hexagonal mesh processor has been
proposed by Perez et al. [22]. The implementation procedure of an N × N UMI for the SCOW-based
processor is similar to that of hexagonal meshes. The algorithm proceeds by nulling successive matrix
elements starting from the targeted unitary N × N matrix U. Depending on the location of the element
U(n, m) to be canceled, a row or column combination of the matrix is required [9,22]. If N – n − m is
odd, any target element in column n or m of U can be nulled by multiplying U from the right by a
Tm,n−1 matrix. While if N − n − m is even, then, any element in rows n or m can be nulled by Tm,n U.
For the case of the proposed processor, Tm,n represents:

Tm,n
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⎢⎢
⎢⎢
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⎢⎢
⎢⎢
⎢⎢
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...
0 1
.
.
.
eiφ sin θ
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.
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...

cos θ
− sin θ

...

⎤
. . . 0 ⎥⎥
⎥
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⎥
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⎥
. ⎥⎥⎥⎥
⎥
. ⎥⎥⎥⎥
⎥
.
. ⎥⎥⎥⎥
⎥
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⎦
... 0 1

...

(2)

According to [22], the values of θ and φ of the corresponding matrix T are given as:
θ = a sin

|U(n,m)|2

|U(n,m)| +|U(n,m+1)|
2

(when N − n − m is odd)

2

(3)

φ = ∠U (n, m) − ∠U (n, m + 1) − π
|U(n,m)|2
|U(n,m)|2 +|U(n−1,m)|2
φ = ∠U (n, m) − ∠U (n − 1, m)

θ = a sin

(when N − n − m is even)

(4)

With the calculated θ and φ of each variable beam splitter, we can deduce the applied phases to
the MZI arms. The target phases φ and θ of the beam splitter in the dth row and the qth column of the
two-dimensional SCOW mesh are deﬁned as φdq and θdq (d = 1, 2, 3, mod ((N − 1)/2), q = 1, 2, . . . , N).
The applied phases of the MZI TCs are θdq and −θdq for the two MZI arms, respectively. Each bar-state
MZI is shared by two beam splitters, which is diﬀerent from that of hexagonal meshes. The bar-state
MZIs are deﬁned as ϕpq (p = 1, 2, . . . , mod ((N − 1)/2) + 1). It means that the applied phases on the two
arms of the bar-state MZIs are π/2 + ϕpq and −π/2 + ϕpq , respectively. As there are enough bar-state
MZIs in each column independently determining the target phases of the variable beam splitters,
we can easily decide the phases of all the bar-state MZIs one by one from the former bar-state MZI
with the relation of ϕp+1,q = ϕpq + π − φdq . Once we ﬁx the ﬁrst bar-sate MZI in each column, all the
other bar-state MZIs can be decided. Therefore, with the implementation method, the SCOW mesh
photonic processors can be easily programmed to an arbitrary rectangular UMI, which shows the
reconﬁguration capability of the SCOW architecture.
In practice, both the tunable MZIs and the connection waveguides are lossy, which degrades the
performance of the UMIs. There are two types of loss, namely, the balanced loss and the unbalanced
loss. They depend on the path diﬀerence of all the paths in the interferometers. In our design,
the propagation loss in an MZI is expected to mainly contribute to the balanced loss. For an N × N
UMI, each path incorporates 3N − 1 MZIs to the maximum. Therefore, the balanced loss of our
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architecture increases as 3N − 1. The unbalanced loss in the interferometers degrades the ﬁdelity of the
transformations. As the insertion loss of the connection waveguide and the MZI is not necessarily the
same, the path loss may be diﬀerent for the interferometers. Therefore, we calculate the ﬁdelity of
the SCOW mesh-based UMI using the transfer matrix method. In each MZI, we add identical extra
insertion loss to the two output ports. To compare the ﬁdelity of our design with the triangular and
rectangular designs, we use a similar procedure as mentioned in [9]. For a given N, we generate
500 groups of φdq and θdq with random values. With all the phase parameters of the MZIs, we can
quantify the ﬁdelity of the unitary transformation by our SCOW-based processor using the following
equation [9],
tr U† Uexp

2

F Uexp , U = 
† U
N × tr Uexp
exp

(5)

where Uexp represents the transformation of a lossy SCOW processor and U represents the intended
lossless unitary transformation. Figure 4a shows the average ﬁdelity for a UMI changing with the size
N, when the loss of the MZIs is set to 0.2 dB. We can see that the triangular architecture has the least
tolerance to the unbalanced loss of the interferometers. As our design is originated from the rectangular
architecture, the ﬁdelity is only slightly lower than that of the rectangular design. The inset shows
the close-up view of the ﬁdelity of our design and the rectangular design. We can see that the ﬁdelity
values of our SCOW architecture are divided into two groups depending on the port numbers of the
interferometers. The ﬁdelity for odd number ports is lower than that for even number ports, because of
the larger unbalanced loss in the interference paths. Figure 4b shows the ﬁdelity as a function of MZI
loss when the UMI size N is ﬁxed to 20. As the insertion loss of one MZI is typically less than 0.5 dB,
the ﬁdelity of a 20 × 20 UMI based on the SCOW architecture is around 0.999 which is better than that
of the triangular design. These simulation results show that our architecture has a high tolerance to the
path loss diﬀerence in the interferometers.

Figure 4. (a) Simulated average ﬁdelity as a function of UMI size when the MZIs have a constant
loss of 0.2 dB. The inset shows the close-up view of the ﬁdelity of our design and the rectangular
design. (b) Simulated average ﬁdelity as a function of MZI loss when the UMIs perform 20 × 20 unitary
transformations. The ﬁdelity values of the triangular and rectangular architectures are from [9].

4. Conclusions
In summary, we proposed a two-dimensional SCOW mesh photonic processor to work as a
rectangular UMI, which can accomplish arbitrary optical unitary transformation. Arbitrary unitary
transformation has wide applications in quantum signal processing, photonic deep machine learning,
etc. We presented the detailed adaptation synthesis algorithm for constructing an N × N rectangular UMI
using the SCOW mesh-based photonic processor. The simulated ﬁdelity shows that our architecture
has a high tolerance to the path loss of the interferometers. This work extends the functionality of the
SCOW mesh photonic processor, making it more powerful for multitude signal processing tasks.
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Abstract: Actively controllable dispersion in on-chip photonic devices is challenging to implement
compared with free space optical components where mechanical degrees of freedom can be employed.
Here, we present a method by which continuously tunable group delay control is achieved by
modulating the refractive index proﬁle of a silicon Bragg grating using thermo-optic effects. A simple
thermal heater element is used to create tunable thermal gradients along the grating length,
inducing chirped group delay proﬁles. Both effective blue and red chirp are realised using a single
on-chip device over nanometre scale bandwidths. Group delay slopes are continuously tunable over
a few ps/nm range from red to blue chirp, compatible with on-chip dispersion compensation for
telecommunications picosecond pulse systems.
Keywords: silicon photonics; dispersion control; Bragg gratings

1. Introduction
Integrated Bragg grating ﬁlters are an established and widely used technology on the
Silicon-on-Insultor (SOI) material platform. They are applied in a large variety of applications,
including, optical ﬁltering [1,2], sensing [3], laser cavity feedback [4] and all-optical signal
processing [5,6]. A wide range of device geometries have been demonstrated in order to exercise control
over the grating optical characteristics, namely the ﬁlter bandwidth [7], ripple [8], extinction and
dispersion [2,9,10]. In turn, the optical characteristics of the grating can be designed through the
coupling coefﬁcient, κ, and the grating Bragg wavelength, λ B , as a function of the propagation
length [10,11]. Active control of Bragg grating devices has also been demonstrated using multi-section
p-n junction elements to create tunable notch features in the device stopband [12].
The control afforded by the Bragg grating device over the dispersion of a propagating signal is
crucial in applications such as all-optical signal processing [5] and pulse shaping [13]. Commonly,
the group delay proﬁle of a device is varied through the local Bragg wavelength function. Therefore,
by simply varying the grating period [14], or effective waveguide index, devices can be created
with linear and higher order dispersion proﬁles [9] or even complex multi-band ﬁlter designs [15].
Filter ripple effects have been effectively minimised by suitably apodising the grating κ along its
length [9,10,16]. The dispersion proﬁle of a grating device is generally deﬁned during the fabrication
procedure as a modulation of the period [14] or effective index [17]. Some rigid tunability of
the device spectrum has been demonstrated through global thermal [18] or electronic tuning [19].
Narrowband delay has also been demonstrated using multi-section gratings at the band-edge [20,21].
However, for future Photonic Integrated Circuits (PICs), true tunable dispersion on-chip will be
a valuable component functionality. The principle of reconﬁgurable silicon photonic circuits has been
well established in devices including ring resonators [22], Mach–Zehnder interferometers [23,24],
and modulators [25], using both thermo-optic and carrier injection methods.
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In this work, we present the design considerations for realising tunable dispersion gratings on
the silicon photonics platform and present measured performance of fabricated devices. Control is
demonstrated producing both red and blue chirp in a single device over bandwidths and group delay
ranges compatible with picosecond pulse compensation schemes.
2. Results
2.1. Actively Tunable Bragg Grating Design
The Bragg grating device is implemented with a constant Bragg wavelength, λ B (z), along its
length. To create a chirp in the grating response, the Bragg wavelength function is controlled by
creating a thermal gradient along the device length. A schematic of the device is shown in Figure 1.

Figure 1. Schematic of a Bragg grating with an integrated heater element. The displacement between
the waveguide axis and heater central position is a function of propagation length, with a maximum
displacement D.

It has been demonstrated by a number of groups that by placing a resistive element over
a waveguide, the local index of refraction can be tuned through the thermo-optic effect [26–28].
Furthermore, due to the large mismatch in thermal conductivity of silicon and silica, the heat
dissipation as a function of lateral displacement from the element allows differential heating of
closely spaced structures, e.g., for tuning the coupling fraction of an evanescent ﬁeld coupler [29].
Thus, by making the heater element displacement from the waveguide a function of the propagation
length, local variations in refractive index, and hence Bragg wavelength, can be induced in the
grating. Figure 2a shows a cross-sectional, thermal ﬁnite element model of the heater element above
a silicon-on-insulator waveguide in the steady state. By varying the offset between the central axis of
the heater element and the silicon waveguide, the temperature of the silicon guide can be controlled.
In this example, the heater element is dissipating 11 mW of power. For power dissipation levels similar
to the results presented here, the thermal control element has a temperature of tens of degrees above
room temperature. The heater element then dominates the thermal state of the silicon waveguide with
respect to environmental temperature variations. No active temperature stabilisation of the silicon
substrate was used in this work. Figure 2b shows the relationship between the offset of the heater
axis to the waveguide and the resultant waveguide temperature. The curve ﬁts well to a quadratic
function. There is a variation from the curve when the waveguide and heater are co-linear. This is
due to the ﬁnite nature of the heater width, resulting in saturation of the temperature as a reducing
function of offset. The thermal impedance of the silica layers also results in a high thermal gradient
over micron scales, and therefore allows longitudinal chirping of the grating structure. Thus, given the
quadratic relationship between offset and waveguide temperature, and the proportional relationship
between temperature and material refractive index, a refractive index chirp function can be designed
as a function of heater displacement from the waveguide axis.
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Figure 2. (a) FEM thermal model of a heater element co-axial with a silicon-on-insulator waveguide;
and (b) calculated temperature of the silicon waveguide as a function of offset of the heater central axis
from the central axis of the waveguide.

In Figure 1, a signal injected from the left hand side of the device would see an increasing
refractive index with propagation length through the grating, and therefore an effective red chirp.
Alternatively, light coupled in from the right hand side of the device would see decreasing refractive
index with propagation length and, therefore, effective blue chirp. The magnitude of the induced
chirp is dependent on the grating length, coupling coefﬁcient and thermal gradient. The difference in
temperature and, therefore, refractive index, along the grating can be controlled electronically through
the power dissipated in the heater.
To demonstrate the tunable dispersion concept, a grating response was chosen to cover
bandwidths of ≈1 nm, and group delays in the picosecond range, corresponding to typical dispersion
compensation requirements for picosecond telecommunications pulses. The gratings were designed
on a silicon-on-insulator platform with a core layer thickness of 220 nm and a mean waveguide width
of 500 nm. The grating period, Λ0 , was set at 318 nm, to give a Bragg wavelength around 1550 nm.
The grating was designed with a length of 250 μm and a sinusoidally varying sidewall amplitude
modulation, d, of 6 nm. The grating perturbation is realised as a sinusoidal variation around an average
waveguide width, w. A schematic of the sidewall perturbation grating is shown in Figure 3 along with
a SEM image of the fabricated device before deposition of the upper-cladding.

Figure 3. (a) Schematic of a sinusoidal sidewall perturbation Bragg grating, and (b) SEM image of
a fabricated device.

A Gaussian apodisation of the sidewall perturbation was applied to minimise ripples in the
grating amplitude and group delay response. The grating response can simulated using a Transfer
Matrix Method (TMM) model with λ B (z) as a parameter [30]. Since λ B (z) = 2neff (z)Λ0 , where neff (z)
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is the local modal refractive index and Λ0 is the grating period, the grating chirp can be modelled
using a variation in refractive index. The modal index is in turn dependent on the temperature at the
waveguide generated by the local heater element. The heater element is fabricated using a 900 nm
wide track of 50 nm thick NiCr. To create a linear chirp proﬁle, the displacement, D (z), between the
centre lines of the waveguide and heater element, is varied using a z0.5 relationship. It is worth noting
that the waveguide dispersion of silicon nanowire waveguides is signiﬁcant [31], and therefore must
be taken into consideration when designing and modelling Bragg gratings in silicon.
Figure 4a shows a measured transmission spectrum of the fabricated device with no power
dissipated on the heater, i.e., the device is unchirped. Measured device spectra can be ﬁtted to the
TMM model using a least squares curve ﬁtting method. In this case, the form of the grating chirp
is assumed, e.g., unchirped or linear blue-chirp. The coupling coefﬁcient and the maximum and
minimum effective index values at the grating ends are then left as free parameters to perform the
ﬁt. The extracted modal index from the ﬁtting of the unchirped grating is 2.4386 and the coupling
coefﬁcient is 323 cm−1 . Furthermore, since an apodisation scheme based on variation of the grating
sidewall amplitude was employed, residual ripples in the grating reﬂectivity and group delay spectra
are still apparent. Grating coupling coefﬁcient apodisation schemes that more effectively reduce the
spectral ripple of the device, and can be fabricated within nanometric tolerances, have recently been
demonstrated using phase based methods [10,16].

Figure 4. (a) Measured and ﬁtted Bragg grating transmission spectra of the grating device in the
unchirped state; and (b) measured grating spectra for increasing power dissipation, PD , on the thermal
heating element.

To assess the effects of the heater on the z-dependent modal index, the grating transmission
spectrum was measured as a function of total electrical power dissipated on the heater element, PD .
Figure 4b shows the measured transmission spectra, linearly varying PD up to 47.3 mW. The grating
ﬁtting was carried out in each case, assuming a linearly varying modal index as a function of the
propagation length, with extreme modal index values as free parameters. The local shift of the Bragg
grating along the device can be decomposed into two components: a baseline shift of the full device
since the full length sees some minimum thermal increase, and a relative temperature change along
the propagation direction due to the displacement of the heater section. This can be approximated as:
λ B (z) = 2(neff,0 + dnmin + dn(z))Λ0

(1)

where neff,0 is the effective modal index of the grating waveguide at room temperature, dnmin is the
increase in modal effective index at point of greatest displacement between the waveguide and the
heater element, and dn(z) is the additional thermal increase along the grating length above dnmin
as the displacement of the heater and waveguide reduces. Figure 5 shows the extracted values of
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dnmin and dn(z)max from the transmission spectra. As s expected, dn(z)max has a higher gradient as
a function of PD than dnmin , indicating the effective chirping of the grating response.

Figure 5. Variation in minimum and maximum thermally induced modal refractive index shifts of the
device extracted from ﬁtting of the transmission spectra.

2.2. Group Delay Chirp Control
Figure 6 shows the calculated reﬂectivity spectra and group delay proﬁles for the grating, with the
extracted values of dnmin and dn(z)max as parameters. The group delay is only calculated for the
portion of the reﬂectivity spectrum above 90% of its maximum value.

Figure 6. (a) Simulated reﬂectivity; and (b) group delay of a Bragg grating device with thermally
induced refractive index differences as parameters.

The group delay proﬁle of the grating response shows a sensitivity to the induced refractive index
proﬁle, with an increasing blue chirp developing across the central region of the grating reﬂectivity
band. The wide stopband, due to the high grating coupling coefﬁcient, means that, even for chirped
gratings, there is a portion of the reﬂection band with ﬂat group delay. As noted previously, 1 nm
bandwidths are considered here, corresponding to typical telecommunications picosecond pulse
sources. By selecting a particular central wavelength within the grating stopband, controllable chirp
can be exhibited as a function of power dissipated on the heater. For example, sub-bands centred at
1551 nm and 1552.2 nm are shown in Figure 7a,b, respectively. In Figure 7a, increasing the dissipated
power on the heater induces a variation in the blue chirped gradient of the group delay in the few
ps/nm range. Alternatively, by selecting a central wavelength towards the red tuned side of the grating
reﬂection spectrum, a range of chirp values spanning from blue to red chirp can be accessed, as shown
in Figure 7b. As this change from blue to red chirp crosses a zero dispersion condition, the absolute
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chirp rate is less than the blue chirp rate achievable at similar power dissipation levels, at bands further
detuned from this wavelength.

Figure 7. Simulated group delay bands as a function of dissipated power on the heater centred at: (a)
1551 nm; and (b) 1552.2 mn.

The group delay of the fabricated tunable grating was measured as detailed in Section 5. Figure 8
shows the measured group delay as a function of power dissipated on the heater.

Figure 8. Measured group delay tuning as a function of dissipated power on the heater.

As expected, there is a clear increase of the group delay in the centre of the band,
indicating increasing blue chirp of the spectrum. Evidence of the residual ripple in the grating
reﬂectivity is also apparent in the group delay kink developing for increasing dispersion. Figure 9a,b
shows sub-bands of the grating response centred around 1551.7 and 1553 nm, respectively. As predicted,
for the lower wavelength range, increasing the heater power creates an increasing group delay slope,
with effective blue chirp. In the longer wavelength band, both blue and red chirp responses can be
accessed, passing through a ﬂat group delay characteristic.
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Figure 9. Measured group delay bands as a function of dissipated power on the heater centred at: (a)
1551.7 nm; and (b) 1553 mn.

Figure 10 presents the average group delay slope for both sub-bands in Figure 9. In both cases,
quasi-continuous tuning of the group delay slope is demonstrated in the ps/nm range, with both blue
and red chirp accessible from a single device and from a single injection direction.

Figure 10. Measured group delay slope as a function of dissipated power on the heater corresponding
to the dispersion bands centred at 1551.7 nm; and 1553 nm.

3. Discussion
By integrating a thermal heater element with a varying displacement along the length of a uniform
Bragg grating device, thermal gradients and therefore local modal refractive index proﬁles have been
imposed onto the device. The strong grating coupling coefﬁcient means that the full group delay proﬁle
is complex, with both blue and red chirp regions occurring over a bandwidth of a few nanometres.
However, this can be used to sub-select regions of interest for dispersion control over nanometre
scale bands, suitable for picosecond pulse systems. In this way, both blue and red chirp control
have been demonstrated in a single device. The group delay slope is also related to the grating
length, i.e., longer physical distances between grating sections tuned to different spectral components
will induce larger group delay shifts between those spectral components [32]. Therefore, to tailor
the accessible maximum group delay slope, the grating length can be deﬁned as a design parameter.
Figure 11 shows TMM simulated grating reﬂectivity and group delay spectra, dependent on the grating
length. In these simulations, the thermal index gradient was assumed to be linear and corresponding
to the measurement conditions for the maximum power dissipated on the thermal heater of 47.3 mW.
The apodisation proﬁle is Gaussian.
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Figure 11. Simulated grating: (a) reﬂectivity; and (b) group delay spectra with grating length as
a parameter.

The group delay range across the spectrum is, as expected, dependent on the grating length.
Therefore, devices can be designed based on the required application requirements.
In addition to the relative group delay dispersion induced across the device, the absolute spectral
position of the grating response is dependent on two main factors. The ﬁrst is related to fabrication
tolerances in the manufacture of the device. Since the absolute Bragg wavelength of a ﬁxed period
grating is proportional to its effective modal index, any variation from the design geometry will lead
to a shift in the resultant Bragg spectrum. However, in high resolution fabrication schemes such as
optimised electron beam or deep ultraviolet (UV) lithography, such variations are global rather than
local. That is, the average waveguide width may vary from run to run, or even between spatially
separated devices, but is unlikely to see signiﬁcant variation across a single device. Typical geometrical
variations can be in the nanometre range, leading to effective index variations in the order of 10−3 –10−2
[33]. The second factor affecting the absolute spectral position of the Bragg grating response is the
global thermal shift experienced by the full grating when the heater is electrically driven. The thermal
element induces both a global wavelength shift of the grating characteristic and a local gradient to
induce the chirped proﬁle, as detailed in Figure 5, The global, or minimum index, shift experienced by
the full grating is in the order of 10−3 , comparable with any potential geometric effects. To implement
control over both the group delay slope and central wavelength, a second heater element could be
implemented parallel to the Bragg grating. This element would produce a rigid index shift of the full
grating response, shifting the demonstrated group delay curves in wavelength. Therefore, using both
heater controls, varying group delay slopes in both chirp directions could be accessed at a single
central wavelength, as long as the un-heated grating central Bragg wavelength was designed to be at
a shorter wavelength than the required application space.
4. Conclusions
Control over the group delay slope of an integrated silicon Bragg grating is achieved using
a simple thermal tuning element. Spatial displacement of the heater along the propagation length
of the grating produces a longitudinal variation in modal effective index, and, therefore, dispersion.
Variation of the electrical power dissipated by the heater allows for control over the group delay
slope, with fabricated devices covering the range of 0–3 ps/nm over nanometre range bandwidths.
This range is ultimately limited by the grating length and can be designed for speciﬁc applications
before fabrication. Finally, due to the strong coupling coefﬁcient of the gratings presented in this work,
both blue and red chirp have been demonstrated in a single device, with the possibility to tune across
this full range for a particular central wavelength condition.
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5. Materials and Methods
5.1. Device Fabrication
The devices were fabricated on a 220 nm thick silicon core on a buried oxide lower cladding layer
of 2 μm. The patterns were written using e-beam lithography into hydrogen silsesquioxane (HSQ)
resist that was subsequently used as a hardmask for Inductively Coupled Plasma (ICP)-Reactive Ion
Etching (RIE) etching of the silicon. Polymer spot-size convertors [34] were fabricated to match the
input lensed ﬁbre mode to the waveguides. The ﬁnal devices were coated with a 900 nm thick silica
uppercladding before deﬁnition of the heater elements and electrical transmission lines. The heaters
were fabricated as 900 nm wide strips of 50 nm thick NiCr. Multiple point contacts on the heater lines
were deﬁned to reduce the necessary voltage required to drive the device, as shown in the schematic
of Figure 1. The heaters were divided into 50 μm long sections, each with a resistance of ≈1.5 kΩ,
and were driven in an alternating positive/ground, arrangement.
5.2. Transmission and Group Delay Measurements
The Bragg grating devices were probed using a tunable laser coupled through ﬁbre polarisation
optics and a lensed ﬁbre tip to the chip, as shown in Figure 12.

Figure 12. Transmission and group delay measurement setup. (Pol., polarisation; PD, photodiode).

The transmission spectra were measured by coupling the light from the output facet of the
device bar to an objective lens and InGaAs photodiode. The reﬂected spectra were captured by
coupling the back reﬂected light from the chip through a circulator to an InGaAs photodiode.
Both photodiode signals were measured using an oscilloscope, triggered from the swept tunable
laser source. The reﬂected spectra exhibit Fabry–Perot interference fringes created by the cavity formed
between the reﬂective facet of the device bar and the Bragg grating, as shown in Figure 13. While the
device bar facet is a broadband reﬂector with a spatially ﬁxed position, the grating group delay
proﬁle creates a reﬂector with an effective spatial position that is wavelength dependent. Therefore,
the effective Fabry–Perot cavity length is wavelength dependent and will create interference fringes
that are directly related to the group delay response of the grating. This interference allows the direct
extraction of the Fabry–Perot cavity phase, and hence group delay, introduced by the grating element
as detailed in [35]. Figure 8 shows the measured group delay curves for the device measured using
this Fabry–Perot technique.
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Figure 13. (a) Measured reﬂectivity spectrum of the grating with no induced chirp; and (b) detailed
spectrum of the Fabry–Perot fringes created by the intereference between the device bar facet and
grating reﬂector.
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Abstract: In the following study, we propose optical memristive switches consisting of a silicon
waveguide integrated with phase-change material Ge2 Sb2 Te5 (GST). Thanks to its high refractive
index contrast between the crystalline and amorphous states, a miniature-size GST material can oﬀer a
high switching extinction ratio. We optimize the device design by using ﬁnite-diﬀerence-time-domain
(FDTD) simulations. A device with a length of 4.7 μm including silicon waveguide tapers exhibits a
high extinction ratio of 33.1 dB and a low insertion loss of 0.48 dB around the 1550 nm wavelength.
The operation bandwidth of the device is around 60 nm.
Keywords: optical switch; phase change material; integrated silicon photonic circuits; nanophononics

1. Introduction
Integrated chip-level photonic circuits play a pivotal role in optical communication systems
and networks [1]. Active devices such as switches and modulators of high performances are highly
demanded. The optical switch, as one of the most fundamental components, has got widely studied.
Thermo-optic (TO) switches has been successfully demonstrated on the silicon-on-insulator (SOI)
platform [1,2], which incorporates hundreds of passive optical components and active tuners. The TO
eﬀect is relatively slow, limiting the switching speed in the order of microsecond. On the other hand,
the electro-optic (EO) switches based on the free-carrier plasma dispersion eﬀect can have a much
higher speed up to nanosecond. High-radix EO switches have also been realized [3,4]. Although the
basic switching elements and the overall switching topology can be further optimized to improve
the switching performances, there are fundamental limitations for the TO and EO switches. Firstly,
the switching state can only be maintained when there is a sustainable external power supply. This leads
to large static power consumption. Second, as the refractive index tuning eﬃciency in both TO and EO
methods is relatively low, it requires a long active waveguide of at least 10’s micrometers to make the
switch, which is disadvantageous for high-density photonic integration.
Phase change materials (PCMs), which have an extra-high complex refractive index contrast
between two phase states, can be used to mitigate the above issues [5–7]. In recent years, the combination
of nanophotonic components and PCM has been studied intensively. For example, vanadium dioxide
(VO2 ) with semiconductor and metal phases [7] can be used to make optical switches. However, as VO2
is a volatile PCM, it is diﬃcult to maintain the metal phase without power consumption. In contrast,
another common PCM, Ge2 Sb2 Te5 (GST), has the “self-holding” feature, which means it does not
need a continuous power supply to keep its state. Besides, the phase transition of GST occurs on a
sub-nanosecond time scale [5]. Therefore, GST is a good material choice for implementing non-volatile
miniature photonic devices [8,9].
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Here, we propose ultra-compact optical memristive switches that exploit GST as the active material
connecting two tapered silicon waveguides. The optical memristive switches can provide two or
multiple distinct optical transmission states based on resistive switching with a memory eﬀect, i.e.,
the switching is non-volatile [10–14]. Once the state of the switch is triggered, it can be kept with no
power consumption. The silicon and GST waveguides are designed to have matched eﬀective indices
and modal proﬁles to minimize the mode transition loss. The switch with a 0.7-μm-long GST section
exhibits an insertion loss of <0.5 dB and a high extinction ratio of >30 dB. The Si-GST hybrid platform
enables dense integration of high-performance switching components, opening new avenues for future
low-power non-volatile photonic integrated circuits.
2. Device Structure and Analysis
The phase change material, GST, has two phases: amorphous phase and crystalline phase.
Figure 1a shows the refractive indices (both real and imaginary parts) between the two phases.
The refractive index information is measured from a thin GST ﬁlm by spectroscopic ellipsometry.
The phase change can be induced thermally, optically, or electrically potentially with an ultra-high
speed [15–18]. Additionally, both of two phases have the “self-holding” feature to maintain its state
at room-temperature without continuous power supply. Figure 1b illustrates the device structure
composed of a silicon waveguide inserted with a section of GST. When the GST is at the amorphous
phase, light can be transmitted through with a high output power (ON-state). However, when GST
becomes crystalline, light is highly absorbed by GST, so the output power is very low (OFF-state).
In order to build a high-performance on-oﬀ switch, the device insertion loss (IL) of the ON-state should
be low, and the output power extinction ratio (ER) between the ON-state and the OFF-state should
be large.

Figure 1. (a) Complex refractive index as a function of wavelength for amorphous and crystalline phases of
GST material. (b) Schematic structure of the device showing ON-state and OFF-state optical transmissions.

The device insertion loss contains two parts, the GST absorption loss and the coupling loss between
the silicon waveguide and the GST section. Both of these losses should be taken into consideration
when we optimize the device. We ﬁrst analyze the GST waveguide without considering its connection
with the silicon waveguide. The eﬀective complex refractive indices of GST waveguide are expressed as
neﬀ,am = n1 + ik1 and neﬀ,cr = n2 + ik2 for its amorphous and crystalline phases, respectively. The optical
transmission loss is determined by the attenuation coeﬃcient, k1,2 . The transmissivity through the
GST section, T, is given by
T=e

−4π k L
1,2
λ
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the optical transmission loss at the two states can be written as,
lossam = −10 log10 ·Tam =

40π
k1 L· log10 e
λ

(2)

40π
(3)
k2 L· log10 e
λ
the propagation extinction ratio (PER) of the GST waveguide between the ON-state and the OFF-state
is written as:
40π
(k2 − k1 )L· log10 e
(4)
PER =
λ
The coupling loss between the silicon waveguide and the GST waveguide is another contribution to
the device loss. The power coupling rate (PCR) gives the total input coupling, taking into account both
the modal overlap and the mismatch in eﬀective indices between two modes. In simple cases, PCR is
the product of the modal overlap integral (OI) and the Fresnel transmission rate (FR), written as [19,20]:
losscr = −10 log10 ·Tcr =

PCR = OI·FR

(5)
→

→

the overlap integral gives the fractional power coupling from the silicon waveguide (E1 , H1 ) into GST
waveguide

→ →
(E2 , H2 ),

given by [19].
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the Fresnel transmission rate is given by
FR =

2nSi · cos i1
nSi · cos i1 + nGST · cos i2

(7)

where i1 and i2 represent the incident and refraction angles, respectively.
3. Design and Simulations
We ﬁrst studied the GST waveguide using the ﬁnite-diﬀerence-time-domain (FDTD) simulations.
The under-cladding of the device is a 2-μm-thick SiO2 layer on the silicon substrate and the
upper-cladding is air. The complex refractive indices of GST around the 1550 nm wavelength
are taken as 3.98 + 0.024i and 6.49 + 1.05i for amorphous and crystalline states, respectively [9].
Figure 2a,c show the forward optical power transmission along the x-axis (Px ) in the amorphous GST
waveguide when the GST waveguide width is 0.4 μm and 0.6 μm, respectively. Figure 2b,d show the
Px power distributions in their corresponding silicon waveguides, when their eﬀective indices are
matched with their amorphous GST waveguides. The heights of the GST and silicon waveguides are
chosen as 0.05 μm and 0.22 μm. It can be seen that the optical power is mainly distributed outside the
GST region for the 0.4-μm-wide GST waveguide, which has a high mode mismatch with the silicon
waveguide. Therefore, we avoid the low-conﬁnement GST waveguide in device optimization.
We next scanned the GST waveguide width and height in order to get an optimal design.
Figure 3a,b show the propagation loss of the GST waveguide at the amorphous and crystalline states,
respectively. The amorphous GST has a lower propagation loss. For a thin GST layer (less than ~75 nm),
the loss decreases for a narrower GST waveguide. This is because the light cannot be well conﬁned
in the GST layer when the size is small, leading to an expanded mode. When the GST layer is thick
enough (larger than ~75 nm), the loss is ﬁrst reduced and then almost unchanged with an increasing
waveguide width. On the other hand, the crystalline GST has good conﬁnement of light even with a
small waveguide size. It has a much larger propagation loss than the amorphous state. For a ﬁxed
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width, the loss increases with the height and then slightly decreases; for a ﬁxed height, the loss always
decreases with a wider waveguide. Figure 3c shows the ER as a function of GST height with GST
width as a variable. It generally follows the same trend as the waveguide propagation loss at the
crystalline state.

Figure 2. Cross-sectional Px distributions in the (a) 0.4-μm-wide GST waveguide and (b) its
corresponding silicon waveguide. Cross-sectional Px distributions in the (c) 0.6-μm-wide GST
waveguide and (d) its corresponding silicon waveguide. The GST layer thickness is 0.05 μm and the
silicon waveguide layer thickness is 0.22 μm.

Figure 3. (a) Propagation loss of GST waveguide at the amorphous state. (b) Propagation loss of GST
waveguide at the crystalline state. (c) Extinction ratio between the two states.

To get a balanced performance between the insertion loss and propagation extinction ratio, we
chose Wgst = 0.45 μm and Hgst = 0.12 μm. The GST waveguide eﬀective index is 2.292 + 0.0247i at
the amorphous state. The silicon waveguide dimensions are chosen to be 0.45 μm (width) × 0.22 μm
(height). The modal eﬀective index is calculated to be 2.29, which is close to the eﬀective index of the
amorphous GST waveguide. Figure 4a,b show the mode proﬁles for the silicon and GST waveguides,
respectively. Although their refractive indices are close, the mode proﬁles are still diﬀerent, resulting
in mode transition loss at the waveguide interface. The calculated PCR is 0.911. Figure 4c,d show the
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light propagation at the two GST states. The GST section length is LGST = 0.6 μm. The transmission
losses at the amorphous and crystalline states are 0.70 dB and 21.04 dB, respectively.

Figure 4. (a,b) Electric-ﬁeld intensity mode proﬁles of (a) silicon waveguide and (b) amorphous GST
waveguide. (c,d) Electric-ﬁeld intensity distribution in the horizontal plane along the waveguide when
GST is at (c) the amorphous state and (d) the crystalline state.

There is a compromise between the device IL and the ON-OFF switching ER. The IL is deﬁned as
the device optical transmission loss at the amorphous state. The ER is deﬁned as the transmission
loss diﬀerence between the amorphous state and the crystalline state. Figure 5 shows the optical
transmission losses at the two states and the ER as a function of wavelength and GST length. The loss
of ON-state (amorphous GST) increases when the wavelength deviates from the targeted 1550 nm
wavelength because of the eﬀective index mismatch. The loss of OFF-state (crystalline GST) does not
monotonically increase with the GST length due to the Fabry-Perot resonant eﬀect, given that the
waveguide interface causes certain back reﬂection. It can be seen that when LGST is 0.6 μm, the device
IL is less than 1 dB, and the ON-OFF switching ER is more than 20 dB in an optical bandwidth of 70 nm.
When the GST section is longer than 1 μm, the ER can be further improved but at the cost of a higher IL.

Figure 5. (a) Transmission loss of ON-state (amorphous phase). (b) Transmission loss of OFF-state
(crystalline phase). (c) ON-OFF switching extinction ratio after phase change of GST.

In the above device, the slight diﬀerence in modal proﬁles results in extra scattering and reﬂection
losses in the waveguide junction. To mitigate this issue, we revised the design, as shown in Figure 6a.
The GST waveguide dimensions are the same as the previous design. The silicon waveguide has
two layers of tapers with heights of 70 nm and 150 nm. The height values comply with the silicon
etch depths in silicon photonics foundries [10] so that it can be conveniently integrated with other
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optical devices. The width of the top taper is reduced from 500 nm to 80 nm, causing the light ﬁeld
to be gradually squeezed to the bottom taper. To match the mode proﬁle of the GST waveguide,
the bottom taper end width is chosen to be 700 nm. The length of upper taper (L1 ) and lower taper (L2 )
are determined to be L1 = 1.9 μm and L2 = 2 μm. The transition loss through the two tapers is less
than 0.1 dB.

Figure 6. (a) Three-dimensional view of the revised design. The insets show cross-sectional views along
the segments AA’, BB’, and CC’. (b,c) Electric-ﬁeld intensity proﬁles of (b) the silicon waveguide and
(c) the amorphous GST waveguide across the interface. (d,e) Electric-ﬁeld intensity distributions in the
horizontal plane along the waveguide when GST is at (d) the amorphous and (e) the crystalline states.

Figure 6b,c, show that the mode proﬁles of the silicon and GST waveguide match better than
the previous design. The PCR is close to 0.968. Light propagates through the GST section with
higher transitivity in the amorphous state but highly blocked in the crystalline state, as illustrated in
Figure 6d,e.
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Figure 7 shows the loss at the amorphous and crystalline states and the ER of the revised design.
When LGST = 0.7 μm, the device IL is 0.48 dB and the ER is as high as 33.1 dB at the wavelength of
1550 nm. In an optical bandwidth of 60 nm, the IL is less than 0.5 dB and the ER is larger than 30 dB.

Figure 7. (a) Transmission loss of ON-state (amorphous phase). (b) Transmission loss of OFF-state
(crystalline phase). (c) ON-OFF switching extinction ratio when GST phase change occurs.

4. Fabrication Tolerances
The proposed structures can be readily fabricated using complementary metal-oxide-semiconductor
(CMOS) compatible fabrication processes. To investigate the robustness of our memristive switch to
the alignment errors between the GST and Si waveguide layers, we simulated device performances
(IL and ER) when the lateral alignment error increases. Table 1 shows the results. The operation
wavelength is 1550 nm. The GST length is 0.7 μm. It can be seen that the IL increases and ER decreases
when the misalignment rises from 0 to 20 nm. Nonetheless, the IL is still within 1 dB and the ER is
larger than 30 dB for an alignment error up to 20 nm. It indicates that our device has a high tolerance
to fabrication uncertainties.
Table 1. ON-state insertion loss and ON-OFF switching extinction ratio for diﬀerent lateral alignment
errors between the GST and Si waveguides.
Misalignment

IL (Insertion Loss)

ER (Extinction Ratio)

0 nm
5 nm
10 nm
15 nm
20 nm

0.48 dB
0.79 dB
0.80 dB
0.81 dB
0.82 dB

33.1 dB
32.6 dB
32.1 dB
31.7 dB
31.2 dB

5. Conclusions
GST is a promising material for optical switches due to its non-volatile high refractive index
contrast between its amorphous and crystalline states. We have proposed an ultra-compact optical
switch based on the phase change of GST to control the transmittance. We optimized the device to
obtain a high ER and a low IL. The device with a 0.7-μm-long GST section can oﬀer a high ER of more
than 30 dB and a low IL of less than 0.5 dB with a broad optical bandwidth of 60 nm. The memristive
switch shows high tolerance to misalignment between the GST and silicon waveguides. When the
lateral alignment drift is up to 20 nm, the IL remains less than 1dB and the ER is larger than 30 dB.
This ultra-small memristive switch can be applied in inter- and intra-chip optical communications.
Author Contributions: N.W. performed the simulations; L.Z., N.W., and H.Z. analyzed the data; L.Z., L.L., J.C.,
and B.M.A.R. supervised the project; N.W. wrote the paper.
Funding: This research was funded by the National Natural Science Foundation of China(NSFC) [61705129, 61535006]
and the Municipal Science and Technology Major Project [2017SHZDZX03].
Conﬂicts of Interest: The authors declare no conﬂict of interest.
85

Micromachines 2019, 10, 453

References
1.

2.

3.

4.
5.

6.
7.

8.
9.

10.
11.

12.
13.
14.
15.
16.

17.
18.
19.
20.

Dumais, P.; Goodwill, D.J.; Celo, D.; Jiang, J.; Zhang, C.; Zhao, F.; Tu, X.; Zhang, C.; Yan, S.; He, J.; et al.
Silicon photonic switch subsystem with 900 monolithically integrated calibration photodiodes and 64-ﬁber
package. J. Lightwave Technol. 2017, 36, 233–238. [CrossRef]
Suzuki, K.; Konoike, R.; Hasegawa, J.; Suda, S.; Matsuura, H.; Ikeda, K.; Namiki, S.; Kawashima, H. Low
insertion loss and power eﬃcient 32 × 32 silicon photonics switch with extremely-high-delta PLC connector.
In Optical Fiber Communication Conference; Optical Society of America: Washington, DC, USA, 2018; p. Th4B.5.
[CrossRef]
Lu, L.; Zhao, S.; Zhou, L.; Li, D.; Li, Z.; Wang, M.; Li, X.; Chen, J. 16 × 16 non-blocking silicon optical
switch based on electro-optic Mach-Zehnder interferometers. Opt. Express 2016, 24, 9295–9307. [CrossRef]
[PubMed]
Qiao, L.; Tang, W.; Chu, T. 32 × 32 silicon electro-optic switch with built-in monitors and balanced-status
units. Sci. Rep. 2017, 7, 42306. [CrossRef] [PubMed]
Waldecker, L.; Miller, T.A.; Rudé, M.; Bertoni, R.; Osmond, J.; Pruneri, V.; Simpson, R.E.; Ernstorfer, R.; Wall, S.
Time-domain separation of optical properties from structural transitions in resonantly bonded materials.
Nat. Mater. 2015, 14, 991. [CrossRef] [PubMed]
Wuttig, M.; Bhaskaran, H.; Taubner, T. Phase-change materials for non-volatile photonic applications.
Nat. Photonics 2017, 11, 465. [CrossRef]
Liu, M.; Hwang, H.Y.; Tao, H.; Strikwerda, A.C.; Fan, K.; Keiser, G.R.; Sternbach, A.J.; West, K.G.;
Kittiwatanakul, S.; Lu, J.; et al. Terahertz-ﬁeld-induced insulator-to-metal transition in vanadium dioxide
metamaterial. Nature 2012, 487, 345. [CrossRef] [PubMed]
Zhang, H.; Zhou, L.; Rahman, B.M.A.; Wu, X.; Lu, L.; Xu, Y.; Xu, J.; Song, J.; Hu, Z.; Xu, L.; et al. Ultracompact
Si-GST hybrid waveguides for nonvolatile light wave manipulation. IEEE Photonics J. 2017, 10, 1–10. [CrossRef]
Liang, H.; Soref, R.; Mu, J.; Majumdar, A.; Li, X.; Huang, W.P. Simulations of silicon-on-insulator
channel-waveguide electrooptical 2 × 2 switches and 1 × 1 modulators using a Ge2 Sb2 Te5 self-holding layer.
J. Lightwave Technol. 2015, 33, 1805–1813. [CrossRef]
Emboras, A.; Goykhman, I.; Desiatov, B.; Mazurski, N.; Stern, L.; Shappir, J.; Levy, U. Nanoscale plasmonic
memristor with optical readout functionality. Nano Lett. 2013, 13, 6151–6155. [CrossRef] [PubMed]
Hoessbacher, C.; Fedoryshyn, Y.; Emboras, A.; Hillerkuss, D.; Melikyan, A.; Kohl, M.; Sommer, M.; Hafner, C.;
Leuthold, J. Latching Plasmonic Switch with High Extinction Ratio. In 2014 Conference on Lasers and
Electro-Optics (CLEO)-Laser Science to Photonic Applications; IEEE: Piscataway, NJ, USA, 2014; pp. 1–2.
Battal, E.; Ozcan, A.; Okyay, A.K. Resistive switching-based electro-optical modulation. Adv. Opt. Mater.
2014, 2, 1149–1154. [CrossRef]
Hoessbacher, C.; Fedoryshyn, Y.; Emboras, A.; Melikyan, A.; Kohl, M.; Hillerkuss, D.; Hafner, C.; Leuthold, J.
The plasmonic memristor: A latching optical switch. Optica 2014, 1, 198–202. [CrossRef]
Ríos, C.; Stegmaier, M.; Hosseini, P.; Wang, D.; Scherer, T.; Wright, C.D.; Bhaskaran, H.; Pernice, W.H.
Integrated all-photonic nonvolatile multi-level memory. Nat. Photonics 2015, 9, 725. [CrossRef]
Stegmaier, M.; Ríos, C.; Bhaskaran, H.; Pernice, W.H. Thermo-optical Eﬀect in Phase-Change Nanophotonics.
ACS Photonics 2016, 3, 828–835. [CrossRef]
Moriyama, T.; Kawashima, H.; Kuwahara, M.; Wang, X.; Asakura, H.; Tsuda, H. Small-sized Mach-Zehnder
interferometer optical switch using thin ﬁlm Ge2 Sb2 Te5 phase-change material. In Optical Fiber Communication
Conference; Optical Society of America: Washington, DC, USA, 2014; p. Tu3E. 4.
Kato, K.; Kuwahara, M.; Kawashima, H.; Tsuruoka, T.; Tsuda, H. Current-driven phase-change optical gate
switch using indium-tin-oxide heater. Appl. Phys. Exp. 2017, 10, 072201. [CrossRef]
Lim, A.E.J.; Song, J.; Fang, Q.; Li, C.; Tu, X.; Duan, N.; Chen, K.K.; Tern, R.P.-C.; Liow, T.-Y. Review of silicon
photonics foundry eﬀorts. IEEE J. Sel. Top. Quant. 2013, 20, 405–416. [CrossRef]
Lumerical Knowledge Base. Available online: https://kb.lumerical.com (accessed on 3 July 2019).
Snyder, A.W.; Love, J. Optical Waveguide Theory; Chapman & Hall: London, UK, 1983.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

86

micromachines
Article

Translational MEMS Platform for Planar Optical
Switching Fabrics
Suraj Sharma 1, *, Niharika Kohli 1 , Jonathan Brière 2 , Michaël Ménard 3 and Frederic Nabki 1
1
2
3

*

Department of Electrical Engineering, Ecole de Technologie Supérieure, Montréal, QC H3C 1K3, Canada
AEPONYX Inc., Montréal, QC H3C 4J9, Canada
Department of Computer Science, Université du Québec à Montreal, Montréal, QC H2X 3Y7, Canada
Correspondence: suraj.sharma.1@ens.etsmtl.ca; Tel.: +1-514-239-8995

Received: 7 June 2019; Accepted: 29 June 2019; Published: 30 June 2019

Abstract: While 3-D microelectromechanical systems (MEMS) allow switching between a large
number of ports in optical telecommunication networks, the development of such systems often
suﬀers from design, fabrication and packaging constraints due to the complex structures, the wafer
bonding processes involved, and the tight alignment tolerances between diﬀerent components.
In this work, we present a 2-D translational MEMS platform capable of highly eﬃcient planar
optical switching through integration with silicon nitride (SiN) based optical waveguides. The
discrete lateral displacement provided by simple parallel plate actuators on opposite sides of the
central platform enables switching between diﬀerent input and output waveguides. The proposed
structure can displace the central platform by 3.37 μm in two directions at an actuation voltage of
65 V. Additionally, the parallel plate actuator designed for closing completely the 4.26 μm air gap
between the ﬁxed and moving waveguides operates at just 50 V. Eigenmode expansion analysis
shows over 99% butt-coupling eﬃciency the between the SiN waveguides when the gap is closed.
Also, 2.5 ﬁnite-diﬀerence time-domain analysis demonstrates zero cross talk between two parallel SiN
waveguides across the length of the platform for a 3.5 μm separation between adjacent waveguides
enabling multiple waveguide conﬁguration onto the platform. Diﬀerent MEMS designs were
simulated using static structural analysis in ANSYS. These designs were fabricated with a custom
process by AEPONYX Inc. (Montreal, QC, Canada) and through the PiezoMUMPs process of
MEMSCAP (Durham, NC, USA).
Keywords: microelectromechanical systems (MEMS); electrostatic actuator; parallel plate actuation;
optical switch; silicon-on-insulator (SOI); micro-platform; optical waveguide; silicon nitride photonics;
integrated optics

1. Introduction
Over the years, micro devices with optical and microelectromechanical systems (MEMS)
components known as micro-opto-electro-mechanical systems (MOEMS) have been developed for use
in digital micro mirror displays [1] and laser scanners [2]. Development of such optical MEMS devices
subsided due to immaturity of the technology and market penetration challenges [3]. However, with the
world moving towards higher bandwidth optical ﬁber-based communication, MOEMS can help meet
the ever-growing demand for power and transmission eﬃcient integrated silicon photonics solutions.
Conventional electronic data centers are often associated with high cost, and high energy and space
consumption [4]. These technological, environmental and monetary constraints have paved the way for
MEMS integration towards the development of hybrid optical data center designs such as Helios [5] and
novel Scaled Out Optically Switched Network Architecture [6]. MEMS integration into data centers can
reduce power consumption from 12.5 Watts per port for electronic switches to just 0.24 Watts per port
for optical switches but with a re-conﬁgurability that is restricted to a few milliseconds [4]. Such data
Micromachines 2019, 10, 435; doi:10.3390/mi10070435
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centers often rely upon 3-D MEMS with out-of-plane rotating micro-mirrors for beam steering inside
an optical cross connect switch [7] using piezoelectric actuation [8] or electrostatic actuation [9,10].
Although 3-D MEMS allow the implementation of optical switches with a large number of ports, the
development of such systems often suﬀers from fabrication and packaging constraints due to the
complex structures and wafer bonding processes involved [11,12]. Thus, paving the way for simpler
more aﬀordable 2-D MEMS based integrated photonics solutions for switching applications.
Piezoelectric [13], electrothermal [14] and electrostatic [15] actuators provide precise mechanical
motion at the micron scale. Piezoelectric actuators, although fast and suitable for applications
with resonators, involve the use of complex piezoelectric materials such as AlN and PZT for
actuation [16,17]. These materials can be integrated with silicon-on-insulator (SOI) technology
to make optical switches [18] but the use of lead in PZT raises environmental concerns [19]. Alternative
piezo materials, such as AlN, are diﬃcult to reproduce with the same piezo properties because of their
dependency on the ﬁlm texture and dipole orientation, and that they can have large residual stress
with even a slight change in the deposition parameters [20,21]. Electrothermal actuators produce large
displacements at low actuation voltages but are slow, consume high power and produce heat during
actuation [22,23]. This makes them undesirable for the green optical data centers envisioned for the
future. Thus, low voltage electrostatic actuators based upon widely used comb drives and parallel
plate designs become the right choice for planar optical switching applications [24,25]. These can also
be fabricated with ease through commercial SOI microfabrication processes to validate MEMS designs
before integration with optical waveguides [26,27].
Electrostatic actuators connected to a central platform have been demonstrated in the past for
2-D and 3-D MEMS based solutions such as optical scanners and cold atom detectors [28,29]. These
designs have largely relied upon out-of-plane rotational motion of the central platform due to torsional
beams [30–32]. A few translational MEMS structures exist, but they are largely designed for out-of-plane
optics applications [33–35]. The MEMS for planar switching applications reported in the literature
rely upon bringing movable waveguides closer to ﬁxed waveguides in ON/OFF state [36,37] or as a
1 × 3 optical switch [38]. Through complex MEMS integration of soft polymer waveguides, a 2 × 2
optical switch has also been demonstrated [39]. Recent developments include planar switching done
by adiabatic coupling between waveguides through vertical actuation at very low voltage [40,41], and
butt coupling through in-plane rotational actuation [42].
Accordingly, in this work, we present a translational MEMS platform capable of motion along
two axes using multiple electrostatic actuators. A detailed overview of a translational MEMS platform
compatible with diﬀerent planar optical switching conﬁgurations is presented in Section 2 along with
optical design considerations. Results of EigenMode Expansion (EME) and Finite Diﬀerence Time
Domain (FDTD) simulations for the butt coupling of SiN waveguides and the cross-talk between
parallel SiN waveguides are also presented in this section. Alignment tolerance simulations show
the potential for eﬃcient optical switching with the proposed MEMS platform. The evolution of the
actuator and spring designs along with the critical design choices made for a simple switching approach
are also discussed. Design of the translational MEMS platform and the critical design parameters and
dimensions are presented in Section 3. The fabrication process used, and the analysis of the fabricated
devices are discussed in Section 4. In this section, the test setup used for the actuation experiments and
the results obtained are also reported. A discussion of these results is presented in Section 5 and is
followed by the envisioned future work and concluding remarks in Section 6.
2. Design Considerations
2.1. Translational MEMS Platform for Optical Switching
Previous devices developed by our research group relied upon a rotational MEMS platform for
planar optical switching using SiN waveguides surrounded by a SiO2 cladding [42]. The device uses
5◦ of its total 9.5◦ of rotation on each side to form a crossbar switch requiring 113 V to actuate and
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having a 1.3 mm by 1 mm footprint. Also, the air gap closing actuator designed operates at 118 V with
a minimal gap of 250 nm upon actuation.
In this work, a unique translational MEMS platform capable of bi-axial motion is proposed and
demonstrated. The lateral motion of the platform is bi-directional and can provide optical switching
in 1 × 3 or 2 × 2 crossbar switch conﬁgurations. The longitudinal motion of the central platform is
unidirectional and designed to completely close the air gap between waveguides on the substrate and
the platform to achieve highly eﬃcient butt-coupling. The design operates at a reduced actuation
voltage for both switching and gap closing motions compared to that reported in [42], and the device
footprint is smaller. Figure 1 shows illustrations for the translational MEMS platform as a 1 × 3
optical switch (Figure 1a) and as a 2 × 2 crossbar optical switch (Figure 1b). These structures are
meant to include integrated SiN waveguides which are not the focus on this work but that have been
demonstrated in [42,43]. A cross sectional representation of the entire optical MEMS stack envisioned
is also shown in Figure 1c.

Figure 1. Illustrations of the proposed translational actuator: (a) 1 × 3 switch conﬁguration with
integrated optical ﬁlters; (b) 2 × 2 crossbar switch conﬁguration; (c) cross sectional view of the optical
MEMS stack proposed. The color scheme to represent the diﬀerent materials is consistent throughout
the ﬁgure.
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In the 1 × 3 optical switch conﬁguration, the central platform accommodates three separate SiN
waveguides. The input side on the left of the platform has one waveguide on the ﬁxed substrate.
The output side on the right of the platform is designed to have three separate waveguides. Four
symmetrical single silicon beam springs support the entire MEMS structure. These beams provide the
necessary spring action to allow lateral displacement through parallel plate actuators on the opposite
side of the platform. The central platform is connected to the lateral actuators through a central beam
and a serpentine spring structure. This design choice decouples the lateral and longitudinal motion
of the platform. The serpentine spring enables longitudinal displacement through a parallel plate
actuator at the bottom of the platform. Whereas the parallel plate actuators on the opposite sides of
the platform are designed to provide discrete lateral displacement of 3 μm on each side, the bottom
parallel plate actuator is designed to close the 4 μm air gap between the platform and the substrate.
The discrete lateral displacement of 3 μm on either side along with the neutral position of zero lateral
displacement provides 3 switching possibilities to form a 1 × 3 switch. The platform is large enough to
integrate optical ﬁlters, such as Bragg gratings and ring resonators [44,45], and it can be used to select
among a bank of ﬁlters to implement discretely tunable devices. Examples of optical ﬁlters are also
illustrated in Figure 1a.
Figure 1b shows the MEMS platform envisioned as a 2 × 2 crossbar switch. There are two input
and output waveguides on the substrate. The actuation mechanism and operational parameters remain
the same as the 1 × 3 switch conﬁguration, but the platform accommodates four SiN waveguides.
When the platform is actuated to the right, the waveguides on the platform shown as solid lines in
Figure 1b are aligned with the input and output waveguides. In this position light travels from input 1
to output 1 and from input 2 to output 2, creating the ‘bar’ conﬁguration. When the platform is actuated
to the left, waveguides on the platform shown as dotted lines in Figure 1b are aligned to the input
and output waveguides. The optical signal then propagates from input 1 to output 2 and from input
2 to output 1, creating the ‘cross’ conﬁguration. In both conﬁgurations, the gap closing mechanism
provides highly eﬃcient butt-coupling between the waveguides. The discrete motion of the platform
also eliminates optical losses due to displacement / voltage ﬂuctuations in the system, as the MEMS
platform is designed to operate in the pull-in state for both the lateral and longitudinal actuators.
2.2. Optical Design Considerations
Our work involves the validation of the MEMS [27] structures, prior to employing the commercial
process enabling the addition of optical waveguides which has been developed by our group in
collaboration with AEPONYX. The commercial process used to validate the MEMS requires a minimal
gap of ~3 μm. This constraint leads to a signiﬁcant air gap between the ﬁxed and moving waveguides
envisioned in a planar optical MEMS device. In the previous rotational MEMS developed by our
group, the input and output waveguides were located on top of the gap closing actuator due to design
constraints [42]. This enables the air gap to be reduced to only 250 nm as the rotational platform that is
grounded cannot come in contact with the gap closing actuator that is kept at a high DC voltage. If the
two come in contact, shorting during actuation would damage the MEMS device. This phenomenon
can be prevented by dimpled structures but leads to a residual air gap even after gap closing. However,
on the translational MEMS platform shown in Figure 1, the input and output waveguides are separated
from the gap closing actuator. The air gap between the platform and the ﬁxed section of the switch
(with input / output waveguides) is designed to be 4 μm whereas the gap for the bottom parallel plate
actuator is designed to be 6 μm. As a result, the platform and the ﬁxed section of the switch can both
be grounded to eliminate shorting during gap closing actuation. This provides complete gap closing
between waveguides eliminating any signiﬁcant residual air gap.
EME analysis using MODE Solutions from Lumerical® (Vancouver, Canada) was performed to
study the eﬀect of an air gap on optical signal transmission between two butt-coupled SiN channel
waveguides with a core of 435 nm × 435 nm and with a top and bottom SiO2 cladding thickness of
3.4 μm for both the TE and TM modes. All of the optical simulations shown in this section were
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performed at a wavelength of 1550 nm. EME results show a transmission eﬃciency of over 99% for
direct butt-coupling between these waveguides with an air gap of 50 nm or less, which is reduced to
33% when the gap is 3 μm. To reduce the expansion of the light beams in the gap and increase the
coupling between the two waveguides, we introduced inverted tapers where the core width narrows
down to 250 nm at both waveguide edges. The optimal length of the tapers was found to be 20 μm. The
transmission eﬃciency is almost 100% with a 50 nm air gap and even on increasing the gap to 3 μm,
the coupling eﬃciency dropped to 83% for the transverse electric (TE) mode and 74% for transverse
magnetic (TM) mode in waveguides with inverted tapers. This result is shown in Figure 2a and
demonstrates that a high coupling eﬃciency can be obtained even if fabrication imperfections limit
the minimum size of the gap. Furthermore, the ability to reduce the gap to dimensions signiﬁcantly
smaller than the wavelength of light (which is typically around 1.3 μm or 1.5 μm in telecommunication
applications) remove the need for an antireﬂection coating at the interface of the waveguides. When
the gap size is larger than approximately half a wavelength, multiple beam interference phenomena
can occur because of reﬂections at the waveguide interfaces, which explains the undulations that are
visible in Figure 2a.
The dimensions of the central platform in an optical MEMS device as shown in Figure 1 are highly
critical. The platform must accommodate at least three waveguides to operate as a 1 × 3 switch and
four waveguides to operate as a 2 × 2 crossbar switch. Another important design consideration is
the width of the gap closing interface between the platform and the substrate. The platform must
be able to accommodate the number of waveguides envisioned with minimal optical cross-talk and
optimal bending radius for low propagation losses [46]. Therefore, to have an estimate of the number
of waveguides that can be implemented on the platform, we studied the cross-talk between two
parallel SiN waveguides as function of the gap between them. 2.5D FDTD analysis were performed
for 435 nm × 435 nm waveguides with a 3.4 μm thick top and bottom SiO2 cladding where the total
length of the inner waveguide is 565.5 μm with a bending radius of 75 μm. It was found that for the TE
mode the ﬁeld remains conﬁned in the input waveguide and does not couple to the adjacent outer
waveguide when the gap between them is 3.5 μm or greater. The simulated propagation loss in the
input waveguide of length 565.5 μm is only 0.01 dB for a 3.5 μm gap between adjacent waveguides.
Results of the 2.5D FDTD cross-talk simulations are shown in Figure 2b. It can also be observed that
the cross-talk for the TM mode is smaller than the TE mode and becomes negligible at a gap of 3.0 μm.

Figure 2. Optical simulation results for: (a) EME analysis showing transmission eﬃciency for TE
and TM modes between two butt-coupled SiN waveguides as a function of air gap with and without
inverted tapers. The inset shows the top-view of the magnitude of the electric ﬁeld of TE mode for
butt-coupling with inverted tapers at a gap of 500 nm; (b) 2.5D FDTD analysis showing cross-talk for
TE and TM modes as a function of the gap between two SiN waveguides with 90◦ bends and 75 μm
bending radius. Inset shows top-view of the magnitude of electric ﬁeld of TE mode for the complete
optical path with two parallel SiN waveguides at a gap of 3.1 μm. Image shows that the ﬁeld remains
completely conﬁned in the input waveguide.
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The optical simulation results show that a rectangular platform of 150 μm by 520 μm is large
enough to accommodate four separate SiN waveguides with a 75 μm bending radius. Also, the gap
closing interface between the platform and the ﬁxed section of the switch is 35 μm wide and can
easily accommodate three separate 435 nm wide SiN waveguides with a 3.5 μm gap between them.
These can be fabricated with inverted tapers having tip-width of 250 nm and 20 μm length in the
coupling region at the edges for minimal optical loss. The transverse horizontal and vertical alignment
tolerance between the butt-coupled waveguides with and without tapers were also analyzed as shown
in Figure 3. The inverted tapered structures have a high alignment tolerance providing a transmission
of more than 80% in case of the TE mode and of more than 70% in case of the TM mode even when
one waveguide is displaced by 700 nm relative to the other. These transmission coeﬃcients were
obtained with an air-gap of 250 nm between the waveguides. Therefore, the proposed switch has high
fabrication tolerances in comparison to typical silicon photonic devices implemented with SOI wafers
that have a 220 nm thick device layer.

Figure 3. Optical simulation results for EME simulations showing the transmission eﬃciency of TE and
TM modes between two butt-coupled SiN waveguides with and without inverted tapers as a function
of: (a) horizontal and (b) vertical alignment tolerance.

2.3. MEMS Design Considerations
The initial MEMS actuator choice for the translational platform was to use of a unidirectional
comb drive for lateral switching whereas the gap closing actuator was the same parallel plate actuator
discussed above. This ﬁrst MEMS design incorporated serpentine spring structures for both lateral
and longitudinal motions. Since comb drives enable large controlled displacements, the MEMS was
designed in ANSYS using static structural analysis to provide up to 6 μm of displacement at ~220 V.
This design was fabricated by AEPONYX with an in-house microfabrication process for MEMS based
on SOI technology. However, the fabricated devices showed rotational eﬀects in the comb drive
after a displacement of 2.39 μm at 100 V during testing. Figure 4 shows micrographs of a device
during actuation tests along with the actuation curves for simulation and experimental results. The
experimental measurements appear to follow a linear relationship in comparison to the simulation
results because the displacements recorded during the experiment are limited to the beginning of
the polynomial actuation curve where the slope is increasing slowly. Before we could observe the
non-linear behaviour of the actuator, the comb drive-based actuator rotated inhibiting further actuation.
SEM analysis of the MEMS device showed some fabrication discrepancies. Fabricated dimensions
varied from 2.35 μm to 2.58 μm in the comb drive compared to the design dimensions of 3 μm. This
varies the gap between the drive ﬁngers in diﬀerent regions of the comb. These observations are shown
in Figure 5.
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Figure 4. Microscopic micrographs of the translational MEMS platform with comb drive during
actuation: (a) at 10 V; (b) maximum displacement at 100 V; (c) rotation at 110 V; (d) experimental
and simulation based lateral switching displacement v/s actuation voltage curves for the translational
MEMS design with comb drive.

Figure 5. Fabricated v/s design dimensions through SEM micrograph analysis of the drive ﬁngers for
comb drive-based translational MEMS platform in various parts of the actuator: (a) top; (b) center;
(c) bottom.

The vertical in-plane stiﬀness of the main horizontal beam was further analyzed following the
actuation results obtained. A static structural analysis of the structure was performed using ANSYS.
A load force of 10 μN was simulated on the top left corner of the device model to verify the vertical
stiﬀness of the main horizontal beam. These simulation results are shown in Figure 6a. The MEMS
design has a low vertical stiﬀness as the 10 μN force applied led to a total maximum deformation of
322 nm. The fabrication discrepancies described earlier are assumed to make the electrostatic ﬁeld
generated by the fabricated comb drive slightly asymmetrical compared to the simulated model with
an ideal comb drive. This is due to the varying gap between the fabricated ﬁngers in diﬀerent regions
of the actuator. These fabrication geometry discrepancies combined with the low vertical stiﬀness of
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the system make the structure highly susceptible to the rotational eﬀect observed. Designs for the
lateral switching actuator and serpentine spring were modiﬁed to the ﬁnal iteration shown in Figure 6b.
Parallel plate actuators were chosen for lateral switching to simplify fabrication. The vertical stiﬀness
was increased through a single beam spring for lateral actuation that is anchored on two ends unlike
the previous serpentine spring design. A static structural simulation for a 10 μN force on the top
left corner of the new design yielded only 1.18 nm of total maximum deformation, more than 300×
reduction over the prior design shown in Figure 6a.

Figure 6. Total deformation heatmap when 10 μN of force is applied on the top left corner of the
structure (force location shown in image insets): (a) comb drive and serpentine spring design; (b)
parallel plate and single beam spring design.

The completely parallel plate actuation-based design with a single beam spring was successful
in eliminating any rotation due to the fabrication discrepancies caused by the complex comb drive
structure, and to increase the vertical in-plane spring constant. In order to achieve the same targeted 6
μm of displacement as the comb drive, two lateral parallel plate actuators were designed on opposite
sides of the platform.
3. Final Translational MEMS Platform
The ﬁnal iteration of the translational MEMS platform was designed on the basis of the optical
design considerations and comb drive-based MEMS results discussed in the previous sections. Two
parallel plate actuators were implemented on the opposite sides of the central rectangular platform for
lateral displacement. Another parallel plate actuator was created on the bottom of the actuator for air
gap closing. All actuators were designed as parallel-plate and operated under the pull-in eﬀect [3]. In
case of a parallel plate actuator with initial gap (d) and total overlap area (A) between the plates, the
actuation voltage (Vp ) where the pull-in eﬀect occurs is given by:
Vp =

√ 8kd3
(
)
27εA

(1)

where k is the spring constant of the system in the direction of actuation and ε is permittivity of the
dielectric medium. Also, the maximum controlled displacement (Xp ) for these actuators before pull-in
is given by:
d
Xp =
(2)
3
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These lateral actuators were designed with an initial gap (d) of 4 μm making the maximum
displacement (Xp ) before pull-in to be 1.3 μm. Similarly, for the longitudinal actuator with an initial
gap (d) of 6 μm, the maximum displacement (Xp ) before pull-in is 2 μm. Since the pull-in eﬀect enables
a quick and large displacement, the two parallel plates in the actuator tend to snap together. In order
to prevent shorting during pull-in, 10 μm long stoppers at a 3 μm gap (less than the actuator initial gap
of 4 μm) were added at the two ends of both the lateral actuators. These stoppers also provide the
necessary 3 μm of maximum displacement to translate the waveguides on the platform and form a
2 × 2 crossbar optical switch as discussed earlier. Similar 35 μm wide stoppers forming a 4 μm gap
(less than the actuator initial gap of 6 μm) were built for the longitudinal actuator. These stoppers
are larger than the lateral stoppers in order to accommodate multiple SiN waveguides. Images of the
fabricated MEMS device along with the critical stopper and actuator dimensions are shown in Figure 7.

Figure 7. Micrographs of the ﬁnal translational MEMS platform with critical design dimensions for: (a)
platform, springs and actuators; (b) lateral switching actuator and stopper; (c) longitudinal gap closing
actuator and stopper.

A static structural analysis for the device model in ANSYS was performed to estimate the lateral
and longitudinal spring constants of the MEMS. The spring constant of the lateral actuators’ springs
was found to be 15.37 N/m, whereas the spring constant of the platform’s serpentine spring is 1.81 N/m.
The lower stiﬀness of the serpentine spring reduces the downward electrostatic force needed to close
the gap. This helps limit the impact of gap closing actuation upon the lateral actuators and prevent
any rotation of the platform. Since the stiﬀness of the serpentine spring is considerably lower, the
gap closing actuator dimensions are diﬀerent from the lateral actuators. The initial gap and length
of the gap closing actuator was kept at 6 μm and 350 μm, respectively, whereas the initial gap and
length of the lateral actuator was kept at 4 μm and 486 μm, respectively. These choices were made
to enable the operation of all the actuators within a small voltage range. Theoretical calculations
using the spring constant simulation results presented in this section predict a pull-in voltage of ~82 V
and ~61 V for lateral switching and longitudinal gap closing, respectively. Modal analysis was also
performed with the device model in ANSYS to obtain the resonance frequencies of the structure. The
resonance frequency of the gap closing actuator was found to be 4.6 kHz whereas that of the switching
actuator structure was 9.2 kHz. This limits the operational frequency for the switch at ~4.6 kHz. The
MEMS cell as demonstrated can be used in both a 2 × 2 crossbar switch conﬁguration as well as a 1 × 3
switch conﬁguration.
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4. Experimental Results
4.1. Microfabrication Results
The MEMS devices were fabricated with a commercial process (PiezoMUMPs by MEMSCAP) [27].
The process uses SOI technology with a 10 μm device layer. SEM micrographs of the fabricated
structures with measured critical dimensions are presented in Figure 8.

Figure 8. Detailed SEM micrographs with measurements of the fabricated translational MEMS platform:
(a) ﬁnal translational MEMS platform; (b) serpentine spring; (c) lateral actuator and spring’s fabricated
dimensions; (d) lateral actuation during high power imaging; (e) gap closing actuator’s fabricated
dimensions; (f) gap closing during high power imaging.

An analysis of the SEM micrographs showed that the fabricated dimensions were slightly diﬀerent
from the design dimensions. The lateral actuator gap increased from 4 μm to 4.37 μm and the stopper
gap from 3 μm to 3.37 μm. The gap closing actuator gap increased from 6 μm to 6.34 μm and the
stopper gap increased from 4 μm to 4.26 μm. These slight variations should increase the actuation
voltage due to increased gap between the actuator plates. However, the spring beam dimensions were
also smaller by a margin of ~0.17 μm for the lateral spring beams and by a margin of ~0.03 μm for the
serpentine spring beams. This lowers the spring stiﬀness thereby negating the eﬀect of the increase of
the actuator gaps to some extent. A video showing both lateral switching and gap closing actuators
in motion during SEM imaging is provided in the Supplementary Materials section. Actuation tests
were performed to study the impact of these fabrication variations upon the actuation voltage. The test
setup used, and the results obtained are presented in Section 4.2.
4.2. Actuation Test Results
Diﬀerent fabricated devices were tested using a Wentworth probe station with a Bausch & Lomb
microscopic system. Four DC probes were used during these tests. High voltage DC sources were
used to provide the necessary voltage for actuation. A high resolution camera from Omax was used to
image the devices during these tests. The actuator was grounded through a 100 kΩ resistor to prevent
any device damage due to high current during actuation. Detailed image of the test setup used along
with a schematic of the test circuit for the actuation experiments is given in Figure 9.
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Figure 9. (a) Experimental actuation setup used; (b) zoomed in image of the probes on the MEMS
device during tests; (c) schematic of the test circuit used for lateral actuation experiments.

The lateral actuator on both the sides showed pull-in at an actuation voltage of 65 V. Since after
pull-in the movable actuator plate snaps towards the ﬁxed plate, the total displacement obtained
should be equivalent to the gap between the actuator plates. However, 3 μm stoppers were included
speciﬁcally in the design to prevent any shorting through contact between the two actuator plates.
The fabricated dimensions for the devices discussed in Section 4.1 showed that a 3.37 μm stopper gap
was fabricated instead. Our lateral actuator shows 3.37 μm of displacement for the central platform
at just 65 V of pull-in voltage. Similarly, the results for the longitudinal gap closing actuator show
pull-in at 50 V. The fabricated dimensions for the gap closing stoppers was 4.26 μm instead of 4 μm as
per the design. The gap closing actuator provides a 4.26 μm displacement to the central platform at a
pull-in voltage of just 50 V. No stiction issues or damage to the fabricated stoppers were observed after
repeated actuation. The measured displacement for diﬀerent actuation voltages of the lateral switching
actuator follows a linear trend over the range of voltages used in the experimental characterization in
comparison to the non-linear behavior of the gap-closing actuator before electrostatic pull-in. This
can be explained by the diﬀerence in spring stiﬀness between the lateral switching and gap-closing
actuators. The spring constant values for the single beam spring design of the lateral switching actuator
in the simulation model was found to be 15.37 N/m, whereas that for the multi beam serpentine
spring design of the gap-closing actuator is only 1.18 N/m. Therefore, the non-linear response of the
gap-closing can be observed by applying a much smaller force or equivalently, a smaller actuation
voltage. Also, the spring for the lateral switching actuator is similar to a clamped-clamped beam
system which follows linear displacement as per small beam deﬂection theory up to a quarter of the
beam thickness following which non-linear displacement can be observed for larger displacements [47].
Since the thickness of the SOI device layer used is 10 μm, the maximum displacement observed
before pull-in is much lower than a quarter of the silicon beam thickness (i.e., 2.5 μm resulting in the
linear behavior of the fabricated actuator). The simulation model for the lateral switching actuator
shows an initial linear behavior which becomes non-linear with a larger displacement than seen in
the measurements, which could be due to the higher stiﬀness of the spring by the actuator in the
simulation model, due to the geometry variations resulting from the fabrication process, as seen in
Figure 8. The experimental actuation voltage to reach pull-in was lower in comparison to the simulated
model for both the lateral switching actuator and the gap-closing actuator. This can be explained by the
diﬀerence in the fabricated and simulated silicon beam dimensions. As discussed earlier in Section 4.1,
the width of the fabricated silicon beams in the spring structure was slightly less than in the simulation
model. This reduces the stiﬀness of the spring leading to lower experimental actuation voltages for the
simulated displacements compared to simulated actuation voltages. The experimental displacement
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before pull-in was also observed to be larger in comparison to the simulated model. This is because the
fabricated gap between the parallel plates of the actuator was larger, as discussed earlier in Section 4.1.
Simulation v/s experimental results are presented in Figure 10 and they show the pull-in voltage
for both lateral switching and longitudinal gap closing actuators. Micrographs of the bi-directional
lateral switching action at 65 V combined with vertical gap closing at 50 V along with the neutral
position of the actuator are shown in Figure 11.

Figure 10. Experimental and simulation based displacement v/s actuation voltage results along with
relevant pull-in voltages and maximum displacement obtained for (a) the lateral switching actuator; (b)
the gap closing actuator.

Figure 11. (a) Microscopic micrographs of the device at 0 V during actuation tests with probes on
MEMS; (b) zoomed in image of the left switching actuator at 65 V and gap closing actuator at 50 V; (c)
zoomed in image of the right switching actuator at 65 V and gap closing actuator at 50 V.

5. Discussion
Diﬀerent translational MEMS actuator designs were implemented and tested. The comb
drive-based actuator design showed a maximum displacement of 2.38 μm before a rotational eﬀect
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occurred at 110 V precluding further motion. This maximum displacement of 2.38 μm achieved for the
central platform could not provide the displacement of at least 6 μm needed for successful operation
as a 2 × 2 crossbar switch. The MEMS design was improved through the incorporation of single beam
spring for lateral switching actuation. Silicon beams anchored at two ends provide the necessary higher
vertical stiﬀness and eliminated any rotational eﬀect due to the serpentine spring structure with low
vertical stiﬀness. Incorporation of simple parallel plate actuator design for lateral switching actuators
eliminates any rotational eﬀect caused due to fabrication discrepancies in the comb drive geometry.
Two parallel plate actuators on the opposite side of the central platform provide the necessary discrete
displacement of at least 6 μm (i.e., 3 μm on each side) after pull-in for lateral switching. Parallel
plate actuator designed for air gap closing motion of the central platform provides zero gap between
platform and the substrate upon actuation. Soft spring design for the central platform using serpentine
spring system also ensures zero impact of the air gap closing motion upon the lateral switching motion
of the platform.
The state-of-the-art planar optical switch developed in [41] demonstrates low loss switches which
rely upon polarization sensitive vertical adiabatic coupling between polysilicon ridge waveguides.
Although polarization insensitive switches based upon polysilicon waveguides have also been realized,
these involve a complex 20 masks fabrication process with 3 waveguide layers [48]. State-of-the-art
2 × 2 MEMS switches with zero gap butt-coupling between suspended and ﬁxed waveguides has
also been demonstrated in the past through the incorporation of soft polymer waveguides over the
MEMS actuator and had a low switching speed of < 0.5 ms. This approach involves a complex bonding
process between the polymer waveguides and MEMS structures [39]. Also, the actuator springs need
to be precompressed into latching position using probes under a microscope to provide the zero gap
coupling between waveguides and optical ﬁbers.
The translational platform presented in this work is designed to be integrated with polarization
insensitive square SiN waveguides in a single optics layer with SiO2 cladding for less stringent
packaging requirements. The actuator springs designed do not require any complex assembly
procedure before switching operation for zero gap closing either. This is due to the independent spring
design for lateral switching and air gap closing motions which provides bi-axial motion to the central
platform necessary for its operation in 2 × 2 crossbar switch conﬁguration. Recently, a rotational MEMS
platform demonstrated crossbar switching capability at 118 V with the ability to reduce the air gap
between ﬁxed and movable waveguides down to 250 nm at an actuation voltage of 113 V [42]. The
translational platform presented in this work operates at a much lower voltage of 65 V for 2 × 2 crossbar
switching and 50 V for air gap closing. The rectangular platform design also provides the unique
possibility to integrate SiN based optical ﬁlters on the platform itself in 1 × 3 switch conﬁguration.
Although the design choice of parallel plate-based actuation for lateral switching makes the
alignment of the optical waveguide mask with the MEMS mask during microfabrication critical,
previously SiN waveguides have been successfully integrated with high precision [42]. Also, optical
simulations of the alignment tolerances showed more than 80% eﬃciency for 700 nm of misalignment
and more than 96% eﬃciency for less than 300 nm of misalignment with a 250 nm gap between the
waveguides. Stepper tools for lithography can be used to precisely align the MEMS layer with the
waveguides during microfabrication process. Optical simulations show that the gap closing motion of
the platform can provide over 99% transmission eﬃciency for butt-coupling waveguides. Waveguides
with inverted tapers can provide more than 83% eﬃciency even when there is a separation of 3 μm
between them. The design is capable of minimizing the optical losses due to the air gap. The eﬀect
of surface roughness of the fabricated devices upon the minimal gap achievable should not cause
signiﬁcant optical losses either.
6. Conclusions
In this work, a translational MEMS platform was presented for planar optical switching
applications. The lateral switching actuator designed for this translational MEMS device operates at an
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actuation of voltage of 65 V while closing the air gap completely at just 50 V. The ability to integrate up
to four SiN waveguides with minimal crosstalk on the large 150 μm by 520 μm platform provides 2 × 2
crossbar switching capability. A 2 × 2 crossbar switch can be realized with just one core switch cell in a
smaller device footprint of 1 mm by 1 mm when compared to [42]. This switch also operates at a much
lower voltage when compared to the rotational MEMS platform designed for planar crossbar switching.
It can also be used to demonstrate a wavelength channel selection system through integration with
SiN based optical ﬁlters on the central platform for Reconﬁgurable Optical Add–Drop Multiplexer
(ROADM) applications [49,50]. In the future, we aim to integrate SiN waveguides and optical ﬁlters
with the fabrication process demonstrated previously [42]. Spring stiﬀness and actuator dimensions
will be further optimized so that both lateral and gap closing actuators operate at the same voltage.
Actuator stopper dimensions will also be optimized for minimal stiction and high reliability.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/7/435/s1,
Video S1: Translational MEMS platform in motion.
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Abstract: This paper presents an integrated germanium (Ge)-based THz impulse radiator with an
optical waveguide coupled photoconductive switch in a low-cost silicon-on-insulator (SOI) process.
This process provides a Ge thin ﬁlm, which is used as photoconductive material. To generate short
THz impulses, N++ implant is added to the Ge thin ﬁlm to reduce its photo-carrier lifetime to
sub-picosecond for faster transient response. A bow-tie antenna is designed and connected to the
photoconductive switch for radiation. To improve radiation efﬁciency, a silicon lens is attached
to the substrate-side of the chip. This design features an optical-waveguide-enabled “horizontal”
coupling mechanism between the optical excitation signal and the photoconductive switch. The THz
emitter prototype works with 1550 nm femtosecond lasers. The radiated THz impulses achieve a
full-width at half maximum (FWHM) of 1.14 ps and a bandwidth of 1.5 THz. The average radiated
power is 0.337 μW. Compared with conventional THz photoconductive antennas (PCAs), this design
exhibits several advantages: First, it uses silicon-based technology, which reduces the fabrication
cost; second, the excitation wavelength is 1550 nm, at which various low-cost laser sources operate;
and third, in this design, the monolithic excitation mechanism between the excitation laser and
the photoconductive switch enables on-chip programmable control of excitation signals for THz
beam-steering.
Keywords: germanium; integrated optics; optoelectronics; photoconductivity; silicon photonics;
terahertz

1. Introduction
Sandwiched between traditional microwave and optical spectrums, terahertz (THz) technology
has attained great scientiﬁc interest in recent decades. Compared to a THz continous-wave (CW)
signal, THz impulses feature ultra-wide bandwidth, usually larger than 1 THz. This wide frequency
band allows THz impulse to be used for various applications, such as, biology and medicine
sciences [1], environmental monitoring [2,3], chemical sensing [4,5], high-resolution three-dimensional
imaging [6–9], nondestructive evaluation [10], and high-speed wireless communication link [11].
Researchers have been investigating various technologies that can produce high power and
wideband THz impulses. There are two technical solutions. One solution is to use fully-electronics
technology; the other is to rely on optoelectronics methods. In recent years, silicon-based
fully-electronics THz impulse radiators have been reported using CMOS or BiCMOS process
technologies [12–16]. These fully-electronics devices produce picosecond impulses that cover the
lower end of THz spectrum (less than 1.1 THz). Additionally, these designs feature the beneﬁts of low
cost, high scalability, and low power consumption.
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The more widely used and traditional solution of THz impulse generation is photoconductive
antennas (PCAs) based on optoelectronics technology [17]. As shown in Figure 1, a conventional THz
PCA has two parts of metal contacts fabricated on a photoconductive semiconductor substrate, with a
gap between the two metal contacts. The two metal contacts also operate as on-chip THz antennas.
Conventional THz PCAs are usually triggered by free-space femtosecond laser, which is incident
onto the photoconductive semiconductor substrate through the gap between the metal contacts.
The semiconductor substrate has appropriate bandgap energy so that the incident femtosecond
laser pulses are absorbed and photocarriers are generated. A DC bias voltage is applied across
the gap through the metal contacts, building up electric ﬁelds in the substrate below the gap.
Consequently, photocarriers drift and are eventually collected by the metal contacts before photocarrier
recombinations occur. The induced ultrafast photocurrent drives the on-chip THz antennas that
produce THz impulse radiations. A silicon lens is usually attached to the backside of the substrate to
increase radiation efﬁciency.

Femtosecond Laser

Metal Contacts

Semiconductor Substrate
Silicon Lens

THz Pulse Radiation
Figure 1. A conventional THz photoconductive antenna (PCA) emitter.

Admittedly, researchers have attempted to exploit the unique properties of various nanostructures,
such as plasmonic structures [18,19] and optical nano-antennas [20,21], to improve radiation
bandwidth, radiated power, and efﬁciency [22,23], but they all share the same fundamental limitations
on the photoconductive semiconductor substrate and free-space optical excitation scheme:
First, to ensure large radiation bandwidth, the semiconductor substrate must be an ultrafast
photoconductive material that should exhibit short photocarrier lifetime and high carrier mobility.
Radiation-damaged silicon-on-sapphire (RDSOS) and low-temperature-grown GaAs (LT-GaAs) are
widely used for THz PCAs [24]. Due to the complicated fabrication procedures of these materials,
the cost of conventional THz PCAs is high. Another limitation on substrate material is that these
materials are usually not compatible with 1550 nm laser excitations. There are various low-cost laser
sources at 1550 nm regime for ﬁber-optic communications. Therefore, designing a THz PCA that
operates with a 1550 nm laser source is a cost-effective strategy to reduce the cost further. Due to the
aforementioned limitations, the ﬁrst technical challenge of this work is to use low-cost and ultrafast
photoconductive semiconductor materials that operate at 1550 nm region.
Conventional PCAs require free-space optical excitation scheme, which also exhibits two
limitations. First, this excitation scheme requires accurate optical alignments to ensure that the
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femtosecond laser is aligned onto the tiny gap between the metal contacts. Optical alignment has
stringent requirements on system stability, and consequently, is not suitable for portable applications.
Second, because the optical excitation signal propagates in the free space before it is absorbed by the
substrate, programmable control on the excitation signal is usually performed in the free space by
using a mechanical translation stage with retroreﬂector mirrors [2,10]. Therefore, the free-space optical
excitation scheme in conventional THz PCAs prevents the implementation of fully integrated THz
PCA phased arrays, resulting in the second technical challenge of this work: design an on-chip optical
excitation scheme for THz impulse radiator chips.
In this work, we present a Germanium (Ge)-based THz impulse radiator in silicon that resolves the
aforementioned limitations. Following the operation principle of THz photoconductive antennas [17],
our proposed design features three advantages: ﬁrst, due to the bandgap energy of Ge, which is used
as the photoconductive substrate, the prototype THz impulse radiator can be excited by 1550 nm
femtosecond laser sources. As a result, various low-cost laser sources in this wavelength regime
can be used to reduce cost. Second, it incorporates a waveguide-coupled photoconductive switch
that provides a monolithic interaction between the optical excitation signal and the photoconductive
substrate. This novel coupling mechanism eliminates the existing obstacle of achieving on-chip
programmable control of excitation laser. Third, this optoelectronics device was batch fabricated by
a silicon photonics process foundry, similar to microelectronic chip tape-out: we completed device
design using the computer-aided design (CAD) tool and sent the design layout ﬁle to the foundry
for batch fabrication. In this work, there is no need for post-processing in clean room, which can
signiﬁcantly reduce the cost for mass production.
This paper is an extension of [25] with extensive details of device design and analysis of the
simulated and measured results. The remaining context of this paper is organized as follows. Section 2
presents the design techniques and system architecture of the prototype THz impulse emitter. Section 3
describes the measurement results, followed by conclusions in Section 4.
2. Design Techniques and System Architecture
The silicon photonics process technology used in this work implements photonics devices using
CMOS-compatible technologies. As a result, this technology can signiﬁcantly reduce the cost of
integrated photonics devices in mass production. The silicon photonics process technology is provided
by the Institute of Microelectronics (IME), Agency for Science Technology and Research (A*STAR),
Singapore [26]. This process has a silicon-on-insulator substrate, and it provides a module library with
various pre-designed integrated passive devices, such as single-mode optical waveguides and optical
grating couplers. Apart from the passive devices, Ge-based active devices, such as ring modulators
and photodetectors, are available for use in this process. Both passive and active devices are optimized
for the 1550 nm regime.
2.1. Ultrafast Germanium Thin Film
The silicon photonics process technology used in the work provides Ge as the photoconductive
material at 1550 nm wavelength. As discussed in Section 1, there are two requirements for the
photoconductive materials of THz impulse radiators. The ﬁrst requirement is that the photocarrier
lifetime of the material should be on the order of sub-picoseconds; the second requirement is
that the photocarrier mobility should be high enough to produce large photocurrent. A previous
work [27] has demonstrated that photocarrier lifetime of Ge thin ﬁlms can be reduced to the order
of sub-picoseconds by implanting O+ ions without sacriﬁcing photocarrier mobility, which can
remain at about 100 cm2 /(Vs). These results can be applied to the present investigation. The process
technology can fabricate Ge thin ﬁlms with 500 nm thickness, and it provides phosphorus implant
with a dose of 4 × 1015 cm−2 . Therefore, the ﬁrst technical challenge of this work, low-cost and
ultrafast photoconductive semiconductor material that operates with 1550 nm excitation laser source,
is resolved.
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2.2. Waveguide-Coupling THz Photoconductive Switch
The second technical challenge is to design an on-chip optical excitation scheme for THz impulse
radiators. Figure 2 demonstrates a conceptual illustration of the proposed waveguide-coupling
excitation mechanism. In this scheme, the free-space 1550 nm femtosecond laser is ﬁrstly coupled into
the on-chip optical waveguides through an integrated optical grating coupler. Then, the femtosecond
laser propagates in the optical waveguide and reaches at silicon photonics devices that can modulate
the excitation optical signal by performing amplitude modulation or phase modulation. The modulated
femtosecond laser continues to propagate in the optical waveguide until it is absorbed by the Ge
thin ﬁlm, which excites the photoconductive switch that drives the on-chip THz antennas to radiate
THz impulses.

SiO2

Femtosecond Laser
Grating
Coupler

Silicon

Metal
Contacts

Photonic Devices
(manipulate optical excitations)
(e.g. AM, PM)

PCA

On-Chip
Antennas

Germanium
(Ge)

Insulator
Silicon Substrate

Figure 2. A conceptual illustration of the proposed optical waveguide coupling excitation scheme.

Figure 3 presents the structure of the implemented Ge-based waveguide-coupling
photoconductive switch. The femtosecond excitation laser travels to the photoconductive switch
through an integrated optical waveguide. A tapered transition is designed between the optical
waveguide and the switch to reduce undesired optical reﬂections. A Phosphorus-doped Ge thin
ﬁlm is grown on the silicon layer. The N++ (Phosphorus) implant layer is split into two parts to
prevent a large dc current produced under dc biasing. To increase the transient response speed of
the photoconductive switch, the spacing between the two metal electrodes is set to the minimum
value allowed by the DRC rule of the process technology. Compared with conventional THz
photoconductive switches, the proposed waveguide-coupling solution exhibits a signiﬁcant advantage:
In this design, the femtosecond laser arrives at the photoconductive switch from the substrate side
rather than through the gap between the metal electrodes as in conventional designs. Therefore,
when a small spacing between the metal electrodes is required for enhancing the transient response
speed, the optical excitation signal will not be blocked by the small gap, and consequently, complicated
plasmonics-related simulation and design can be avoided. As shown in Figure 3, on-chip THz antennas
are connected to the two metal electrodes.
The Ge thin ﬁlm is optimized to increase both absorption efﬁciency and conversion efﬁciency
at 1550 nm regime. The length of Ge thin ﬁlm is designed to be 20 μm to ensure high absorption
efﬁciency. Figure 4a shows that the 20 μm Ge thin ﬁlm can absorb almost all the incident optical
excitation signal at 1550 nm. The conversion efﬁcency boost can be explained by investigating the
optical mode distributions at different propagation distances within the photoconductive switch at
1550 nm. As shown in Figure 4b, the optical mode size is expanded transversly along propagation
in the Ge thin ﬁlm. As a result, more photocarriers are generated at closer locations to the metal
electrodes, followed by being converted to photocurrent before recombination occurs. As a result,
the conversion efﬁciency from photocarriers to photocurrent in the Ge thin ﬁlm is increased.
The efﬁciency of THz photoconductive switches can be potentially enhanced by introducing
artiﬁcial 3D architectures that exhibit tailored optoelectronic properties. Artiﬁcial 3D structures have
been proposed and demonstrated for various THz applications, such as THz lasers, THz photodetectors,
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and THz polarizers [28,29]. Additionally, antenna performance can also be improved by utilizing
noval nanomaterials [30–33].
Waveguide-coupled
Photoconductive switch

+Vbias
3.2μm
1.6μm

Electrodes (Al)

E-Field

N++ Implant
Ge
Si

Femto-second
Laser (<100fs)

Figure 3. Structure of the proposed waveguide-coupling THz photoconductive switch.
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Figure 4. (a) Simulated optical absorption at 1550 nm within the proposed photoconductive switch.
(b) Simulated 1550 nm optical mode distributions at different propagation distances within the
proposed photoconductive switch.
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2.3. System Architecture
Figure 5 demonstrates the chip micrograph of the proposed Ge-based optical waveguide coupled
THz impulse radiator using an SOI-based silicon photonics process technology. It occupies a small die
area of 440 μm × 680 μm. A bowtie antenna is designed on the top metal layer to reduce conductive
loss. Metal vias connect the photoconductive switch and the antenna. An integrated optical grating
coupler with a typical insertion loss of 4.37 dB [26] is used to couple the free-space femtosecond laser
into the on-chip waveguide, where the femtosecond laser propagates and is eventually absorbed
by the photoconductive switch. Given that the length of the integrated waveguide is smaller than
300 μm in the prototype chip, its loss and dispersion effects are negligible, i.e., 0.05 dB loss and 1.3 fs
pulse-width broadening. The main focus of this work is to design the Ge-based waveguide-coupled
photoconductive switch. Therefore, pre-designed optical grating couplers and optical waveguides in
the process development kit (PDK) are used in the design phase. These passive components can be
further improved through custom design (loss and dispersion effects are challenging in the large-scale
system integration, where much longer waveguide routing is required. The loss and dispersion
performance of integrated grating coupler and waveguide can be further improved by custom design,
which, however, is not the focus of this paper.). The chip package is also shown in Figure 5. A highly
resistive silicon lens is attached to the backside of the chip to increase radiation efﬁciency.

Chip Package

Figure 5. Micrograph of the prototype THz impulse radiator chip and chip package.

3. Measurement Results
The prototype THz impulse radiator chip was characterized in both time domain and frequency
domain using an Advantest THz-TDS system (TAS7500TS), which is based on asynchronous optical
sampling mechanism [34,35]. The characterization setup is demonstrated in Figure 6. A 50 fs pump
laser beam from the Advantest THz-TDS system was coupled to the free space, and then focused onto
the integrated grating coupler in the prototype chip. The focusing lens has a NA of 0.5. The chip was
mounted on a rotation stage, which can be adjusted to achieve maximum coupling efﬁciency for the
integrated grating coupler. A THz polyethylene lens focused the THz radiation to the THz detector.
To measure average radiated power of the prototype chip, a calibrated pyroelectric detector, which is
sensitive from 20 GHz to 1.5 THz, was utilized with a mechanical chopper modulating the pump
femtosecond laser beam in the free space.
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Rotation
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Chip
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THz
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Figure 6. Measurement setup for the prototype THz impulse radiator chip.

Figure 7 presents the measured THz impulse radiated by the prototype chip. With a maximum
bias voltage of 3.5 V, the prototype chip radiates THz impulses with an FWHM of 1.14 ps. Its frequency
spectrum, shown in Figure 7b, is obtained by performing DFT on the measured time-domain waveform.
The radiated THz impulse has a peak frequency component at 176 GHz, and it has an SNR > 1
bandwidth of 1.5 THz. The measured average radiated power is 0.337 μW, and its DC-to-RF conversion
efﬁciency is 3.6 × 10−5 .

(a)

(b)

Figure 7. (a) Measured time-domain waveform of the radiated THz impulse.
frequency-domain spectrum of the radiated THz impulse.

(b) Measured

Figure 8 demonstrates the measured effects of bias voltage on the radiated THz impulses.
Theoretically, by increasing the bias voltage, the generated photocarriers in the Ge thin ﬁlm
have a higher drift velocity (before saturation happens), inducing a stronger transient current,
and consequently, producing stronger THz impulse radiation. Measured results conﬁrmed this
theoretical prediction. When the bias voltage increased from 2 V to 3.5 V, the measured THz
impulse had a larger peak amplitude (Figure 8a), a greater SNR > 1 bandwidth (Figure 8b), and a
stronger average radiated power (Figure 8c) (we did not detect THz emission based on surface optical
rectiﬁcation [36,37] when the dc bias voltage is 0 V. One possible reason is that the waveguide-coupling
mechanism, which forms a horizontal coupling interaction (with respect to the semiconductor
substrate surface) between the optical excitation and the photoconductive material, may weaken
the nonlinear optical rectiﬁcation induced THz emission. Further investigation is needed). In this
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design, the maximum bias voltage is 3.5 V, and is limited by the current capacity of the electrical vias
in the prototype chip.

(a)

(b)

(c)

Figure 8. Measured effects of bias voltage on the radiated THz impulse. (a) Effects on the peak
amplitude of the radiated THz impulse. (b) Effects on the SNR > 1 bandwidth of the radiated THz
impulse. (c) Effects on the average radiated power.

4. Conclusions
In this work, an integrated Ge-based THz impulse radiator with an optical waveguide coupling
scheme was implemented using an SOI-based silicon photonics process technology provided by
IME A*STAR, Singapore. In the prototype chip, a phosphorus-doped Ge thin ﬁlm is designed to
reduce the photocarrier’s lifetime for faster transient response speed. Additionally, it enables the THz
impulse radiator to operate with 1550 nm femtosecond lasers. The proposed optical waveguide
coupling photoconductive switch provides a monolithic on-chip excitation scheme between the
incident femtosecond laser and the photoconductive material. This monolithic conﬁguration facilitates
full-system integration of THz impulse radiators and other silicon photonics modules. The prototype
CMOS-compatible THz impulse radiator chip can radiate 1.14 ps THz impulses with an SNR > 1
bandwidth of 1.5 THz and an average radiated power of 0.337 μW. The DC-to-RF conversion efﬁciency
of the prototype chip is 3.6 × 10−5 .
Author Contributions: Conceptualization, P.C. and A.B.; methodology, P.C.; measurement and analysis, P.C. and
M.H.; writing—original draft preparation and revision, P.C.
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Abstract: Grating couplers, widely used in Silicon Photonics (SiPho) for ﬁbre-chip coupling are
polarisation sensitive components, consequently any polarisation ﬂuctuation from the ﬁbre optical
link results in spurious intensity swings. A polarisation management componentis analytically
considered, coupled with a geometrical representation based on phasors and Poincaré sphere,
generalising and simplifying the treatment and understanding of its functionalities. A speciﬁc
implementation in SOI is shown both as polarisation compensator and polarisation controller,
focusing on the operative principle. Finally, it is demonstrated experimentally that this component
can be used as an integrated polarimeter.
Keywords: Silicon Photonics; off-chip coupling; polarisation controller; integrated polarimeter;
polarisation multiplexing; polarisation shift keying

1. Introduction
Silicon photonics, thanks to its compatibility with CMOS technology, is imposing itself for large
scale fabrication of low cost and small footprint photonic integrated circuits (PICs). One of Silicon
Photonics main challenges is coupling light in and out from the chip in an efﬁcient and practical way.
The high index contrast between silicon and silica enables the use of grating couplers (GC), that, to our
knowledge, are the most widespread off chip coupling solution, mainly thanks to the design ﬂexibility
deriving from the fact that they can be placed nearly everywhere on the chip and are not constrained to
the chip edge. An important limitation of GCs is their polarisation sensitivity; consequently, the input
polarisation ﬂuctuations that regularly occur in optical ﬁbres as a result of deformations or temperature
changes translate into random spurious amplitude modulations. Other coupling schemes, such as butt
or end ﬁre coupling, are possible, but they are not of interest for this paper.
The problem of assuring polarisation tracking was broadly addressed decades ago, as it is critical
for the working of coherent optical systems, given the need to match the time varying State of
Polarisation (SOP) of the input signal to the local oscillator’s one. The proposed solutions were based
on ﬁbre squeezers [1], lithium-niobate integrated devices [2,3] and Planar Lightwave Circuit (PLC)
technology [4].
In [5], the proof of concept of Caspers et al. [6] was further developed into a fully functional
building block with two independent phase shifters and was integrated at the two ends of the bus
waveguide in a subsystem presented in [7] , thus making it transparent to polarisation ﬂuctuations.
Until now, the strategy to cope with polarisation ﬂuctuations has been to separate the signal in two
orthogonal polarisations and duplicate the circuits , in what is called polarisation diversity scheme.
In this example, the compensator is able to convert any SOP into the standard TE mode of Silicon
Photonics waveguide eluding a duplicated circuit.
Micromachines 2019, 10, 364; doi:10.3390/mi10060364
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The current article extends the results in [5,6], and aims at developing a simple but precise and
exhaustive geometrical picture based on both phasor and Bloch sphere representation. The use of this
pictorial representation is illustrated by solving the problem of the frequency response together with
its effect on the point representing the SOP on the Poincaré sphere.
In polarisation tracking, sometimes it is not enough to have a device that can compensate all
possible SOPs, but it may be desirable to have an endless system, i.e., one where resets—when
the physical quantity producing the phase shift reaches any end of its range and a phase jump
of an integer number of 2π must be applied—are collision-free and do not provoke transmission
disruptions nor information losses. Even better is a reset-free system, that is, one in which potentially
unlimited phase shifts can be achieved with the control quantity limited in a ﬁnite interval. Usual wave
plate transformers possess this last property [2] and have been implemented in lithium-niobate [8,9].
Quarter- and half-wave plates can be implemented in PLC [10], thus even in SiPho. Hence, the same
functionality of the device in [2] can be achieved in SiPho, at the price of a greater complexity.
This paper is organised in the following way: after a short description of the device structure in
Section 1.1, Section 2 analyses single wavelength operation, while Section 3 examines the frequency
response. In both cases, both operating modes are analysed: here “compensator” refers to the case
in which the light enters from the 2DGC and the circuit acts so that all the power is routed toward
one of its two ends, while “controller” means the reciprocal case where the input is one of the two
waveguides and the device settings determine the polarisation exiting from the 2DGC.
In Section 2.1, a phasor representation illustrates the particular case of the polarisation
compensation. Two classes of periodical solutions are found, for any input SOP. As a corollary,
the knowledge of the phase shifts needed to compensate the input of an unknown SOP can be used to
measure without ambiguity this SOP. For the ﬁrst time, it is demonstrated that a polarimeter can be
made in a silicon photonics platform.
Next, several properties are derived thanks to the graphical representation as a function of two
physical quantities: the applied phase shifts.
In Section 2.2, the operation as polarisation controller is examined, proving that all the SOPs can
be generated and the effect of the two phase shifters on the corresponding point on Poincaré sphere
is described.
Section 3 examines the frequency response for both the compensator and the generator operation.
Using the expression provided in [11] for the frequency and temperature dependence of SOI effective
index, an expression for the phase shift frequency dependence is derived. A transcendental implicit
equation for the −3 dB bandwidth is found and it is shown that the frequency response is non trivial
depending in both the considered input SOP and the chosen phase shift pair. Then, those results are
transposed to Poincaré sphere.
Finally, Section 4 presents an experimental test of the derived results.
1.1. Device Schematic
The device exploits a 2D grating coupler (2DGC) to split the incoming ﬁeld into two orthogonal
components. These two components are then fed into two distinct integrated waveguides.
The ﬁrst stage introduces a ﬁrst phase shift, then the ﬁelds in the two branches are combined and
again split by means of an MMI, and undergo another phase shift.
Eventually, a second MMI recombines the ﬁelds and sends its output to the two exits.
In [7], the top output is terminated on a monitoring photodiode, while the bottom one is connected
to the rest of the PIC. The photodiode current is minimised during the module tuning to make sure
that all the optical power goes to the bottom output and therefrom to the downhill PIC. For consistency
with that article and the work in [5], in the rest of this paper, we consider that only port “B” in Figure 1
is used.
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However, that is not the only possible arrangement. On the contrary, each port can be connected
to a distinct photonic module, which processes the information encoded on the SOP orthogonal to that
of the other output, for instance in a POLarisation Shift Keying (POLSK) scheme.

φ1
L1
2DGC

MP S 1

T

L2
φ2
MP S 2

MC 1

B
MC 2

Figure 1. Schematic of the integrated polarisation controller. The labels Mi refer to the transfer matrix
associated with a given circuit section. The block on the picture leftmost portion is a schematic of the
2DGC. The “T” and “B” labels denote the top and bottom outputs, respectively.

2. Single Wavelength Operation
2.1. Compensator
The overall device, excluding the grating couplers, can be viewed as the cascade of four blocks;
correspondingly, its total transfer matrix is the product of the four individual blocks matrices, which
are phase shifters (PS) and couplers (C), respectively, and read:
MPS =

ei Δϕ

0

0

1

⎡
MC = ⎣

cos(κ )

−i sin(κ )

−i sin(κ )

⎤

1
⎦ = √1
2 −i
cos(κ )

−i
1

(1)

where Δϕ = Δtb ( βL) = Δtb ( β) L and the function Δtb denotes the difference of the quantity between
brackets for the top and bottom arm. It is applied just to the propagation constant β as the two arms
are ideally of equal length. The coupling coefﬁcient is assumed to be κ = π/2 (3 dB coupler).
Thus, the overall transfer matrix reads:
⎡



⎤
i φ1 1 − ei φ2
−i 1 + ei φ2
e −i ψ ⎣ e
⎦
(2)
T = MC2 MPS2 MC1 MPS1 =




2
−i ei φ1 1 + ei φ2
− 1 − ei φ2
where ψ is an arbitrary absolute phase shift, and φ1 and φ2 are the applied phase shifts, as shown
in Figure 1. As input, we consider a generic polarisation, described by the Jones vector in three
equivalent forms:



  
a1
cos α
q1
i δ1
i δ1
=e
=
Ain = e
(3)
i
δ
i
δ
sin α e
a2 e
q2
where q1 and q2 are deﬁned as two complex values representing the input vector polarisation. The main
hypothesis of this works is that the 2DGC is supposed to split the TE and TM components without
affecting their relative amplitude and phases (attenuating or phase shifting them in the same way,
i.e., without crosstalk), so that the input vector to the rest of the circuit can be assumed to coincide
with the above Jones vector.
Thus, the output complex amplitudes vector from the circuit is:

Aout =

aup
abottom



= T Ain

⎛



⎞
i φ2 − i a ei (δ−φ1 ) 1 + ei φ2
2
e −i ϑ ⎝ a1 1 − e
⎠
=




2
−i a1 1 + ei φ2 − a2 ei (δ−φ1 ) 1 − ei φ2
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To send all the power in the bottom waveguide, the condition to be fulﬁlled is:

Aout =

aup
abottom



= eiθ

 
0
1

(5)

Again, the absolute phase shift term in front of the matrix, ϑ = ψ + δ1 + φ1 , can be ignored,
whereas the one in front of the desired output, θ, is kept for the sake of completeness.
2.1.1. Graphical Solutions in the Phasor Space
We introduce a graphical representation based on phasors, commonly used in quantum mechanics,
to offer an intuitive view of the components’ behaviour. The two terms of the vector of Equation (4)
are represented using the convention that a phase shift eiϕ corresponds to a counter clockwise rotation
of angle ϕ. The ﬁrst term of the top part a1 (1 − eiφ2 ) brings us to point A and the second term


i a2 ei (δ−φ1 ) 1 + ei φ2 brings us to point B.
The fruitfulness of this pictorial approach lies in the immediate and simple way to ﬁnd the solutions to
Equation (4), that is, of solving the problem.
In order for the difference appearing in Equation (4) ﬁrst row to be zero, its two terms must
be equal, that is to say, the corresponding phasors tips A and B must coincide in Figure 2a (small
red circle).

B

φ2
δ

γ

φ2

i a2

i a1

φ1

−a2

a1
A

φ2

φ2

(a)

(b)

Figure 2. Phasor diagrams for the two components of Aout ; actually, it shows the difference, not the
sum, of the two terms of each component, as it is easier to visualise. (a) Top component of Equation (4).
When the tips of the two vectors lie in the second intersection, circled in red, between the circumferences,
then the ﬁrst component of Aout is zero. (b) Bottom component.

This can happen only if both tips lie on the intersection between the dashed circumferences (the
other intersection, where the phasors “nocks” are, is not a solution, as φ2 should be simultaneously 0
for a1 and π for a2 ); this means that the four represented arrows form a closed quadrilateral (Figure 3a).
In such a circumstance, the quadrilateral opposite angles on the tips of a1 and a2 ei(γ+π/2) are
supplementary by construction, and, therefore, such must be the other two angles as well.
Furthermore, as shown in Figure 3a, those angles are congruent, because they are the sum of
angles on the base of two isosceles triangles (because they are inscribed in the two circumferences).
Thus, they must equal a right angle, in order to be supplementary.
In turn, that imposes the following relationships:
δ − φ1 = nπ

or

φ1 = δ + nπ

(6)

Thus, the phase shift introduced by the ﬁrst stage must match that between the input Jones vector
components, δ modulo π.
The requirement of cancelling the ﬁrst component of Equation (4) translates into
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ei φ2 =

a ∓ i a2
a1 − i a2 eiδ−φ1
= 1
= e∓i 2 arctan(a2 /a1 )
a1 ± i a2
a1 + i a2 eiδ−φ1

(7)

φ2 = ∓ 2 arctan( a2 /a1 ) = ∓2α

i.e.,

This condition can be deduced more easily from Figure 3a, considering the rectangular triangles
with catheti of length a1 and a2 . Note that the parity of n in Equation (6) determines the sign of the
solution for φ2 , as well as which pair of diagrams is to be considered in Figure 3.

i a2
φ2

φ2
φ2

i a1

−a2

a1

B

φ2

C

(a)

(b)

ia2

φ2

i a1

B
−a2

a1

φ2

φ2

C
φ2

(a’)

(b’)

Figure 3. Phasor diagrams for the two components of Aout , when both conditions of Equation (6)
and (7) are fulﬁlled. (a) The four vectors form a quadrilateral. Note that Equation (7) can be deduced
observing that the quadrilateral is the union of two congruent rectangle triangles with catheti a1 and
a2 and thus the green angle equals twice arctan( a2 /a1 ) (or the explementary angle, for a’, when n is
odd). (b) When Equation (6) is fulﬁlled, then the segments joining the origin with the points on the
circumferences lie on the same line. The construction in ﬁgure shows that, when Equation (7) holds
too, the segment between those two points is twice the hypotenuse of the rectangle triangle with a1
and a2 as catheti, which corresponds to the norm (power) of the input vector. Notice that, if one of the
two angles (but not both) is changed by π, then the role in (a) and (b) gets reversed, i.e., the whole
power goes in the top port.

Now, considering the bottom component, it can be shown to be

− i e−i (ψ+δ1 +φ1 ) ( a1 ∓ i a2 )

(8)

Even though the results can be obtained through straightforward calculations, a geometrical
resolution based on the phasor representation offers a quicker and more insightful method.
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Starting from Figure 2b, the term can be set to zero rotating the phasors such that their tips meet
at the intersection of the circles, as in Figure 3a(a’).
When looking at the phasor of the bottom term of Equation (4) when the top term is equal to zero,
we obtain the representation of Figure 3b(b’). Dropping the heights (points B and C), it is clear that
the length of the bases’ sum is twice the hypotenuse of the rectangle triangle with a1 and a2 as catheti,
as shown in Figure 3b(b’).
This shows that it is possible, at least at one single wavelength, to compensate the polarisation in
such a way that the amplitude at one exit port is zero while the other is maximum.
Summarising, the two solutions for the phase shifts to be applied are:
φ1 = δ + 2n π

φ2 = −2 arctan( a2 /a1 ) + 2m π

(9a)

φ1

φ2

(9b)

= δ + (2n + 1)π

=

2 arctan( a2 /a1 ) + 2m π

Until now, the Jones representation (J) has been used but a more complete approach can be
derived using Stokes parameters. The Stokes parameters are deﬁned in terms of Pauli matrices σi as
(eq. 2.5.24 [12])
.
(10)
si = J † σi J
with the notation of Equation (3) they become
s0

= | q1 |2 + | q2 |2

s1

= | q1 − | q2

s2

= q1 q2∗ + q2 q1∗

s3

|2

|2

= a21 + a22

=1

=

= cos(2α)

a21

−

a22

(11)

= 2 a1 a2 cos δ = sin(2α) cos δ

= i (q1 q2∗ − q2 q1∗ ) = 2 a1 a2 sin δ

= sin(2α) sin δ

so the quantities appearing in Equation (9) can be expressed as:

2α = 2 arctan( a2 /a1 ) = arccos(s1 )

δ = arctan

s3
s2


(12)

One must note that the signs depend on the particular placement of the phase shifters that has
been considered. If one shifter is moved to the other arm, this will result in a sign change in the formula
above. In addition, using a push–pull conﬁguration would halve the phase shift to be applied on each
individual heater. The practical advantage is that, if a negative shift in the (−π, 0) interval is to be
applied, actually a shift between π and 2π would have to be used in a single heater conﬁguration,
whereas in the symmetric case a positive shift between 0 and π would sufﬁce.
2.1.2. Intensity Surface
It is interesting to consider, for a given input polarisation state, how the output intensity depends
on the two phase shifts (that are not necessarily set to the values which yield perfect compensation).
To do so, we expand the squared modulus of Equation (4) bottom component:
 



2
1
PL =  −i a1 1 + ei φ2 − a2 ei (δ−φ1 ) 1 − ei φ2 
2

(13)

It is convenient to use the form of Equation (3) in terms of the angles α and δ.
After several passages and trigonometric identities, the above formula can be shown to become:

PL = cos2 (α + φ2 /2) cos2

δ − φ1
2





+ cos2 (α − φ2 /2) sin2

δ − φ1
2



= E(φ1 , φ2 ) + O(φ1 , φ2 ) (14)

Note that PL is a function of φ1 , φ2 , whereas α and δ are parameters, which identify the input SOP.
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Thus, the normalised power exiting from the lower branch is given by the sum of two surfaces O
and E (Figure 4a,b) consisting in the square product of trigonometric functions.
Consequently, each surface is bounded between 0 and 1, and vanishes on lines parallel to the
coordinate axes, spaced by 2π.
1
0.8

φ2 1

φ2 1

3π

−

0.6

3π

3π
2α + 2π

+ 2ππ
− 2α

+π
− 2α

0

πδ +

δ

π

δ
2π + 2

3π

π
+ 2 2π
2α

φ1

2α

π

+π

π
2α

πδ +

0 δ

π

δ
2π + 2

3π

φ1

0.4
0.2

π

0

(b)

(a)

Figure 4. Plot of (a) E(φ1 , φ2 ) and (b) O(φ1 , φ2 ).

For the ﬁrst surface, E, the maxima are located in (cf. Equation (9a)):
φ2 = −2 α + 2mπ

φ1 = δ + 2n π

(15)

and adding an odd multiple of π to either angle would cancel the ﬁrst term.
Instead, for the second surface, O, the maxima are located in (cf. Equation (9b)):
φ2 =

φ1 = δ + (2n + 1)π

2 α + 2mπ

(16)

Thanks to the fact that the two sets of solutions have the optimal value for φ1 differing by odd
multiples of π, the maxima of one surface lie on the null contour lines of the other and vice versa;
this guarantees that the value of 1 will not be exceeded. The maxima position depends on the input
polarisation state: the surfaces shift accordingly.
Both surfaces are shifted by the same amount and in the same direction along the φ1 axis upon a
change in δ, whereas a variation in α produces an equal and opposite shift along φ2 . Thus, changing δ
results in a mere shift of the total surface (Figure 5b), but acting on α brings about a deformation of the
surface (Figure 5c).
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0.1
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δ
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2α α + 3 2π
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−
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0
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2
−

3π
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2π + 2
δ
π
π +
π

φ1

(c)

Figure 5. Plot of PL (φ1 , φ2 ) for: (a) α = π/3 and δ = π/6; (b) same α but δ = π/2, where the surface
is shifted along φ1 , but retains the same shape as (a); and (c) α = 3/8 π but same δ as in (a). Note that
the surface has a different shape with respect to (a), even though the extrema lie in the same φ1 values.
Red and green ticks correspond to the ﬁrst and second solution classes, respectively.

As shown in Equation (12), α depends on s1 alone, so the surface shape depends on it only, i.e.,
is the same for all the points on “parallels” of Poincaré sphere (Section 2.2.1) with the same value of s1 ,
while the surfaces for different “longitudes” differ by a shift along φ1 .
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In the limit case when the φ2 values for the two solution sets maxima coincide, we have:

− 2 α + 2mπ = 2 α + 2nπ

⇒

α=n

π
2

(17)

Distinguishing between even and odd multiples of π/2, and neglecting the factor m π (as the
sign change it could introduce is cancelled by the square), we ﬁnd:
n = 2m

PL = cos2 (φ2 /2)

(18a)

n = 2m + 1

PL = sin (φ2 /2)

(18b)

2

It is evident that the ﬁrst phase shifter has no effect, as there is no dependence on φ1 , as displayed
in Figure 6.
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0.2
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Figure 6. Plot of PL (φ1 , φ2 ) for: (a) α = 0; and (b) α = π/2.

In fact, those two solutions correspond, respectively, to

α = mπ
π
α = + mπ
2

a2
=0
a1
a2
→ tan α =
= ±∞
a1

→ tan α =

→ a2 = 0

s1 =

1

(19a)

→ a1 = 0

s1 = −1

(19b)

that is to say, the power ﬂows completely either in the upper or lower coupler branch, respectively;
in turn, this means that the input polarisation is one of the two principal SOPs of the 2DGC, which
here are assumed by convention as horizontal or vertical.
As one of the two amplitudes is zero, its phase is not defined, thus there is no need for
phase compensation.
Surfaces corresponding to input polarisations with opposite values of s1 , i.e., lying on opposite
“parallels”, possess the same shape, except for a reﬂection around the φ1 axis.
In turn, this means that, for polarisations with opposite values of s1, the values for α are complementary
α+ + α− = π/2

(20)

The intensity surfaces for orthogonal polarisations are complementary, i.e., their sum equals to 1
(Figure 7). In fact, if (φ1 , φ2 ) are set so that all the power exits from the bottom port, then, when the
orthogonal polarisation is fed into the circuit, the result is to have no power at the bottom port, in that
it exits all from the top one. This fact is useful for polarisation multiplexing.
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Figure 7. Plot of PL (φ1 , φ2 ) for: (a) α = π/3 and δ = π/6; (b) α = π/2 − α and same δ; and (c)
α = π/2 − α and δ = δ + π. This is the complementary surface of (a). Note that the two solution
classes are now inverted.

An important remark to be done is that there are always two maxima in the square with one
vertex on the origin and side length of 2π in the positive axes direction (given that the thermo optic
effect is exploited, it is possible to apply phase shifts of just one sign); i.e., phase shifts no greater
than 2π are needed in order to recover any possible polarisation (although this does not guarantee
that a drifting SOP can be tracked without interruptions, i.e., with endless operation). The blue lines
connecting the different maxima in Figure 8 follow a path, which in the worst case scenario in Figure 9
has a minimum along the curve of 0.5. That means that it is possible to hop from one maxima to
another suffering at most a 3 dB loss. This can be particularly useful to reduce power consumption
and to avoid hitting the physical limits of the heaters. Finally, it must be highlighted that, contrarily to
what Figure 5 may suggest, generally maxima and minima do not lie on lines parallel to the bisectors,
as shown in Figure 8. This only occurs if α = π/4 (Figure 9).
φ2
3π

1

2α + 2π
−2α + 3π

0.8

2π

0.6

2α + π
−2α + 2π

0.4

π
2α
−2α + π

0.2

0

δ

π

2π
δ + 2π

δ+π

3π

φ1

0

Figure 8. Contour plot for α = 55◦ and δ = 30◦ . In general, maxima and minima are not placed on a
square grid. Blue lines join maxima lying on the same “ridge” or minima in the same “valley”, whereas
red lines connect maxima separated by a “valley” or minima with a “ridge” in between, respectively.

Another important feature that is clearly apparent in Figure 8 is that for φ2 = mπ the intensity is
constant, independently from the value of φ1 . In particular, Equation (14) tells that
PL (φ1 , 2nπ ) = cos2 α

PL (φ1 , (2n + 1)π ) = sin2 α
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1
0.8
1

φ2

0.6

3π
2α +

2π
2π
2α +

π
π
2α
0

δ

δ+

π

δ
2π + 2
π

3π

φ1

π

0.4
0.2
0

Figure 9. Plot of PL (φ1 , φ2 ) for α = π/4 and δ = π/6. Note that now the surface displays a check pattern.

2.1.3. Use as Polarimeter
As shown in Section 2.1.1, we found the phase shifts φ1 and φ2 needed to convert the known
input polarisation into the standard “TE” mode or, in other words, to inject all the power in one single
output waveguide. Actually, two pairs were found for each SOP and one may wonder if it is possible
to reverse the problem, i.e., to determine the SOP from the knowledge of the phase shifts that achieve
optimal conversion. We show that said problem is solvable and that the existence of two solution
classes generates no ambiguity, within a π shift range.
Hence, let us suppose that there exists a pair of polarisations p and 
p for which there is ambiguity,
that is to say, the second class of solutions of 
p coincides with the ﬁrst one of p or vice versa:



φ1

=

φ2
φ1
φ2

= −2α + 2lπ

δ + 2n π

=
=

δ + (2n + 1)π
2α + 2l π


= φ1

= φ2


= φ1

= φ2

=

δ + (2m + 1)π

=

2
α + 2qπ

=

δ + 2mπ

(22)

= −2
α + 2qπ

In both cases, the solution is:
δ = δ + (2m + 1)π


α = −α + qπ

(23)

If we substitute back in the input Jones vector, we ﬁnd the same vector, except for a change of sign:
⎛

Ain = ⎝

⎞

α)
cos(

⎠ = (−1)q



α ) ei δ
sin(



cos(α)

− sin(α)(−ei δ )



= (−1)q Ain

(24)

This means that there is no ambiguity.
Once the offsets and the power needed to produce a 2π phase shift are known, the applied phase
shifts ( ϕ1 , ϕ2 ) can be computed.
Next, exploiting the device periodicity, we restrict to the ﬁrst period (which on the (φ1 , φ2 ) plane
is a square of side 2π with one vertex on the origin), and consider the reminders ϕ1 , ϕ2 modulo 2π:
ϕ1 ≡ ϕ1

ϕ2 ≡ ϕ2

mod 2π

mod 2π

(25)

It is possible to ﬁgure out to which class belongs the solution at hand; in fact, considering that 2α
ranges from 0 to π, we immediately conclude that:
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ϕ2 = 2π − 2α

∈ (π, 2π )

if ϕ2 = φ2 = −2α + 2nπ

ϕ2 =

∈ (0, π )

if ϕ2 = φ2 =

2α

2α + 2nπ

(26)

In the ﬁrst case, the remainder of the ﬁrst phase equals the longitude δ:
ϕ1 = δ

(27)

while, in the second, we need to further distinguish between the lower and upper half. In fact, it is:

φ1 = δ + (2m + 1)π

→

ϕ1 =

δ−π

if ∈ (0, π )

δ+π

if ∈ (π, 2π )

(28)

The situation is shown in Figure 10.

φ2

ϕ2

2(n + 1)π

2π

2α

2α

δ

π δ

δ

δ
2nπ

π

2π

ϕ



0

2α

2α



2mπ

2(m + 1)π

φ1

Figure 10. Diagram for the determination of the input SOP: φ1 and φ2 are the actual applied phase shifts,
whereas !
ϕ1 and !
ϕ2 are the remainders; the new origin is placed in (2mπ, 2nπ ). The top quadrants
(shaded in red and yellow) correspond to the ﬁrst solution, (φ1 , φ2 ), while the lower ones (blue and
green) to the second solution. Polarisations with the same value of δ lie in diametrically opposed
quadrants: the red and green concern the case of δ ∈ (0, π ), whilst the yellow and blue ones to
δ ∈ (π, 2π ).

Now that univocal behaviour has been proven, we can take advantage of Equation (21) to
determine the SOP. It tells that
PL (φ1 , 2nπ ) − PL (φ1 , (2n + 1)π ) = cos2 α − sin2 α = cos 2α

PL (φ1 , (2n + 1)π )
= tan2 α
PL (φ1 , 2nπ )

(29)

i.e., α can be extrapolated from two measurements, e.g., at φ2 = 0 and π, up to its sign
"
2α = ± arccos ( PL (φ1 , 0) − PL (φ1 , π ))

α≈±

PL (φ1 , π )
PL (φ1 , 0)

(30)

The ﬁrst expression is more accurate when α is around 0 or π/2 (PL (φ1 , 0)  PL (φ1 , π ) or
vice versa) but becomes sensitive to measurement errors for α ≈ π/4 (PL (φ1 , 0) ≈ PL (φ1 , π )), while
the second expression has a complimentary behaviour.
Next step is to set φ2 to this value and repeat the previous procedure on φ1 , getting:
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φ2 = 2α

φ1 = 0

PL (0, 2α) = cos2 2α + sin2 2α sin2 (δ/2)

φ1 = π

PL (π, 2α) = cos2 2α + sin2 2α cos2 (δ/2)

φ1 = 0

PL (0, −2α) = cos2 2α + sin2 2α cos2 (δ/2)

φ1 = π

PL (π, −2α) = cos2 2α + sin2 2α sin2 (δ/2)

(31)
φ2 = −2α

In conclusion,
PL (0, 2α) − PL (π, 2α) = − sin2 2α cos δ

PL (0, −2α) − PL (π, −2α) = sin2 2α cos δ

(32)

This allows ﬁnding δ. As with Equation (30), this formula is accurate for PL (0, ±2α)  PL (π, ±2α)
or vice versa, corresponding to δ around 0 or π and 2α ≈ π/2; however, it is vulnerable when
PL (0, ±2α) ≈ PL (π, ±2α).
Noticing that Equation (31) can be expressed as
PL (0, 2α) = 1 − [sin 2α cos(δ/2)]2

PL (0, −2α) = 1 − [sin 2α sin(δ/2)]2

PL (π, 2α) = 1 − [sin 2α sin(δ/2)]2

PL (π, −2α) = 1 − [sin 2α cos(δ/2)]2

(33)

one can use
tan2 (δ/2) =

1 − PL (π, 2α)
1 − PL (0, 2α)

tan2 (δ/2) =

or

1 − PL (0, −2α)
1 − PL (π, −2α)

(34)

that are better when PL (0, ±2α) ≈ PL (π, ±2α).
Both Equations (32) and (34) have issues for α = 0 or π/2, but this is not a problem, in that δ is
not well deﬁned around those values (Figure 6).
2.2. Controller
If the device is used in the other direction, i.e., sending a lightwave in the lower arm and letting it
exit from the 2D grating coupler, as depicted in Figure 11, then it can be used to control the polarisation
state of output wave, that is to say, as a polarisation controller.

T

φ1

L2

L1

φ2

B
MC 2

MP S 2

MC 1

MP S 1

2DGC

Figure 11. Schematic of the integrated polarisation controller. The labels are as in Figure 1.

The overall transfer matrix is the adjoint of the one in Equation (2):
T̃ =

†
MPS
1

MC† 1

†
MPS
2

MC† 2



= MC2 MPS2 MC1 MPS1

†

⎡


−i φ1 1 − e−i φ2
ei ψ ⎣ e
=T =


2
i 1 + e−i φ2
†


⎤
i e−i φ1 1 + e−i φ2
⎦


− 1 − e−i φ2

(35)

The input vector will always be of the form:
Ain

 
0
=a
1
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Thus, the output polarisation is:
Aout = T̃Ain

ei ψ
=a
2




 

i e−i φ1 1 + e−i φ2
a1 ei δ1

 =
−
a2 ei δ2
1 − e−i φ2

(37)

Since the device is assumed to be lossless, power is conserved:
.
|| Aout ||2 = s0 = a21 + a22 = a2

(38)

The components amplitude and phase equal:

a1 = a

a2 = a

1 + cos φ2
2



− sin φ2
1 + cos φ2


sin φ2
δ2 = π + arctan
1 − cos φ2
δ1 =

1 − cos φ2
2

π
− φ1 + arctan
2


(39)

Consequently, the phase difference is
δ = δ2 − δ1 = φ1 +

π
[1 + sgn (sin φ2 )]
2

(40)

The Stokes parameters (Equation (11)) can be explicitly derived as:
s1

= s0 cos(−φ2 )

s2

= s0 sin(−φ2 ) cos φ1

s3

= s0 sin(−φ2 ) sin φ1

(41)

It is convenient to take the minus sign in front of φ2 , as the phase shifter is assumed to be placed
in the lower arm. However, when compared with their usual form (1.4.2 [13]),
⎧
⎪
⎪
⎨s1 = s0 cos 2χ cos 2ψ
s2 = s0 cos 2χ sin 2ψ
⎪
⎪
⎩s = s sin 2χ
3
0

(42)

it is evident (cf. Figure 12) that the axes undergo the cyclic permutation and that the new and old
angles are connected by the relation (which is not the only possible solution):
s1 → s2

2χ → π/2 − (−φ2 )

s2 → s3

2ψ → φ1

s3 → s1

(43)

In the case at hand, it is more convenient to refer the polar and azimuthal angles not to the s1 − s2
plane, as usual, but to the s1 axis and the s2 − s3 plane, respectively. The situation is depicted in
Figure 12a.
Another important remark is that there are again, as it is expected thanks to reciprocity,
two solution sets, which result in the same point, as in Equation (9):
s1

= cos(− ϕ2 )

s2

=

s3

=

sin(− ϕ2 )
sin(− ϕ2 )

cos ϕ1
sin ϕ1

= cos(− ϕ2 )
=
=

sin(− ϕ2 )
sin(− ϕ2 )
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= cos 2α
cos ϕ1
sin ϕ1

= sin 2α cos δ
= sin 2α sin δ

(44)
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In practice, when a given SOP corresponding to a point on Poincaré sphere is to be generated,
the phases to be applied are, considering both solution sets:

φ1 = arctan

s3
s2





− mπ

φ2 = −(−1)m arccos

s1
s0



+ 2nπ

(45)

(to be compared with Equation (9)).

s3

s3
E2

2χ

2ψ

P

δ
2α

s2

P

s2

s1

s1
(a)

(b)

Figure 12. Poincaré sphere. (a) Any SOP can be represented by a point P on its surface, by Equation (42).
The usual spherical coordinates are used. (b) Poincaré sphere with the angles as in Equation (41).
The point P corresponds to a generic polarisation state. The red and green circles display the trajectory
on the sphere when a complete sweep is performed on the angle δ (φ1 ) and α (φ2 ), respectively, while
the other is held constant. Notice the direction of the arrows on the circles: scanning on δ results in a
counterclockwise rotation, whereas the opposite happens for α, as the phase shifter is assumed to be in
the lower arm.

2.2.1. Properties of the Poincaré Sphere
At this point, it must be recalled that the two forms of Stokes parameters in Equations (41) and (42)
refer to the observer (on our case, the 2DGC) and the polarisation ellipse frames, respectively.
The ﬂexibility offered by this method of representation provides a physical and insightful point of
view particularly adapted to solve graphically otherwise cumbersome algebraic systems. In addition,
let us point out that, as in [14,15], this representation using a Bloch sphere can be conveniently used
for a quantum treatment of the device as there is a direct correspondence from Stokes parameters to
the density operator. In the observer frame, the polarisation ellipse with semi axes a and b is tilted by
an angle ψ with respect to the x axis and is inscribed inside a rectangle of sides a1 and a2 (Figure 13).
The vertical component of the Jones vector Aout is phase shifted by an angle δ (Equation (40)).
The angles α and χ are deﬁned as:
tan α =

a2
a1

tan χ = ∓

b
a

(46)

They are connected to the aspect ratio of the black and green rectangles in Figure 13. The angle χ
is usually called ellipticity and α is termed auxiliary angle.
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The Jones vector in the observer frame can be expressed as

A=

cos α
sin α eiδ


(47)

with respect to the basis given by the horizontal and vertical linear polarisations (TE and TM or H and
V) usually used in quantum optics.

y
η

a2

χ
ψ
α

b

a

ξ

x

a1

Figure 13. Elliptically polarised wave seen in the observer (xOy) and in the ellipse (ξOη) frame.
The vibrational ellipse is for the electric ﬁeld. The semi-major axis ξ is tilted from x by the angle ψ.
The semi- axes length are a and b, not to be confused with the amplitudes a1 and a2 of the oscillations
expressed in xOy.

The following relations (1.4.2 [13]) hold between the angles pairs in the two coordinates systems
in Figure 12:

tan 2ψ = tan 2α cos δ
(48)
sin 2χ = sin 2α sin δ
About Poincaré sphere, most textbooks make clear that “parallels” and “meridians” with respect
to the s3 axis, i.e., points with the same value of χ or ψ, correspond to SOPs with the same ellipticity or
tilt angle with respect to the observer’s x axis, respectively.
If instead the other coordinates are considered, then points with the same polar angle 2α referred
to s1 correspond to ellipses inscribed in the same rectangle with sides a1 and a2 . Instead, points with
the same “longitude” δ are associated to polarisation states with the same phase shift value between
their two components, as seen in the xOy frame.
Notice that the share of power of a SOP given by Equation (47) that is let pass by an analyser
whose principal state is, for instance, H, is
PA− H = ( A · H )2 = cos2 α

(49)

that is basically Malus’ law in terms of Jones vectors. Considering that the dot product between the
s H = cos 2α, the same relation can be written
corresponding Stokes vectors (excluding s0 ) is #»
s A · #»
PA− H =

#»
s A · #»
sH +1
2

(50)

The validity of this formula is not limited to the particular SOP basis considered in the derivation,
since a change of basis simply rotates the whole sphere. This fact tells us that the SOPs whose points
on the sphere are apart by the same angle have the same power coupling.
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2.2.2. Generalised Poincar é/Bloch Sphere
For a generic photonic circuit made up of two waveguides, one can associate [16] to the pair of
complex amplitudes in the two guides the Stokes parameters as deﬁned in Equation (41).
Therefore, one can associate a point on the Poincaré sphere (also called Bloch sphere when
generalised) with a given quadruple corresponding to the given couple of complex amplitudes. As the
complex amplitudes vary upon propagation along the circuit, the corresponding point undergoes a
rotation (which is the product of the rotations brought about by the several circuit stages).
Note that, in this formulation, a point on the generalised sphere does not correspond to a
polarisation state, in that the two ﬁelds are generally located in distinct waveguides, whereas for a
plane wave (or a ﬁeld pattern in free space) the two orthogonal ﬁeld components are in the same place
and do overlap.
However, one can reconnect to the polarisation state in this way: for any section of the circuit,
to the pair of complex amplitudes in the two waveguides corresponds a certain point on the sphere.
If the circuit, in the considered section, were connected to a 2D grating coupler, then the complex
amplitudes of TE and TM components would equal (except for the losses) the guided ones, so the point
corresponding to the polarisation state of output light would coincide with the one corresponding to
the couple of guided ﬁelds.
The convenience of this approach lies in the possibility to have a visual representation of each
circuit component effect, as it results in the rotation by a certain angle and around a given axis of the
entire sphere.
As shown in (p. 67 [12,16]), the effect of a phase shifter is a rotation around the s1 axis by the
differential angle Δ φ (however, the sign depends on the adopted convention) and a synchronous
coupler provokes a rotation around the s2 axis by the double of the amplitude coupling κ. For an
asynchronous coupler, the rotation axis lies in the s1 − s2 plane and the rotation angle is given by the
same rule as for a synchronous coupler.
In our case, the MMIs produce a π/2 rotation around s2 .
The states with s1 ± 1 correspond to all the power in the top and bottom waveguide, respectively,
and are labelled as E1 and E2 on the ﬁgures.
2.2.3. Device Operation
The effect of our circuit is, starting from the point labelled as E2 , to rotate clockwise around s2 by
a right angle, then clockwise (because the second phase shifter in placed on the lower branch) about s1
by an angle φ2 , again clockwise by a right angle around s2 , and eventually counter clockwise by φ1
around s1 , respectively.
The path is travelled backwards in the compensator operation.
This is shown in Figure 14a,b, for the two solution sets.
The starting point E2 corresponds to the Jones vector in Equation (36), a “vertical” linear
polarisation. This point is brought into EL by the ﬁrst coupler, then in P = (π/2, −π/2 ∓ 2α) by
phase shifter φ2 , in P = (2α, 0/π ) (a “linear” SOP, as s3 = 0, represented in the ﬁgures with a yellow
dashed circle) by the other coupler and ﬁnally in P = (2α, δ) by φ1 .
Another way of explaining the device operation is to consider it as a Mach–Zehnder Interferometer
(MZI) followed by the phase shifter φ1 . As shown in Appendix B, a MZI behaves as a (non-endless)
half-wave plate [10], thus it causes a rotation of π about an axis lying on the s1 − s2 equatorial plane,
with azimuth
Θ = −φ2 /2 + π/2 = π/2 ± α − mπ
(51)
with respect to the s1 axis (the minus sign in front of φ2 is due to the fact that it is applied to the
lower waveguide).
Thus, shifter 1 has the role of carrying the SOP from the point P on the “equator”, to its
destination point P, as displayed in Figure 14a,b.
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P
E1

α
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α

P

δ

s1
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δ+π

EL

s2

EL

(a)

(b)

Figure 14. Action on SOP of the circuit, seen as a MZI followed by a phase shifter, for 2α = 40◦ , δ = 50◦ ,
in the case of (a) the ﬁrst solution set; and (b) the second solution set.

Even if the previous description allows a better understanding the device operation, it is of great
interest to determine the overall rotation. The following derivation is based on (2.6.2 in [12]). To comply
with its notation for phase shifter matrices (Table 2.1 in [12]), it is better to reformulate Equation (35) as
(note that the phase shifts are opposite in sign, for the phase shifters are placed on different branches):
T̃ =

i cos(φ2 /2) e−iφ1 /2

i sin(φ2 /2) e−iφ1 /2

=
i cos(φ2 /2) eiφ1 /2
−i sin(φ2 /2) eiφ1 /2
⎡
⎤




φ2
π
−i (φ1 /2−π/2) sin φ2 − π e−i (φ1 /2+π/2)
⎢ cos 2 − 2 e
⎥
2
2
⎢
⎥
=⎢
⎥




⎣
⎦
φ2
φ2
π
π
i
(
φ
/2
+
π/2
)
i
(
φ
/2
−
π/2
)
1
1
e
e
− sin
−
cos
−
2
2
2
2

(52)

Now, to get the rotation matrix for Stokes’ parameters, the above formula must be put in form
compliant with the general one for unitary matrices given in (p. 51 in [12]):
U=

eiℵ cos κ

−eiβ sin κ

e−iβ sin κ

e−iℵ cos κ

(53)

Comparing the previous two equations, it is clear that:
κ=−

φ2 − π
2

ℵ=−

φ1 − π
2

β=−

φ1 + π
2

(54)

In the reciprocal case where the device works as a compensator, the sign of κ and ℵ changes, while
β retains its sign thanks to transposition.
To determine the global rotation, we insert the parameters of Equation (54) into the general
rotation matrix given in (p. 67 [12]), getting:
⎡

− cos φ2
⎢
R = ⎣ cos φ1 sin φ2

cos φ1 cos φ2

sin φ1 sin φ2

sin φ1 cos φ2

sin φ2
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0

⎤

⎥
sin φ1 ⎦

− cos φ1

(55)
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For the compensator operation, the corresponding rotation matrix is the inverse of the one above,
namely its transpose.
Substituting the values for the two solution sets:
⎡

R

 /

− cos(2α)
⎢
(α, δ) = ⎣− cos δ sin(2α)

∓ sin(2α)

⎤

0

⎥
± sin δ ⎦

± cos δ cos(2α)

− sin δ sin(2α) ± sin δ cos(2α) ∓ cos δ
)
⎤
−s
∓ s22 + s23
0
⎢ 1
⎥
⎢
⎥
s1 s2
s3
⎢
⎥
)
)
−
s
±
±


 / #»
⎥
⎢ 2
s =⎢
R
s22 + s23
s22 + s23 ⎥
⎢
⎥
⎢
⎥
s s
s
⎣ − s3
⎦
±) 1 3
∓) 2
s22 + s23
s22 + s23
⎡

(56)

 

One can easily check that R / (α, δ) brings E2 into P, as it should:
⎞ ⎛
⎞ ⎛ ⎞
cos(2α)
s1
−1
⎟ ⎜ ⎟
⎜ ⎟ ⎜
(α, δ) ⎝ 0 ⎠ = ⎝sin(2α) cos δ⎠ = ⎝s2 ⎠ = P
⎛

R

 /

sin(2α) sin δ

0

(57)

s3

The rotation axis is (Section 9.3.1 in [17]):
⎛
⎛
⎞
⎞
tan(φ2 /2)
R32 − R23
#» ⎜
⎜
⎟
⎟
Ω = ⎝ R13 − R31 ⎠ = A ⎝
1
⎠
R21 − R12

(58)

tan(φ1 /2)

the multiplicative factor A is connected to the vector norm, which, however, is irrelevant. The two
solution classes have different rotation axes (Figure 15):
⎛
#»
⎜
Ω = A ⎝

− tan(α)
1

⎞

⎛

⎟
⎠

#»
⎜
Ω = A ⎝

tan(δ/2)

tan(α)
1

⎞
⎟
⎠

(59)

− cot(δ/2)

In general, they are not perpendicular to each other:
#» #»
Ω · Ω ∝ − tan2 α

(60)

However, each rotation axis is perpendicular to the other axis’s projection on the s2 , s3 plane:
⎛
#» #»
⎜
Ω · Ωs2 s3 = A ⎝

− tan(α)

⎞

⎛

⎞
⎟
⎠=0

(61)

2

tr( R) − 1
= 2 sin(φ1 /2) sin(φ2 /2) − 1
2

(62)

1

⎟
 ⎜
⎠·A ⎝

0

tan(δ/2)

1

− cot(δ/2)

The rotation angle is given by (Section 9.3.1 in [17]):
cos(Γ) =

Using a trigonometric identity, the formula reduces to:
cos(Γ/2) = ± sin(φ1 /2) sin(φ2 /2)
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For the two solutions sets, it reads
cos(Γ /2) = ∓ sin(δ/2) sin(α)

(64)

cos(Γ /2) = ± cos(δ/2) sin(α)
The overall circuit effect is shown in Figure 16.

s3

Ω

P

δ/2

s1

δ/2 α
α

s2

 
Ω
Figure 15. Rotation axes for the two solution sets.

 
Ω

s3
s1

δ/2

α

P
E2

δ/2

α

Ω

s2

Figure 16. Overall device effect, for the two solutions.

131

Micromachines 2019, 10, 364

3. Frequency Response
To deduce the light frequency dependence of the device at hand, the ﬁrst order expansion for the
waveguides effective index
ne f f (λ) = ne f f 0

λ
λ − λ0
− n g0
λ0
λ0

(65)

is inserted in the formula for the phase shift:
φi =

2π Δtb (ne f f0 ) Li
Δtb n g0
2π
Δ ( n Li ) =
1−
λ tb
λ0
Δtb ne f f0


1−

λ0
λ


(66)

The different effective indexes of the top and bottom arms of a phase shifter result from their
different temperature, since thermo optic effect is exploited in silicon. In Appendix A, it is shown that,
at ﬁrst order, the group index too is proportional to the temperature shift. Then,
α g Δtb ( T − T0 )
αg .
Δtb n g0
=
=
= R ge
Δtb ne f f0
αe f f Δtb ( T − T0 )
αe f f

(67)

In conclusion, the phase shift has the dependence

φi = φi0

1 − R ge

Δλ
λ





Δf
= φi0 1 + R ge
f0

(68)

In the (φ1 , φ2 ) plane, once a given solution at f 0 has been selected, the point (φ1 ( f ), φ2 ( f )) lies on
a line passing through (φ10 , φ20 ) and the origin (Figure 17):
#»
φ(f) =



φ1 ( f )
φ2 ( f )





=

φ10
φ20


1 + R ge

Δf
f0





Δf
#»
= φ0 1 + R ge
f0

(69)

The “phase speed” or sensitivity to a frequency shift d f
•

φi =

dφi
1
= φi0 R ge
df
f0

(70)

is proportional to the phase shift φi0 applied at the central frequency f 0 , hence choosing higher
order solutions, which are farther from the origin, entails a larger sensitivity to frequency, that is, a
narrower bandwidth.
3.1. Compensator
The several factors appearing in the expression for the intensity surface PL , Equation (14),
are function of the difference
Δf
(71)
φi − φi0 = φi0 R ge
f0
To ﬁnd the Free Spectral Range (FSR), i.e., the frequency spacing—if any—between two
consecutive peaks of the intensity surface, the above difference should be an integer multiple of
2π, for both phase shifters. Unfortunately, since the two central frequency phase shifts are in general
different, there are two different FSRs (if it makes any sense):
Δ fi =

f 0 2mi π
R ge φi0

(72)

It is possible to deﬁne an FSR just in the particular case when φ10 and φ20 are commensurable
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φ20
p
= ⇒
φ10
q

FSR =

f 0 2pπ
f 2qπ
= 0
R ge φ20
R ge φ10

(73)

where p and q are relatively prime integers.
3.1.1. Contour Curves
In the following (Section 3.1.2), we consider contour curves, in particular the one for which
PL (φ1 , φ2 ) = 1/2.
Let us consider the general case of a contour curve for the level b:

cos2 (φ2 /2 + α) cos2

φ1 − δ
2





+ cos2 (φ2 /2 − α) sin2

φ1 − δ
2



=b

(74)

After applying some trigonometric identities, we arrive to an expression for φ1 as a function of φ2 :
cos(φ1 − δ) =

1 − 2b
+ cot φ2 · cot 2α
sin φ2 · sin 2α

(75)

3.1.2. Bandwidth
The −3 dB bandwidth is given by the equation


PL φ1 ( f ), φ2 ( f ) = 1/2

(76)

In Section 3.1.1, an expression for the contour curves of level b was found; in this particular case
of b = 1/2, one term vanishes and the formula becomes:


cos φ1 ( f ) − δ = cot φ2 ( f ) · cot 2α

(77)

Depending on the solution set




 
Δf
cos φ1 ( f ) − δ = ± cos φ1/0 R ge
f0

 

cot φ2/0 = ∓ cot 2α

(78)

The bandwidth Δ f 3 dB is given by the implicit equation
,



Δf
Δf
j
j
j
= − cot φ20 · cot φ20 1 + R ge
cos φ10 R ge
f0
f0

(79)

where j indicates the solution class.
Graphically, the equation corresponds to ﬁnding the frequency shifts for which the lines
corresponding to the phase pair intersect the contour curves for the level 1/2, which lie closest
to the considered solution, as in Figure 17.
The bandwidth can be visualised as the distance between two such intersections, divided by the
solution distance from the origin (because the “phase speed” is proportional to it, see Equation (70))
and multiplied by f 0 .
3.1.3. Spectrum
The spectrum depends on the input SOP and is given by the expression for PL when the frequency
dependence as in Equation (68) is included

PL ( f ) = cos2 (φ2 /2 + α) cos2

φ1 − δ
2
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+ cos2 (φ2 /2 − α) sin2

φ1 − δ
2


(80)
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For a better insight, the spectrum is found from the intersection with the intensity surface of the
−
→
plane perpendicular to the (φ1 , φ2 ) plane and passing by the line traced by φ ( f ) as in Equation (69).
Figure 18 displays the spectra for the same situation as in Figure 17. The relation between spectrum
shapes and the corresponding intensity surface for the considered SOP would be more apparent if a
linear, rather than logarithmic, vertical scale had been plotted against frequency, instead of wavelength.
φ2
3π

1

0 .5

0.8

0.

5

0 .5

2α + 2π
−2α + 3π
2π

0 .5

0.6

0 .5

0 .5

2α + π
−2α + 2π
π

0.4
0 .5

0.2

0

δ

0.5

0 .5

2α
−2α + π

π

2π
δ + 2π

δ+π

3π

φ1

0

Figure 17. The pair of phase shifts as a function of frequency are lines (in different colours for each
solution, refer to the legend of Figure 18) passing by the origin and the chosen peak, in the plane
(φ1 , φ2 ). For comparison, the contour plots for α = 55◦ and δ = 30◦ are included. Note that those lines
in general do not pass through other maxima.

Figure 18. Spectra corresponding to the lines in Figure 17 (the colours correspond), for f 0 = 1934 THz
(1550 nm, indicated by the black dashed vertical line). The wavelength ranges have been chosen to
represent only the portion of the (φ1 , φ2 ) plane shown in Figure 17. Note that the upper wavelength
limit is the same, whereas the lower one increases with the solution distance from the origin. In general,
the spectra are neither symmetric nor periodic. The legend lists the solution class (even or odd) and
their order. The fundamental even solution is not reported, as it lies in the lower (φ1 , φ2 ) half plane.
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3.1.4. Effect of Unbalance
Besides the temperature difference between the two phase shifters in a given stage, differences in
the applied phase shifts may arise because of differences in any of the following waveguide properties:
•
•
•
•

length
width
thickness
material composition (e.g., doping)

All of those effects are permanent, that is to say, are present even if no external control signal is
applied to the circuit, thus resulting in an offset, which must be compensated, in order to apply the
correct phase shift.
From the modelling perspective, just length asymmetry appears explicitly, while the other three
parameters give rise to variations in quantities such as ne f f0 , n g0 , αe f f and α g . For the sake of simplicity,
the last two contributions have been neglected.
Taking the top branch as the unbalanced one

=L

Lb
b

n g0

b

= Lb + Δl = L + Δl

Lt

ne f f0 = ne f f0

ne f f0 = ne f f0 + Δne f f0
t

= n g0

(81)

n g0t = n g0 + Δn g0

the phase shift from Equation (66) becomes

where

φ = φ0 + p Δ f / f 0

(82)

.
/

2π
ne f f0 Δl + Δne f f0 L + αe f f ( Tt − Tb ) L + ( Tt − T0 )Δl
λ0
.
/

2π
p=
n g0 Δl + Δn g0 L + α g ( Tt − Tb ) L + ( Tt − T0 )Δl
λ0

(83)

φ0 =

while, in the balanced case, both φ0 and p are proportional to ΔT (thus, one could solve for ΔT
from φ0 and then substitute to ﬁnd the slope p), now there are two unknown variables: the two
shifters’ temperatures.
Nevertheless, this is no problem, in that we can consider Tb as a free parameter and express Tt as
a function of it:
λ0
φ0 2π
− (ne f f0 Δl + Δne f f0 L) + αe f f ( Tb L + T0 Δl )
Tt =
(84)
αe f f ( L + Δl ) + Δαe f f L
Thus, the slope is:
p = φ0 R ge + Λ ge Δl + Γ ge L = s0 + Δs
αg
. 2π
n
n g0 −
Λ ge =
λ0
αe f f e f f0

αg
. 2π
Δne f f0
Γ ge =
Δn g0 −
λ0
αe f f

(85)

The ﬁrst factor appearing in the formula for p is the one in the ideal case or p0 , while the other
two come from asymmetry, and can be gathered in a Δp term.
Considering the relation between the two phases,
φ2 = φ20 + p2

Δf
p
= φ20 + 2 (φ1 − φ10 )
f0
p1
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we see that the phase pair still traces a line in the (φ1 , φ2 ) plane as a result of frequency shifts,
but in general this line does not pass by the origin, as in general the ratio in front of φ1 − φ10 differs
from φ20 /φ10 .
3.1.5. Bandwidth Variation
To ﬁnd the bandwidth in this non-ideal case, the expression for the phase in Equation (82) is
replaced in Equation (79)




Δf
Δf
j
= ∓ cot 2α · cot φ20 + p2
cos p1
f0
f0

(87)

As a shorthand notation, the term Bid is used in place of Δ f / f 0 in the ideal, balanced case, whereas
ΔB stands for the variation of Bid .
In the real case, Equation (79) can be rewritten as:
1
0
cos ( p10 + Δp1 )( Bid + ΔB) =


j
j
= − cot φ20 · cot φ20 + ( p20 + Δp2 )( Bid + ΔB)

(88)

Neglecting higher order terms, one gets


j
j
sin( p10 Bid )Δp1 + cot φ20 csc2 φ20 + p20 Bid Δp2


Bid
ΔB ≈ −
j
j
sin( p10 Bid ) p10 + cot φ20 csc2 φ20 + p20 Bid p20

(89)

It tells us that the effect of imbalance is not necessarily detrimental, i.e., to reduce the bandwidth,
provided that the ratio in front of Bid is negative. However, since Equation (89) is highly dependent
on the input SOP, there is no easy trend that can be estimated and the only conclusion is that the
bandwidth is highly dependent on the input.
3.2. Controller
Putting the frequency dependence of the phase shifts given by Equation (68) into the formula for
the Stokes parameters of the SOP coming out of the circuit, we arrive to
s1 = s0
s2 = s0
s3 = s0


,
Δf
cos φ10 1 + R ge
f0
,

Δf
sin φ10 1 + R ge
f0


,
Δf
cos −φ20 1 + R ge
f0
,

Δf
sin −φ20 1 + R ge
f0
,

Δf
sin −φ20 1 + R ge
f0

(90)

Given that the two phases φ1 and φ2 are proportional to each other, the motion of the SOP on
Poincaré sphere can be described by a single variable Θ, for instance taken equal to φ1 , so that the
previous equations become:
cos(m θ )
s1 = s0
s2 = s0

cos(θ )

sin(m θ )

s3 = s0

sin(θ )

sin(m θ )

(91)

and the ratio
m = −φ20 /φ10
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acts as a parameter. This family of curves is named Clélie and some examples are shown in Figure 19a
for several values of m. Its projection on the s2 − s3 plane is a plane curve called rhodonea or rose,
with polar equation
(93)
ρ = | sin(mθ )|
Polarisations whose Stokes’ parameters are such that:
2α/δ = −m

(94)

lie on the same Clélie; the result of a frequency shift is to move the point on such curve.
Nonetheless, because of the existence of a countable inﬁnity of phase shift pairs, which yield the
same SOP, m takes on different values for the same polarisation, which means that there are many
curves passing through a given point on the sphere.
Then, depending on the chosen solution, the point would follow a different path, on the
corresponding curve.
If the curve is expressed as in Equation (91), then problems would arise for φ10 = 0 (linear
polarisations) or for values close to it, as m would diverge. This issue can be removed, however; in
fact, it sufﬁces to redeﬁne said equation as
s1 = s0

cos(ϑ )

s2 = s0

cos(ϑ/m)

sin(ϑ )

s3 = s0

sin(ϑ/m)

sin(ϑ )

(95)

with ϑ = −φ2 . This second situation is shown in Figure 19b.

s3

s3

m 3
2

s2

s1

s2

s1

(a)

1
0

(b)

Figure 19. Family of Clélie curves, in the (a) direct form (Equation (91)), for the parameter ranging
from m = 0 to 3, at steps of 1/9. Note that curves with different values of the parameter may pass by
the same point, corresponding to different order solutions that have a different frequency behaviour.
(b) The inverse form (Equation (95)), for the same parameter values of (a), in growing order from red
to violet. The equator, in yellow, corresponds to m = 0, while in the previous ﬁgure it corresponds
to m → ∞.
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3.2.1. Bandwidth
For a given central frequency SOP with Stokes parameters (s1 , s2 , s3 )0 , the 3 dB optical bandwidth
can be visualised as the frequency excursion Δ f necessary to reach a perpendicular (Section 2.2.1)
Stokes vector #»
s 3 dB (from Equation (41)) lying on the same Clélie:
#»
s 3 dB · #»
s0 = 0

(96)

When expanded, the above relation becomes
cos 2α cos φ2 − sin 2α sin φ2 cos(φ1 − δ) = 0

(97)

that is essentially Equation (79). Using Equation (50), the above procedure can be generalised to ﬁnd
the contour lines as in Section 3.1.1.
3.2.2. Effect of Unbalance
In the case of unbalanced shifters, as shown in Section 3.1.4, the ratio between the two phases is
no longer independent from frequency, thus the above treatment is no longer valid. However, there is
still a linear (or rather afﬁne) relationship between the two phases (Equation 86)
φ2 = φ20 +

s2
(φ − φ10 ) = −rφ1 + (φ20 + rφ10 ) = −rφ1 − γ0
s1 1

(98)

where r is the ratio between the slopes of the two phases and in general differs from m = −φ20 /φ10 ,
since
s2 + Δs2
s2
φ2
s2
.
= − 0 = − 0 = m
(99)
r=− =− 0
s1
s10 + Δs1
s 10
φ10
The evolution with frequency of the SOP can again be described with a single parameter.
s1 = s0

cos(r θ + γ0 )

s2 = s0

cos(θ )

sin(r θ + γ0 )

s3 = s0

sin(θ )

sin(r θ + γ0 )

(100)

The curve remains a Clélie, just rotated by an angle γ0 around the s1 axis and with a different
parameter r instead of m. While previously phase pairs lying on the same line passing by the origin of
the (φ1 , φ2 ) plane corresponded to points on the same Clélie on Poincaré sphere, now the same is true
for points situated on the line given by Equation (99).
4. Characterisation
The predictions of the above treatment were tested using the setup in Figure 20: the SOP of the
laser beam was matched to the SPGC one with a ﬁbre polarisation controller (FPC). The light from
the device under test (DUT) is sent to a −10 dB ﬁbre beam splitter. A tenth of the power went to the
power meter, to capture the spectrum, while the rest was sent to the polarimeter. Another FPC was
placed in front of the polarimeter for calibration purposes.
The DUT was used in the controller conﬁguration only because it was faster to measure many
SOPs, as it was not necessary to manually act on the ﬁrst FPC, which would involve several trials and
errors before reaching the desired SOP to feed to the DUT.
The DUT was a test structure from the second version of the miniROADM [7], substantially with
the same properties as that in [5], except for a balanced arrangement, with dummy heaters on the
unused arms for a broader optical bandwidth, limited just by the GCs. Moreover, the top output
was also connected to a GC, while in [5] it was terminated by a monitor photodiode. Finally, −20 dB
waveguide taps were coupled to each branch, for easier characterisation.
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Laser

FPC

DUT

10 %
90 %

FPC

Power
Meter

Polarimeter

Figure 20. Setup used for the characterisation of the controller conﬁguration. FPC, ﬁbre polarisation
controller; DUT, device under test.

Both versions were fabricated by commercial CMOS foundries, IMEC for the one of [5,7] and
CMC-IME for the second one, respectively.
The hypothesis described in Section 1.1 was checked, as a preliminary stage, on a test structure
consisting in a 2DGC whose outputs were both terminated by a SPGC. It was found that the SOPs that
maximise the output power at either port were orthogonal to each other and that the transmission
spectra corresponding to those SOPs overlapped. This conﬁrmed that the 2DGC did not exhibit any
signiﬁcant Polarisation Dependent Loss (PDL).
The calibration was performed to have the polarimeter to display the actual SOP on the 2DGC,
resulting in a reading consistent with Figures 12b and 19. Indeed, even with a correctly calibrated
instrument, it would display a different SOP from that on the 2DGC, because of the offset introduced
by the optical ﬁbres in between and the setup in general. The calibration purpose was to remove
said offset.
The effect of a birefringent element is a sphere rotation. To uniquely determine it, two pairs
of points (before and after the transformation) are needed. For the ﬁrst pair, we used the SOP that
maximises the power coupled to a SPGC, and the second FPC was adjusted so that the polarimeter
displayed a linear horizontal SOP (H, s1 = 1). This step was performed on a waveguide clip, terminated
with SPGCs at both ends, a test structure usually included in evaluation chips to measure GC insertion
loss (IL) and waveguide propagation losses. The SOP that maximised the power from the top output
of the 2DGC was then made to correspond to a linear polarisation inclined by 45◦ (D, s2 = 1). Such
a calibration should be repeated to compensate the SOP drift due to ﬁbres, which likely caused the
visible difference between measured and estimated points on the parallel with α = 30◦ in Figure 21.
In the ﬁrst set of measurements, the Stokes parameters were read on the polarimeter and compared
with the values obtained by putting into Equation (41) the dissipated power on each heater, as measured
on the source meter. Given that the phase shift φn was produced by leveraging silicon thermo optic
effect, it was assumed to be proportional to the power Pn dissipated by the heater n:
φn = 2π Pn /P2π

(101)

where P2π stands for the thermal efﬁciency, namely the power required to obtain a 2π phase shift.
For data points where just one heater was active (s2 = 0 and s3 = in Figure 21), this assumption
was found to be valid. The above expression was used in Equation (41) to get the Stokes parameters
predicted by our model.
The dissipated power and the voltage drop displayed by the power supply does not exactly
correspond to that on the heater, especially when both heaters are active, because of the parasitic
resistance RG of the common ground electrode. To model this effect, we considered a star circuit,
with RG at the bottom. Changing the voltage applied to one heater while keeping the other constant
results in a variation of the voltage drop on RG , thus of the current and power on the heater, that
should remain unaltered. Thus, RG caused an electrical crosstalk between the two phase shifters.
In the usual case where the voltages V1 and V2 applied to heater (resistor) R1 and R2 , respectively, are
both positive, increasing V2 while keeping V1 constant results in a reduction of P1 . Applying a current
instead of a voltage bias should avoid this issue, because the power supply is in series to the heater.
Moreover, it was found that the resistance increased linearly with the dissipated power:
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R = R0 + γP

(102)

We attributed this behaviour to the fact that in a metal the resistivity is proportional to the
temperature. The main consequence of this non-linearity was a smaller dissipated power for the same
applied voltage.
The thermal efﬁciency was of 76 ± 1 mW/cycle. The result is shown in Figure 21.
Another useful measurement was to sweep over one of the two phase shifts while keeping the
other constant.
As shown in Figure 22, the point did not exactly trace parallels and meridians on Poincaré sphere.
The curves did not close on themselves after a 2π shift because of the already described electrical
crosstalk due to the parasitic resistance of the common ground electrode. With reference to Figure 22a,
increasing P1 to scan in “longitude” decreased P2 , hence the polar angle, thus, the point travelled on
spirals instead of parallels.

Figure 21. Comparison between experimental data points as read on the polarimeter (blue squares)
and as deduced from the dissipated power on each heater (red), measured by the sourcemeter and
correcting the effect of the parasitic common ground electrode resistance. The start point for P1 and
P2 = 0 is that with s1 = −1. Increasing P1 produces a counter clockwise rotation around the s2 axis,
P2 on the s3 axis, when P1 = 0.

(a)
(b)
Figure 22. Curves traced on the polarimeter when scanning on (a) φ1 and (b) φ2 , while keeping the
other phase constant. The polarimeter has been calibrated so that the SOP from the SPGC is shown as a
45◦ linear polarisation. Red curves lie on the hemisphere on the observer’s side, blue ones on the rear
one. The axes are rotated by 90◦ around s3 , with respect to Figure 21.
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When the inverse operation was performed, as in Figure 22b, a raise of the polar angle provoked
a longitude diminution, which caused what would have been a meridian to precess, such as the curve
of a satellite in polar orbit.
5. Conclusions
The operation of the silicon photonic circuit proposed in [6] has been analysed for both polarisation
compensator and controller conﬁgurations. The behaviour at the central wavelength as well as the
frequency dependence have both been considered. The whole treatment has been derived using
a geometrical representation based on phasors and the Poincaré sphere. It has been shown that,
thanks to this representation, the functioning of the device can be intuitively understood and analysed.
This analysis has shown that any input SOP can be compensated for and that there exist two solutions
for each SOP within a unit cell of the two phase shifts.
Some key results have been illustrated together with important examples. The construction of
intensity surfaces as a function of the two phase shifts depends on the input SOP. It is 2π periodic in
both directions, its shape depends on the Stokes parameter s1 only, while the phase shift δ between the
two components of the Jones vector only causes a shift of the surface along the φ1 direction.
Conversely, it is proven that, in the controller operation, the device can generate any output SOP and
that the effect of the φ1 and φ2 phase shifts is to trace parallels and meridians on Poincaré sphere,
with respect to the s1 axis. The rotation axis and angle are found as well.
An implicit equation for the 3 dB bandwidth, depending on the SOP and the particular choice of
phase shifts pair, is derived. In general, the spectrum is not periodic and depends on both the SOP
and the chosen solution. The effect on bandwidth of non-ideal factors resulting in unbalanced top and
bottom phase shifter arms is studied and is proven not to be necessarily detrimental.
The curves traced with varying wavelength on Poincaré sphere by the SOP from the generator are
found to be Clélie. More importantly, polarisations generated with the same φ20 /φ10 ratio have been
found to lie on the same Clélie moving along it with wavelength. The effect of unbalance is just to
change the parameter identifying the particular Clélie and to rotate it by a ﬁxed angle about the s1 axis.
This geometrical representation and the mathematical analysis of this device illustrate the power
of this approach and open the route to the analysis of more complex structures as well as useful
treatment of such components in the quantum domain due to the direct correspondence of the Stokes
parameters and the photon density operator.
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Abbreviations
The following abbreviations are used in this manuscript:
SOI
SiPho
CMOS
PIC
IL
GC
SOP
PLC

Silicon On Insulator
Silicon Photonics
Complementary Metal Oxide Semiconductor
Photonic Integrated Circuit
Insertion Loss
Grating Coupler
State of Polarisation
Planar Lightwave Circuit
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I/O
TE
2DGC
MMI
POLSK
MZI
PS
SPGC
FPC
DUT
PDL

Input/Output
Transverse Electric
Two Dimensional Grating Coupler
Multi Mode Interference
POLarisation Shift Keying
Mach–Zehnder Interferometer
Phase Shifter
Single Polarisation GC
Fibre Polarisation Controller
Device Under Test
Polarisation Dependent Loss

Appendix A. Soi Effective and Group Indexes
Following (Equation (15) in [11]), the effective index of a straight SOI waveguide is expressed
using a second-order Taylor expansion.
Comparing it with the customary formula for the group index,
ng =

d ne f f
c
= ne f f − λ
vg
dλ

we get:
ne f f (λ0 , T ) = N0 ( T )

n g (λ0 , T ) = N0 ( T ) −

(A1)
λ0
N (T)
σλ 1

(A2)

Expanding the expression for the group index, its second-order expansion is:
n g ( λ0 , T ) = n0 −



 


T − T0
T − T0 2
λ0
λ0
λ
n3 + n1 −
n4
+ n2 − 0 n5
=
σλ
σλ
σT
σλ
σT

(A3)

= n g0 + α g ( T − T0 ) + β g ( T − T0 )2
where ni , σλ,T are given in (Table III of [11]) and λ0 = 1550 nm. Using those values, one ﬁnds:
⎧
⎪
⎪ne f f0 = 2, 4, 057, 177
⎨
αe f f = 2, 2756 × 10−4
⎪
⎪
⎩
β e f f = 1, 3811 × 10−7

⎧
⎪
⎪n g0 = 4, 3757
⎨
α g = 2, 5919 × 10−4
⎪
⎪
⎩ β = 1, 006 × 10−7
g

(A4)

Whence we see that the temperature coefﬁcient of the group index is slightly bigger than the
effective index’s one. In our derivation, a parameter of interest was their ratio, which happens to be:
. αg
R ge =
= 1, 14
αe f f

(A5)

Appendix B. Mzi as A Hwp
The Jones matrix for a Half Wave Plate is (Equation 7 [2]) (Section 4.6.1 [12])
HWP(Θ) = −i

cos 2Θ

sin 2Θ

sin 2Θ

− cos 2Θ

(A6)

The one for a Mach–Zehnder interferometer:
H MZI (φ) = −i

cos(φ/2 + π/2)

sin(φ/2 + π/2)

sin(φ/2 + π/2)

− cos(φ/2 + π/2)
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Thus, we see that the two matrices have the same form, provided that:
Θ = φ/4 + π/4

(A8)

Passing to Stokes matrices, for the HWP, we have (Equation 4.6.7 in [12])
⎡

cos 4Θ

⎢
R HWP (Θ) = ⎣ sin 4Θ
0
whose rotation axis

sin 4Θ

− cos 4Θ
0

0

⎤

⎥
0 ⎦

(A9)

−1

⎛

⎞
cos 2Θ
#»
⎜
⎟
Ω HWP (Θ) = ⎝ sin 2Θ ⎠
0

(A10)

lies on the equatorial plane (with respect to the s3 axis), forming an angle 2Θ with the s1 axis.
Inserting the relation of Equation (A8) in the above formula,
⎞
⎛
cos(φ/2 + π/2)
#»
⎟
⎜
Ω MZI = ⎝ sin(φ/2 + π/2) ⎠
0

(A11)

Thus, acting on the phase shift has the result of rotating the waveplate rotation axis in the
equatorial plane.
Nonetheless, a major difference with a birefringent waveplate is that, while the former is endlessly
rotatable, a MZI is not, as the phase shift can be varied in a limited range only.
Given that the trace of R HWP is −1, the rotation angle Γ = π or an odd integer multiple thereof,
because of Equation (62).
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Abstract: A 4 × 25 Gb/s ultrawide misalignment tolerance wavelength-division-multiplex (WDM)
transmitter based on novel bidirectional vertical grating coupler has been demonstrated on
complementary metal-oxide-semiconductor (CMOS)-compatible silicon-on-insulator (SOI) platform.
Simulations indicate the bidirectional grating coupler (BGC) is widely misalignment tolerant, with an
excess coupling loss of only 0.55 dB within ±3 μm ﬁber misalignment range. Measurement shows
the excess coupling loss of the BGC is only 0.7 dB within a ±2 μm ﬁber misalignment range.
The bidirectional grating structure not only functions as an optical coupler, but also acts as a beam
splitter. By using the bidirectional grating coupler, the silicon optical modulator shows low insertion
loss and large misalignment tolerance. The eye diagrams of the modulator at 25 Gb/s don’t show any
obvious deterioration within the waveguide-direction ﬁber misalignment ranger of ±2 μm, and still
open clearly when the misalignment oﬀset is as large as ±4 μm.
Keywords: vertical grating coupler; WDM transmitter; optical interconnects; silicon photonics;
silicon optical modulator

1. Introduction
The volume of the digital information captured, created, or consumed each year is expected to grow
from 538 exabytes to 5.0 zettabytes between 2012 and 2020, and it will double about every two and a half
years [1]. To manage this amount of information, higher data transmission method is needed, especially
in the data centers and high-performance computing (HPC) systems. Unfortunately, traditional
electrical interconnects based on copper have been proved to be the bottleneck for growing demand of
HPC systems and high-speed data center application because electrical input/output (IO) suﬀers from
low bandwidth, high crosstalk, high latencies and attenuation. Optical interconnects are proposed to
solve the bottleneck of electrical interconnects due to its low crosstalk, low latency, high bandwidth
and high energy eﬃciency. Optical interconnects are emerging as a better solution over electrical
interconnects for rack-to rack, board-to-board, chip-to-chip, and even on-chip data communication.
Micromachines 2019, 10, 336; doi:10.3390/mi10050336
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Silicon photonics based optical interconnects are good approach to obtain fully integrated
photonic circuits with lower cost and higher integration level because of its compatibility with silicon
microelectronic process. By taking advantages of the existing CMOS-VLSI infrastructure, silicon
photonics is considered to be a promising and economical platform for the monolithic integration of
various active and passive optoelectronic devices used in optical interconnects, such as high speed
modulators [2–6], photodetectors [7–9], grating couplers [10] and optical splitters/combiners [11,12].
Low cost and large-scale integrated photonic circuits can be achieved by silicon photonic platform
to realize optical interconnects [13,14]. Now, there are several silicon platforms, including Luxtera’s
130 nm Freescale platform, Mellanox’s 150 mm foundry, MPW services through IMEC and IME of
Singapore, 130 nm SiGe BiCMOS production line at IHP in Frankfurt, and CEA-Leti.
Impressive works in the ﬁeld of optical interconnects based on silicon photonics have been
reported [13–16]. Silicon transmitters are important building blocks in silicon photonic interconnects.
Several WDM and pulse-amplitude-modulation (PAM) transmitters are proposed to realize high-speed
optical links [17–19] by diﬀerent schemes. For these high-speed silicon transmitters based on silicon
photonics, coupling a light eﬀectively from a single mode ﬁber (SMF, typically with core diameter
of 9 μm) into the silicon waveguide (typical dimensions of 220 nm × 450 nm) in an economical way
is a big challenge. Grating couplers are widely used as the optical interfaces between the SMF and
the submicron silicon waveguides. However, conventional grating couplers are usually designed for
tilted-ﬁber coupling in order to reduce the second-order back reﬂection. The tilted coupling scheme
will lead to several problems. Firstly, the alignment is more time-consuming because of angle tuning,
and the mode matching eﬃciency usually deviates from the design due to the unavoidable mode
expansion in the ﬁber–chip surface cavity. Secondly, a costly angle-polishing process is required for the
ﬁber packaging. Compared to conventional GCs, perfectly vertical grating couplers (PVGCs) enable
improved alignment accuracy and relaxed packaging complexity by avoiding angle alignment errors.
Because of the advantages, PVGCs are more suitable to be applied in a multichannel communication
network with fan-in/fan-out array, interfacing with a multicore ﬁber or ﬁber array with more strict
requirements of alignment accuracy and coupling uniformity.
In this paper, we present a 4 × 25 Gb/s ultrawide ﬁber misalignment-tolerant WDM transmitter
based on the bidirectional grating couplers (BGCs)-based E-O modulator array and the microring
multiplexer function. The BGCs exhibit the advantages of easy fabrication, perfectly vertical
coupling and large misalignment tolerance, and potentially enable interfacing with a ﬁber array
or ﬂip-chip-integrated VCSEL laser array for low-cost photonic packaging. Beneﬁting from the
characteristic of the BGCs, the WDM transmitter shows strong robustness to the variation of the
ﬁber positions. Eye diagrams don’t show obvious deterioration within the waveguide-direction ﬁber
misalignment ranger of ±2 μm, and still open clearly when the misalignment oﬀset is as large as ±4 μm.
2. Structure and Principle
As depicted in Figure 1a, a WDM optical interconnect circuit with an array of BGCs can be
interfaced with a ﬁber array for rapid wafer-scale test and low-cost ﬁber packaging. We have
demonstrated that a Mach–Zehnder-type E-O modulator can be built based on a BGC which functions
as a 3 dB power splitter with symmetry grating design [20]. Therefore, it is experimentally feasible
to realize a WDM transmitter integrated with a BGC-based modulator array and a microring (MR)
array multiplexer, as schematically shown in Figure 1b. Four MZI modulators with embedded PN
phase shifters in asymmetric arms are employed to generate optical modulation signals with diﬀerent
wavelengths. The MRs are designed with slightly diﬀerent radii. Through the resonance coupling of
the MR array, four optical signals can be uploaded to the bus waveguide and coupled out-of-plane
with a standard GC. For wavelength alignment in measurement, each MR and MZI can be thermally
tuned with integrated titanium nitride (TiN) heaters. In order to measure the optical spectra of MZI
modulator and microring resonator independently, a directional coupler (DC) is inserted between the
modulator and the microring to act as a −10 dB optical splitter.
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Figure 1.
(a) Schematic diagram of the bidirectional grating coupler (BGC)-based
wavelength-division-multiplex (WDM) optical interconnect tested with ﬁber array. (b) The schematic
diagram of the proposed WDM transmitter.

2.1. Bidirectional Grating Coupler
The bidirectional grating coupler functions as the perfectly vertical grating coupler and power
splitter in the Mach–Zehnder-type E-O modulator. According to the Bragg condition, the grating
period Λ can be calculated by estimating the eﬀective refractive index of the waveguide grating Neﬀg ,
which can be expressed as:
(1)
Λ = λ/Ne f f g
λ represents the vacuum wavelength. With the 2-D FDTD optimization, the optimal design parameters
are grating period of 580 nm, etch depth of 70 nm, ﬁlling factor of 50%, period number of 22, respectively.
For PVGCs, the cladding thickness have a big impact on the coupling performance as a well-designed
cladding thickness can greatly reduce the upreﬂection loss. According to our simulations, the oxide
cladding thickness of 1.3 μm oﬀers an optimal performance with an in-plane coupling eﬃciency of
62% (−2.08 dB) and a 3 dB optical bandwidth of 80 nm. The upreﬂection power is suppressed to 16%
around the center coupling wavelength, corresponding to an optical return loss of 8 dB. Although
such a result is not as superior as that of a conventional GC, further improvement of the reﬂection loss
can be achieved by utilizing an apodized grating design [21] or introducing a bilayer antireﬂection
cladding [22].
One notable advantage of the BGC is the large misalignment tolerance along the waveguide
direction. For the BGC, the grating splitting behavior is of great signiﬁcance to the BGC-based
modulator operation. In order to investigate the inﬂuence of ﬁber misalignment, the grating split
ratio (deﬁned as the single arm power coupling divided by the total in-plane power coupling) with
diﬀerent ﬁber incidence positions are calculated with 2-D FDTD method. As shown in Figure 2b,
the grating functions as a perfect 3 dB splitter with the ﬁber placed in the grating center due to the
symmetry. With certain ﬁber displacement, the split ratio will increase signiﬁcantly, which indicates
the unbalanced power coupling in opposite directions. However, it is worth noting the split ratio
is quite stable near the resonant wavelength of 1546 nm and nearly immune to ﬁber misalignment.
This characteristic can be attributed to the wavelength-dependent second order reﬂection and would
be very useful for modulator application. It allows a BGC-based modulator robustly working at a
strong coupling wavelength in case of certain ﬁber misalignment. Apart from the splitting behavior
discussions, the coupling eﬃciency variation with ﬁber misalignment is calculated for the BGC.
For comparison, a unidirectional GC with same waveguide thickness and grating etch depth is also
simulated. As shown in Figure 3, the BGC has a larger optical bandwidth and misalignment tolerance
in the waveguide direction. The excess coupling loss caused by ﬁber misalignment is 0.95 dB (−3 μm
misalignment) and 1.47 dB (3 μm misalignment) for unidirectional GC, while it is only 0.55 dB (±3 μm
misalignment) for the bidirectional GC.
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Figure 2. (a) The normalized optical power of diﬀerent directions with perfectly vertical ﬁber incidence
(inset picture shows the schematic of the BGC). (b) The wavelength-dependent grating split ratio with
diﬀerent ﬁber incident positions.

Figure 3. (a) The calculated coupling eﬃciency variation of a unidirectional grating coupler (GC)
with ﬁber misalignment. (b) The calculated coupling eﬃciency variation of a bidirectional GC with
ﬁber misalignment.

2.2. BGC-Based Silicon E-O Modulator in Push-Pull Scheme
The structural view of the bidirectional grating coupler-based optical modulator is shown in
Figure 4, where the bidirectional grating coupler is used to couple light from the input ﬁber to the chip
and split it into two arms. Comparing with traditional MZI modulators, our modulator avoids use of
the conventional 3 dB beam splitter since the vertical grating coupler doubles as a ﬁber coupler and 3
dB optical splitter. Hence, the insertion loss of the modulator can be reasonably decreased.

Figure 4. Schematic of demonstrated ultrawide misalignment tolerance modulator with bidirectional
grating couplers.
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Carrier-depletion-type optical modulators are utilized to develop our WDM transmitter chip
because of their merits of high operation speed and low insertion loss. Both arms of the MZI contain a
carrier-depletion-type phase shifter with length of 2 mm, cooperating with travelling wave electrode of
GSGSG pattern to enable dual-port diﬀerential operation in a push-pull scheme. A low driving voltage
signal with 2.5 V swing is utilized, which is CMOS-compatible and thus allows a direct integration
with the electronic driver circuits. Low driving voltage can enable the use of most advanced CMOS
technologies, which is beneﬁcial for optimizing the energy eﬃciency. For example, the typical supply
voltage for the feature size of 350 nm and 180 nm CMOS process is 3.3 V and 1.8 V. When the smaller
feature size is chosen, higher speed and lower supply voltage can be obtained.
The arm length diﬀerence of the MZI is introduced to generate interference patterns in spectra
similar to microring resonators. As the length diﬀerence between two arms is designed to be 248.4 μm,
FSR of 2.4 nm can be obtained. The resonance behavior will enhance the modulation eﬃciency of MZI
modulators. For asymmetrical MZI, the resonance condition is:
Δϕ = d·Ne f f ·

2π
= (2m + 1)π
λ

(2)

Δϕ is the phase shift, d is the length diﬀerence between the two arms, Neﬀ is the eﬀective index of the
single mode waveguide, λ is resonance wavelength, m is an integer. According to Equation (2), d is
proportional to λ:
(3)
Δd/d = Δλ/λ
Δd and Δλ are small variations of d and λ respectively. The optical phase change by Δd is:
Δϕ = Δd·Ne f f ·

2π
= 2π·d·Δλ/λ2 ·Ne f f
λ

(4)

The eﬀective refractive index of the phase shifter waveguide arms can be changed with bias
voltage. The optical phase change due to bias voltage can be expressed as:
Δϕ = ΔNe f f ·L·

2π
λ

(5)

ΔNeﬀ is the change of the eﬀective index. L is the length of MZI waveguide arms with embedded
carrier-depletion-type phase shifter. When asymmetrical MZI resonances and destructive interference
occurs, the optical phase change in Equation (4) and (5) is π. From Equation (4) and Equation (5),
we can obtain:
2π
Δλ
= ΔNe f f ·L·
(6)
2π·d· 2
λ
λ ·Ne f f
The equation can be further simpliﬁed as:
ΔNe f f = d·Δλ/λ·Ne f f /L

(7)

For asymmetrical MZI, the FSR can be calculated as:
FSR = λ2 /(N g ·d)

(8)

Ng is the group refractive index of the single mode waveguide. The relationship between the FSR, Δλ
and Δϕ can be expressed by:
(9)
Δϕ = 2π·Δλ/FSR
When phase shift is π, Δλ is:
Δλ = 0.5·FSR = 0.5·λ2 /(N g ·d)
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According to Equations (7) and (10), we obtain:
ΔNe f f = λ/(2L)·Ne f f /N g

(11)

Simulation results show that the eﬀective index and group index for single mode rib waveguides
of height 220 nm, width 500 nm and slab 60 nm is 2.52 and 4.03.
3. Experiment Results
The four-channel WDM optical transmitter is realized with the silicon photonic MPW line of IME,
Singapore. Figure 5a shows the optical micrograph of the WDM transmitter implemented in a 200 mm
SOI wafer with a 2 μm-thick buried oxide layer and a 220 nm-thick top silicon layer. The zoom-in
picture of the functions of the MR MUX, the DC and the BGC are respectively shown in Figure 5b–d.
The phase shifters are based on a ridge waveguide structure with 500 nm width and 60 nm slab
thickness. Four asymmetric MZI modulators with surface-normal optical interfaces are employed to
generate modulated signal at diﬀerent wavelengths. According to the plasma dispersion eﬀect, holes
contribute larger index change and less absorption than electrons. The width of the p-type doping
region (300 nm) is set to be larger than the n-type doping region (200 nm). The p-type and n-type
doping concentration are 7 × 1017 cm−3 and 5 × 1017 cm−3 , the P+ and N+ regions are doped to a
concentration of 1020 cm−3 to form low resistivity ohmic contact. Both arms of the MZI contain a
2 mm-long carrier-depletion type phase shifter, cooperating with GSGSG travelling wave electrode to
enable dual-port low voltage diﬀerential operation. TiN resistors are integrated to form an on-chip
terminator of 30 Ω to ensure impedance matching. Two thermal phase shifters are also incorporated
within the interferometer to adjust the operation point at quadrature on the positive slope. Each MZI
and microring resonator can be thermally tuned by an integrated heater implemented by a TiN resistor,
so the working wavelengths of the modulators and the WDM function can be tuned to the same value.
To make full use of the chip area, there are some other individual devices shown in the chip layout,
such as three MZI modulators with diﬀerent size and four Ge photodetectors.

Figure 5. (a) Optical micrograph of the WDM transmitter with surface-normal optical interfaces.
(b) The zoom-in picture of the MR Multiplexer. (c) The zoomed-in picture of the directional coupler.
(d) The zoom-in picture of the bidirectional grating coupler-based surface-normal optical interface.
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3.1. Bidirectional Grating Coupler
To investigate the ﬁber misalignment tolerance of the BGC, a discrete BGC with balanced arms
and MMI combiner is measured with a high-precision vertical ﬁber alignment system with a step
resolution of 20 nm to ensure a small alignment error. For comparison, the misalignment tolerance of a
conventional GC (utilized for output coupling interface) is also studied. Figure 6a,b show the coupling
eﬃciency spectra response of the ﬁber incidence position variations within the range of ±2 μm for the
conventional GC and BGC, respectively. The measurement result of the conventional GC is obtained
with a back-to-back conﬁguration, while the result of the BGC is calculated by normalizing the output
coupler loss and the MMI insertion loss. When the ﬁber is tuned in the optimal position, the minimum
coupling loss reaches −4.8 dB and −4 dB, respectively. The measured coupling loss of the two couplers
are lower than the simulation results, which is possibly due to fabrication imperfections. Interestingly,
although the simulation work indicates the two kind of couplers are close in peak coupling eﬃciency,
the measured coupling eﬃciency of the BGC is higher than that of a conventional GC within the same
photonic platform. This may be attributed to the excess coupling loss resulting from the free-space
mode expansion within a tilted ﬁber experimental set-up. When the ﬁber is slightly tuned from the
optimal position, the misalignment tolerance can be analyzed. The measured results show good
accordance with the simulation results shown in Figure 3. The BGC has a more symmetric and
larger misalignment tolerance along the waveguide direction. The excess coupling loss of the BGC is
lower than 0.7 dB within a misalignment range of ±2 μm. However, the coupling deterioration of the
conventional GC is as high as 1 dB and 1.68 dB with a ﬁber tuning of −2 μm and +2 μm, respectively.
These experimental results clearly demonstrate the improvement of ﬁber misalignment tolerance with
a BGC design.

Figure 6. (a) The coupling eﬃciency spectra with waveguide-direction ﬁber misalignment for a
conventional GC. (b) The coupling eﬃciency spectra with waveguide-direction ﬁber misalignment for
a bidirectional GC.

3.2. BGC-Based E-O Modulator in Push-Pull Operation Mode
To investigate the optical spectrum of MZI modulator, 10% output optical power of the MZI
modulator is coupled out by a directional coupler and connected with an additional output grating
coupler. The measurement result is shown in Figure 7. As shown in Figure 7a, the measured FSR
is about 2.5 nm, which is slightly larger than the designed value due to fabrication imperfection.
As shown in Figure 7b, the transmission spectrum shifts about 0.8 nm with a bias voltage of 3 V,
which corresponds to a VπL of 0.9 V·cm. The ﬁber-to-ﬁber optical loss is 11.2 dB, including the
conventional grating coupling loss of 4.8 dB and the bidirectional grating coupling loss of 4 dB,

151

Micromachines 2019, 10, 336

the MMI combiner insertion loss of 0.8 dB and the phase shifter insertion loss of 1.6 dB. If the new
coupling method is adopted and the conventional grating coupling loss can be possibly reduced
to 1.5 dB [23], the ﬁber-to-ﬁber loss of the silicon modulator can be decreased to lower than 8 dB.
High on-oﬀ extinction ratio of 27 dB is obtained for the MZI optical spectra, which indicates the near
perfectly 3 dB power splitting behavior of the grating.

Figure 7. Static characteristics of the modulator: (a) Spectra response of modulator with 2.4 nm FSR,
(b) Spectra response of modulator at diﬀerent reversed voltages.

Since the designed channel space is 2.4 nm, the FSR of 4 channels WDM should be larger than
9.6 nm. Thus, the radii of the microrings should be slightly smaller than 9.88 μm, and the radii
of four microrings are designed to be slightly diﬀerent to obtain WDM channel spacing of 2.4 nm.
Figure 8 shows the normalized optical spectra of microring multiplexer before and after thermal tuning.
The MR-based WDM obtains a uniform channel space of 2.4 nm after thermal tuning, and the overall
tuning power was 12.54 mW.

Figure 8. Normalized optical spectra of microring multiplexer before and after thermal tuning with a
channel space of 2.4 nm.

The dynamic high frequency characteristics of the WDM transmitter were tested. Monochromatic
light with wavelength of 1550 nm from a tunable laser is coupled to the chip by a polarization
maintaining (PM) ﬁber. The high speed PRBS data stream generated by SHF 12104A is ampliﬁed by
CENTELLAX OA4SMM4 microwave ampliﬁer with a typical gain of 17 dB to get suﬃciently high
driving voltage swing. The output RF signal from microwave ampliﬁer and DC bias are combined
by Anritsu K250 to provide reversed DC bias, and then launched into the modulator using a 40 GHz
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microwave probe. The optical output of modulator is detected by high-speed photo-receiver 1474-A,
and connected to an oscilloscope Agilent DCA 86100C for eye diagram observation. Figure 9 shows the
eye diagram measurement results. With the diﬀerential RF driving signals at 25 Gb/s, we demonstrate
that the optical output signals at all four channels have a clear eye opening with a healthy margin.

Figure 9. 25 Gb/s eye diagram of WDM transmitter with different wavelengths: (a) 1554 nm, (b) 1556.4 nm,
(c) 1558.8 nm, (d) 1561.2 nm.

The ﬁber misalignment tolerance on the modulator dynamic performance is investigated by
tuning the ﬁber position along the waveguide direction. Eye diagrams with ﬁber misalignment along
the waveguide direction are shown in Figure 10. From our simulation results of the grating splitting
behavior, it is indicated that the modulator performance is more robust to ﬁber misalignment around
the grating resonant wavelength of 1546 nm. However, the coupling eﬃciency of the bidirectional
grating coupler reaches a maximum near 1560 nm. Therefore, we choose a working wavelength of
1554 nm as a trade-oﬀ between the optical loss and the grating splitting sensitivity. The eye diagrams
don’t show any obvious deterioration within the waveguide direction misalignment range of ±2 μm,
and still open clearly when the horizontal direction misalignment range is as large as ±4 μm. Table 1
shows the characteristic parameters of this work and the references. As comparing with references,
the PVGCs-based modulator shows wider misalignment tolerance and reduced packaging diﬃculties
by avoiding angle alignment, and has potential to provide low cost optical interconnects solutions.

Figure 10. 25 Gb/s eye diagram of WDM transmitter at diﬀerent ﬁber oﬀset from the central position of
the grating coupler along the horizontal direction of waveguide: (a) +2 μm oﬀset, (b) −2 μm oﬀset,
(c) +4 μm oﬀset, (d) −4 μm oﬀset.
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Table 1. The characteristic parameters of this work and the references.
-

Ref [14]

Ref [18]

Ref [19]

This Work

Scheme
Speed
Channel Number
Channel Spacing
Vπ
Misalignment Tolerance

Ring WDM
10 Gb/s
4
0.8 nm
12 V
-

Ring WDM
12.5 Gb/s
4
3.8 nm
>3 V
-

Ring DWDM
10 Gb/s
5
0.5 nm
>4 V
-

MZI WDM
25 Gb/s
4
2.4 nm
4.5 V
±4 μm

4. Conclusions
We have experimentally demonstrated a 4 × 25 Gb/s WDM transmitter based on microring
multiplexer and asymmetrical MZI modulator with surface-normal optical interface. According
to our derivation, the modulation eﬃciency of the asymmetrical MZI modulator is higher than a
symmetrical MZI modulator. Beneﬁting from higher modulation eﬃciency and a diﬀerential phase
shifter of two arms, low voltage operation is achieved using a 2.5 V diﬀerential driving signal. By
utilizing bidirectional grating couplers, the WDM transmitter shows ultrawide misalignment tolerance.
The transmitter with ±4 μm ﬁber misalignment tolerance provides an attractive solution to the problem
of optical coupling between ﬁber and waveguide. The vertical grating coupler-based transmitter has
potential to provide low cost optical interconnect solutions and can serve as a photonic platform for
developing high bandwidth optical interconnects and optical computing systems in the next generation
of optical networks.
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Abstract: Here we report a quantum dot light emitting diode (QLED), in which a layer of
colloidal silicon quantum dots (SiQDs) works as the optically active component, exhibiting a
strong electroluminescence (EL) spectrum peaking at 620 nm. We could not see any ﬂuctuation
of the EL spectral peak, even in air, when the operation voltage varied in the range from 4 to 5 V
because of the possible advantage of the inverted device structure. The pale-orange EL spectrum
was as narrow as 95 nm. Interestingly, the EL spectrum was narrower than the corresponding
photoluminescence (PL) spectrum. The EL emission was strong enough to be seen by the naked
eye. The currently obtained brightness (∼4200 cd/m2 ), the 0.033% external quantum eﬃciency (EQE),
and a turn-on voltage as low as 2.8 V show a suﬃciently high performance when compared to other
orange-light-emitting Si-QLEDs in the literature. We also observed a parasitic emission from the
neighboring compositional layer (i.e., the zinc oxide layer), and its intensity increased with the driving
voltage of the device.
Keywords: quantum dot; silicon nanocrystals; light emitting diode

1. Introduction
Solid-state lighting in the form of light emitting diodes (LEDs) is expected to reduce global energy
consumption in the lighting industry [1,2]. Unlike phosphor-coated chips that control the current
commercialized LEDs, electric-driven LEDs oﬀer advantageous properties including structurally
admissible heavy carrier injection compared to phosphor-coated devices [3–5].
Devices with active layers of colloidal quantum dots (QDs) of semiconductors oﬀer an
advantageous electroluminescence (EL) performance, including color purity, high luminance (∼200,000
cd/m2 ), narrower spectra for emission (full-width at half maximum, fwhm < 40 nm), spectral tunability
of the emissions over a broad wavelength range from ultraviolet to near-infrared through to full-color
of visible, an operation voltage as low as 3 V, a stable emission under long-term operation even
at high current-density conditions, and a solution-based processability [6–8]. The best values of
external quantum eﬃciencies (EQEs) of red-emitting quantum dot light emitting diodes (QLEDs)
with conventional and inverted structures are currently 20.5% and 18.0%, respectively [9,10]. These
magnitudes are close to an energy conversion eﬃciency of a mercury lamp which works as a benchmark
for the industry. The high values of EQE require optically active (or emission) layers of cadmium-based
QDs such as CdSe covered with a shell of crystalline ZnS. However, Hazardous Substances (RoHS)
strongly restrict the use of toxic elements, including Cd, for electronic products. Due to the complete
ban of these elements in the future, recent eﬀorts have shifted toward fabricating heavy-metal-free
QLEDs. More recently, Yang and co-workers reported the InP/ZnSe/ZnS-based red QLED with a
6.6% EQE [11]. Xu and co-workers reported a pale-orange-emitting (λem = 625 nm) QLED in which
colloidal QDs consisting of CuInS2 -ZnS-alloyed (ZCIS) cores and ZnSe/ZnS double shells work as an
Micromachines 2019, 10, 318; doi:10.3390/mi10050318
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active layer [12]. The 6.6% EQE is the current record of EQE for solution-processed QLEDs exhibiting
visible emission.
Silicon (Si), which is abundant, is poised to become a safe alternative to Cd-based QDs [13].
Many studies have concluded that Si is nontoxic to the environment and the human body [14]. Bulk
crystalline Si exhibits poor optical performance due to the indirect bandgap nature, but the conﬁned
carriers in the nanocrystal with a diameter smaller than the bulk exciton Bohr radius (~5 nm) induce a
change in the energy structure. This situation allows for the overlapped wave functions of spatially
conﬁned carriers, leading to zero-phonon optical interband transitions for recombination, as a result
of the relaxation of the k-selection rule due to the Heisenberg uncertainty relation [15]. Passivation
of freestanding silicon quantum dots (SiQDs) with hydrogen atoms is the simplest way to form a
surface that negligibly inﬂuences the optical properties. Hydrogen-capping gives nonpolarity to
a surface, allowing the highest coverage while avoiding a surface that can remain unpassivated.
Therefore, most studies on theoretical modeling use the hydrogenated surface to investigate the
eﬀect of quantum conﬁnement (QC) generated in a “pure” SiQD. Analogous to the QDs of other
semiconductors, the space-conﬁnement-induced changes of the energy structure is expected to enhance
the photoluminescence quantum yield (PLQY), but the values remain low (~5%) for ncSi:H [16].
Simply substituting the SiQDs’ surface hydrogen atoms with alkyl chains, which yields a covalent
carbon–silicon linkage, their PLQYs increase to ~65% at maximum [17–20]. Such an enhancement
has been arguably observed for alkyl-terminated SiQDs with size-dependent PL bands peaking in
the 590–1130 nm range [16,21,22]. Currently, the enhancement is postulated to arise from an increase
in the radiative recombination rate [19], a dramatic reduction of the nonradiative channels [20,23],
or a bandgap modulation from indirect to direct transitions [24]. Such high values of the PLQY are
suitable as active layers for the QLED. To date, the EL spectra over a wavelength range from 625 to
850 nm have been reported from Si-QLED devices. The record values of EQE are as high as 8.6%
for near-infrared EL [25], 6.2% for red EL [26], 0.03% for orange EL [27], and 0.03% for white EL
emissions [28]. The shortest emission wavelength is currently around 625 nm for a Si-QLED, but its
EQE is as low as 0.0006% [27]. In order to form an image of superior color rendering, the enhanced
EQE of a pale-orange-light emitter (i.e., 600–630 nm range) is a challenging task.
In this study, we synthesized the colloidal ink of a pale-orange ﬂuorescent SiQD with an 8%
PLQY. The QD was used for the preparation of a Si-QLED with an inverted device structure. The
Si-QLED exhibits the EL spectrum peaking at 620 nm, which is included in the pale-orange emission
wavelength range.
2. Materials and Methods
2.1. Reagents and Materials
Triethoxysilane (TES) was purchased from TCI chemicals (Tokyo, Japan). 1-Decene was
purchased from Sigma-Aldrich (Saint Louis, MO, USA) and was used as received. Electronic
grade hydroﬂuoric acid (49% aqueous solution, Kanto Chemical, Tokyo, Japan), Toluene (High
Performance Liquid Chromatography, HPLC, grade), dicholrobenzene, ethanol, and methanol were
purchased from Wako chemical (Tokyo, Japan). Colloidal ink of zinc oxide (ZnO, Sigma-Aldrich),
4,4 -bis(carbazole-9-yl)biphenyl (CBP, 99.9% trace metals basis, Sigma-Aldrich), and molybdenum
(VI) oxide (MoO3 , 99.97% trace metals basis, Sigma-Aldrich) were used as received. Water was
puriﬁed and deionized using a Sartorius (Arium 611 UV, Sartorius AG, Göttingen, Germany) water
puriﬁcation system.
2.2. Preparation of Silicon Quantum Dots (SiQDs)
The synthesis of SiQDs was performed in a two-step process, according to our previous
papers [28,29]. Typically, TES was employed as a starting precursor. The hydrolysis product, i.e.,
(HSiO1.5 )n , of the TES was thermally disproportionated at 1050 ◦ C for 2 h in 5%/95% H2 /Ar atmosphere,
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yielding SiQDs dispersed in a SiO2 matrix. After cooling to room temperature, 300 mg of the brown
solid (i.e., Si/SiO2 composite) as powder was mechanically ground in an agate mortar with a pestle.
The ﬁne powder obtained was stirred for ~1 h in a mixture of ethanol and 48% HF (aq) to liberate
the QDs from the oxide. Then, the acidic solution was centrifuged at 15,000 rpm and washed with
ethanol and acetonitrile in that order. According to the analysis with Fourier transform infrared
(FTIR) spectroscopy, the precipitated product was a SiQD terminated with hydrogen atoms. Thermal
hydrosilylation was carried out in 1-decene at 200 ◦ C. We obtained a transparent brown-colored
solution at the same time as the solution temperature reached 200 ◦ C. The unreacted 1-decenes were
removed by a vacuum evaporator. Finally, the chloroform solution of the product was puriﬁed and
separated by gel permeation chromatography (GPC). The substitution of hydrogen atoms by a 1-decane
monolayer, yielding a carbon–silicon covalent linkage (i.e., decane-terminated SiQD, SiQD-De), was
experimentally conﬁrmed by FTIR. The GPC-treated samples were dried under vacuum conditions
and stored in Ar atmosphere prior to use for device fabrication.
2.3. Device Fabrication
Devices were fabricated on a glass substrate. A 150 nm thin ﬁlm of indium tin oxide (ITO)
uniformly sputtered on the glass gives a resistivity of 10–14 Ω/sq, which is good value for EL device
fabrication. ITO-coated substrates were prepared in a manner similar to conventional device fabrication.
Next, the colloidal ink of ZnO was spin-coated with a rotation speed of 2000 rpm. After baking the ﬁlm
at 120 ◦ C in air, the emission layer of the SiQD-De was spin-coated with a concentration of 10 mg/mL
in toluene with a speed of 1500 rpm. Then an organic layer of CBP with a thickness of 40 nm was
thermally evaporated. A 30 nm MoO3 layer was deposited with a vacuum level of 10−5 Pa by thermal
evaporation. Then the Al top electrode with a thickness of 150 nm was deposited to mask over the ﬁlm.
2.4. Optical Properties
Optical absorbance spectra were recorded using an ultraviolet-to-visible (UV–VIS)
spectrophotometer (JASCO V-650, Tokyo, Japan) with an integrated sphere by diﬀuse reﬂection
setup. A PL measurement at room temperature was carried out with a spectroﬂuorometer (NanoLog,
Horiba Jovin Yvon, Tokyo, Japan). For measuring the PL and PL excitation (PLE) spectra, we prepared
a chloroform solution of SiQD-De. Absolute PLQYs were measured by the standardized integrating
sphere method (C9920-02, Hamamatsu Photonics, Hamamatsu, Japan). To avoid the solvent eﬀect on
the PLQY, the values of the PLQYs were measured using the SiQD-De ﬁlms deposited onto quartz
glass substrates. The peak value of the PLQY was estimated to be ~8%. This value is lower than
those of red-emitting SiQDs and near-infrared (NIR)-emitting SiQDs but is close to the values for the
reported SiQDs which exhibit PL spectra peaking in the pale-orange color range.
2.5. Calculation of External Quantum Eﬃciency (EQE)
EQE was calculated as the ratio, per unit time, of the number of forward-emitted photons to the
number of injected electrons, Id /|e|, where Id is the current passing through the QLED device at an
applied bias, V. We can express this as
EQE(%) = Nphot × e Id × g × 100

(1)

where Nphot is the number of forward-emitted photons actually collected by the photodiode and the
geometric factor, g, accounts for the solid angle of the EL proﬁle (assumed to be Lambertian) subtended
by the photodiode, Ω = π⁄g:
g = (a2 + L2 )/a2
(2)
where a is the diameter of the active area of the photodiode and L is the distance between the emitting
QLED pixel and the photodiode. Nphot was calculated from the photocurrent output of the photodiode
in response to the detected EL. The photodiode current, divided by the responsivity value of the
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photodiode at the peak wavelength of the EL curve, gives the light output power from the LED device.
Then the number of photons is calculated by just dividing with hc/λ. Therefore, the simpliﬁed formula
we used for EQE is
EQE(%) =

I (Photodiode) × λ(peak) × electron charge × g × 100
R(λ) × hc × I (device)

(3)

where I(Potodiode) is the photocurrent, in which the dark current is subtracted, detected by the
photodiode (Hamamatsu S1336-8BQ) placed just below the EL device; I(device) is the device current;
R is the responsivity of the photodiode; and g is the conﬁguration factor of our measurement setup,
which we estimated was 4.
Brightness was also calculated from the EQE value and the EL spectrum. EL × CIE (Commission
Internationale de I’Eclairage) gives the typical human response. Total luminance intensity was
calculated by integrating the EL spectra over the whole wavelength range. Brightness was then
calculated by dividing by the active device area and 2π, as shown in the equation below:
Brightness or Luminance Cd/m2 =

683.002 × EL area under the curve normlaized × CIE × I (device)× EQE
2π×Device Area

(4)

3. Results and Discussion
The combined UV−VIS absorbance and scattering were studied via the Kubelka−Munk analysis,
as shown in Figure 1. We prepared a SiQD-De on a ﬁlm covering a 0.5 mm thick quartz glass substrate.
The very broad spectrum with a peak at 340 nm might be due to some polydispersion of SiQD-De.
The PL spectrum peak at 617 nm exhibits a narrow emission line but has a tail in a longer wavelength,
possibly due to polydispersion. The SiQD-De has a diameter of 1.8 nm according to the Scherrer
broadening analysis, corresponding to the PL band peak at 617 nm and 8% of an absolute PLQY.
The decay time of the PL was approximately ~15 s due to the energy structure retaining the indirect
bandgap character, corresponding to the literature [23].

Figure 1. Photoluminescence (PL) and plots of F[R∞ ] vs. wavelength for the powder form of the
decane-terminated silicon quantum dot (SiQD-De) specimen. F[R∞ ] of the powder form is the
Kubelka−Munk function, with F[R∞ ] = (1 − R∞ )2 /2R∞ .

Figure 2 schematically illustrates a device architecture and its ﬂat energy band diagram for
our Si-QLED that exhibits the EL spectrum peaking at 620 nm. The device was constructed on a
150 nm thick layer of the ITO cathode (resistivity = 10−14 Ω/sq). The anode was a 150 nm thick
Al ﬁlm deposited under a vacuum. As shown in the drawing, the QLED consisted of an inverted
device architecture with a multilayer structure, as reported in the literature [30,31]. In contrast to the
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conventional device structure, the electrons and holes were injected from the ITO and Al electrodes in
the inverted device structure, respectively. The multilayered structure used here has constituent layers
in the following order: ITO/ZnO/SiQD-De/CBP/MoO3 /Al. The local surface work function of the MoO3
ﬁlm was measured by photoelectron yield spectroscopy as 6.2 eV. According to the previous paper [30],
the values of the work function of MoO3 ﬁlms are inﬂuenced by the chemical composition of the ﬁlms.
In this work, a 30 nm thick MoO3 ﬁlm deposited in 10−5 Pa vacuum conditions provided a local surface
work function as low as ~6.2 eV. The electrons are transported to the SiQD layer through the electron
injection and transportation layers (EIL/ETL) of the ZnO nanocrystal layer. On the other hand, the
holes are transported to the SiQD layer through the hole injection and transportation layers (HIL/HTL)
of the MoO3 and CBP layers. As illustrated in the energy diagram, the layer of ZnO exhibits a low
electron aﬃnity (−4.3 eV), being close to the value of the ITO, to facilitate the injection of electrons,
leading to a low turn-on voltage. Furthermore, we expect that a low value in the work function of the
ZnO layer (−7.7 eV) possibly suppresses a hole leakage current.

Figure 2. Schematic representation and ﬂat energy band diagram of the pale-orange-light-emitting
silicon quantum dot light emitting diode (Si-QLED) with an inverted device structure.

Figure 3 illustrates a typical performance of the Si-QLED in terms of the device current−voltage,
the photocurrent−voltage, the luminance−voltage, and the EL spectrum compared to the PL spectrum.
Figure 3a shows the current−voltage (I−V) characteristics along with the photodiode J−V characteristics.
A calibrated Si photodetector (Hamamatsu S1336 8BQ, Hamamatsu Photonics) coupled with a Keithley
2423 was used for this measurement. The number of photons, collected directly with the photodetector,
emitted from the ITO side, increased with the current. The turn-on voltage, which is deﬁned as the
minimum applied bias where the QLED starts to emit light, was estimated from the photodiode J−V
characteristics. The estimated turn-on voltage was 2.8 V, which is as small as the value of the normal
Si-QLED emitting the light peaking at 625 nm [27]. It is reported that the turn-on voltage is inﬂuenced
by the device composition rather than the QD size [27]. Therefore, the observation of the low turn-on
voltage for our device conﬁrms the presence of a small barrier height for the charge injection into the
photoactive layer from the electrodes. Figure 3b plots the typical luminance curves as a function of the
applied voltage. The luminance reaches a value as high as 4200 cd/m2 at 5 V. The EL spectrum has a
peak at 620 nm which shifts 3 nm to red when compared to the corresponding PL spectrum, as shown
in Figure 3c. The EL spectrum is as narrow as 95 nm (~283 meV) fwhm, as evidenced in Figure 3c,
and is slightly narrower than the PL spectrum. The observation of the negligible spectral shift (~3
nm) and the value of fwhm smaller than the PL linewidth indicates the eﬀective suppression of the
quantum-conﬁned Stark eﬀect, although further study is needed for clariﬁcation of the mechanism. The
inset of Figure 3c shows a photograph of the QLED operating at 5 V, indicating that the light emitted
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from the QLED is suﬃciently bright and vivid to be visible to the naked eye even in an illuminated
room. However, the color purity of the pale orange was lower than our expectation in spite of the
narrow linewidth of the spectrum without an emission tail. The low purity of color might be due to
the appearance of another EL spectrum peaking at around 420 nm, while such a blue emission is not
observed in the PL spectrum. The EL spectra exhibit the voltage dependence, as shown in Figure 4.
The spectral proﬁle at 4 V bias shows the EL peak at 620 nm, and we see a small luminance contribution
(λem = ~420 nm) from a layer among the multilayers, leading to the low purity of the pale-orange color.
This parasitic EL emission at 420 nm might originate from the neighboring compositional layer of ZnO.
As the voltage increases, the parasitic EL intensity from the layer of ZnO increases. On the other hand,
the EL intensity originating from the ncSi-De layers also grows under increasing applied bias voltage.
There are two possible reasons to explain the appearance of the parasitic emission. First, according
to the ﬂat energy band diagram, there is an energy gap of 0.9 eV between the ZnO and the ncSi-De
layers. Due to this energy barrier that blocks the carrier transportation, some of the electrons injected
from the ITO electrode remained in the conduction minimum of ZnO, yielding the recombination for
blue EL. The other possible reason is that this unwanted emission in the blue range appears due to an
insuﬃcient thickness of ncSi-De [28]. A further extension of voltage is needed to discuss the underlying
physics in which the parasitic emission happens. Figure 4 demonstrates a couple of advantages of
the inverted device structure. First, there is no shift of the EL peak with increasing operation voltage,
indicating that the EL emission at 620 nm originates solely from the QD layer even in the high applied
voltage range. In contrast, it is well known that the EL peak shift to blue for conventional structures of
the QLED of semiconductors includes Si [25,26,32]. Second, the EL spectral shape is independent of
driving voltage. It is important to note that emission spectral characteristics, such as EL peak position
and shape, are not inﬂuenced by the presence of the parasitic emission spectrum. Therefore, the
observed stability of the EL characteristics could be due to a good conductivity in the band alignment
of HTL which leads to the diﬃculty in the buildup of the band-ﬁlling. In terms of the EL stability
under increasing operation voltage, the use of metal oxide layers (i.e., ZnO and MoO3 ) for the EIL/ETL
and the HTL/HIL takes advantage of the inherent robustness and protection of the interlayers from
oxidation. We measured the photocurrent as the EL output with a photodetector to estimate the EQE
and plotted the values in Figure 5 as a function of the injected current density. The peak value of
EQE was estimated to be 0.033%, which is currently a record value for a Si-QLED operating in the
pale-orange emission range. An enhancement of the EQE might be obtained by a good band alignment
of our inverted device structure. Decreasing the degree of the charged QDs, which leads to carrier loss
due to Auger recombination, would contribute to the enhanced EQE [33].

Figure 3. (a) Device I−V characteristics (black line) and photodiode I−V characteristics (red line), (b)
luminance−current density characteristics, and (c) a typical electroluminescence (EL) spectrum at the
operation voltage of 5 V (PL spectrum of the corresponding SiQD-De dispersed in chloroform). A
photograph demonstrates a representative pale-orange-light-emitting quantum dot light emitting diode
(QLED).
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Figure 4. EL spectra at three diﬀerent bias voltages.

Figure 5. External quantum eﬃciency (EQE) versus device current density.

4. Conclusions
A SiQD-based QLED, exhibiting a narrow EL spectrum peaking at 620 nm, was produced via the
solution-processed method. In this work, we synthesized a pale-orange luminescent sample of a SiQD
with 8% PLQY and used it for an active layer of QLED. The QLED, consisting of multilayers of an
inverted device structure, emits a pale-orange emission with 0.03% EQE, which is bright enough for
conﬁrming the emission by the naked eye even in an illuminated room. This work expands the tunable
emission range that is currently limited to between 640 nm and 850 nm. The coeﬃcient of optical
absorption for the SiQD is signiﬁcantly lower than those of QDs of II–VI and III–V semiconductors,
because SiQDs retain the indirect bandgap structure, consistent with the experimental observation
of a long PL decay time on a microsecond scale. Therefore, it is reasonable to consider that a SiQD
is not a good phosphor adaption for phosphor-coated chips in the development of a liquid crystal
display. However, a Si-QLED has the potential to become a good light emitter, because its poor optical
absorption character does not inﬂuence the EQE. Further improvement of the optical performance
of a Si-QLED toward the ﬁrst commercialization of a heavy-metal-free QLED requires a dramatic
enhancement of PLQYs even for visible-light-emitting SiQDs.
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Abstract: We have developed a novel phase modulator, based on ﬁn-type electrodes placed at
self-imaging positions of a silicon multimode interference (MMI) waveguide, which allows reduced
scattering losses and relaxes the fabrication tolerance. The measured propagation losses and
spectral bandwidth are 0.7 dB and 33 nm, respectively, on a 987 μm-long phase shifter. Owing
to the self-imaging eﬀect in the MMI waveguide, the wave-front expansion to the electrode was
counteracted, and therefore, the scattering loss caused by electrode ﬁns was successfully mitigated.
As a proof-of-concept for the MMI-based phase modulator applications, we performed optical
modulation based on Mach–Zehnder interferometers (MZIs). The π shift current of the modulator
was 1.5 mA.
Keywords: silicon photonics; modulator; multimode interferometer; photonics integrated circuit;
carrier plasma; Mach–Zehnder interferometers

1. Introduction
Silicon (Si) photonics densely integrate optical devices, incorporating P–N junctions that enable
the development of advanced devices, such as high-speed modulators, matrix switches, and variable
attenuators [1–7].
One of the most common problems in Si photonics is the combination of channel waveguides and
rib waveguides. Rib structures need large bending radii, which can cause large footprints. Combining
a channel waveguide and rib waveguide is ideal for realizing more compact Si photonic circuits.
However, a major issue in silicon photonics is the cost. Additional masks and processes are required to
fabricate a rib structure [8].
Therefore, in this paper, we propose a novel optical phase modulator with a ﬁn-type electrode
based on a multimode interferometer (MMI) waveguide. It is noteworthy that our phase modulator
has a wide working wavelength range. Furthermore, it can be fabricated at a low cost, because the
minimum line width for processing the modulator is 0.4 μm.
2. Principle and Design
2.1. Princple
We used the carrier-injection method for fabricating a phase modulator composed of an MMI, as
shown in Figure 1. The phase modulator is comprised of a multimode waveguide and is connected to
a single-mode waveguide. The MMI causes periodic self-imaging of an input ﬁeld proﬁle [9].
As shown in Figure 1b, the electrode ﬁns are placed at a distance where the self-imaging of an
input ﬁeld occurs. As a result, the scattering loss in the phase modulator caused by the electrode ﬁns
is reduced.
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(a)

(b)

Figure 1. Schematic of (a) a Mach–Zehnder interferometer modulator with a multimode interferometer
(MMI) phase modulator, and (b) a phase modulator based on MMI.

2.2. Design of the Phase Modulator
First, we determine the MMI length of the phase modulator via ﬁnite-diﬀerence time domain
calculations under transverse electric-like polarization. The width of the MMI waveguide is ~1.2 μm,
and the Si layer thickness is 0.2 μm, which provides a period length of 2.35 μm for self-imaging. A
taper was inserted between the single-mode and multimode waveguides for reducing the connection
loss. The length of the taper was 9 μm, and the width increased from 0.4 μm to 0.85 μm.
Next, we simulated propagation loss in the waveguide with electrode ﬁns. Figure 2a shows the
calculation model of the MMI phase modulator; the electrode width is deﬁned in Figure 2b. Figure 2c
shows the propagation loss in the multimode waveguide as a function of the electrode width. Figure 2c
indicates that increasing the electrode width increases the propagation loss. However, the propagation
loss in the waveguide with an electrode width of 0.4 μm is suﬃciently thin for practical application. In
addition to the propagation loss, the fabrication process was optimized for a line width of 0.4 μm. We
ﬁxed the width of the electrode ﬁn to 0.4 μm for the above reasons.

(a)

(b)

(c)

Figure 2. (a) Numerical calculation model of MMI phase modulator, (b) magniﬁed drawing of electrode
ﬁn, and (c) transmittance (based on calculation results).

2.3. Device Structure of the Optical Modulator
Our optical modulator is based on Mach–Zehnder interferometers (MZIs). We fabricated our
MZI-based modulator using the MMI phase modulator with ﬁn-type electrodes, as shown in Figure 1a.
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We fabricated two types of MZI modulators. One modulator had a diﬀerent optical path, referred so as
an asymmetric MZI. The other has the same optical path, called a symmetric MZI.
Figure 3 shows the layout of the phase modulator based on an MMI. The length of the electrode
ﬁn is 1.4 μm. The P–N region at the side of the MMI phase modulator comprises highly doped P
(4 × 1015 cm−2 ) and N (1 × 1015 cm−2 ) regions. This modulator only needs P and N regions. The gap
between the P-type and N-type areas is 2 μm. A 0.5-μm-thick aluminum (Al) electrode is deposited on
silicon (Si). The Si waveguide and Al electrode are covered with a 3-μm-thick oxide silicon layer and a
4-μm-thick SiO2 layer as the upper cladding layer. A 0.3-μm-thick tantalum layer was deposited on
SiO2 as the heater.

Figure 3. Layout of a phase modulator based on MMI.

Figure 4a shows the scanning electron microscope (SEM) images of the MMI phase modulator
with ﬁns before the deposition of the oxide silicon layer. Figure 4b shows the optical microscope image
of the MZI-based modulator formed using this MMI phase modulator with electrode ﬁns.

(a)

(b)

Figure 4. (a) Scanning electron microscope (SEM) image of an MMI waveguide with ﬁns, and (b) an
optical microscope image of a Mach–Zehnder interferometer (MZI) modulator formed using an MMI
phase modulator. Orange lines indicate the scale.
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3. Experimental Results
3.1. Propagation Loss and Transmission Spectrum of a Multimode Interference Phase Shifter
We outsourced the fabrication of the photonics-integrated circuit. The foundry used electron
beam lithography for the fabrication. The pitch here is about 0.4 μm, and we can achieve this with
deep ultraviolet (UV) lithography, which has low cost for mass production. We fabricated four types of
MMI waveguides with ﬁns for measuring the propagation loss, as shown in Figure 5; in this ﬁgure, #1
represents 47 μm of the MMI waveguide length with ﬁns, which is the same shape as was obtained via
numerical calculation. Furthermore, #2 represents the 20 stages of cascade connections for 47 μm of the
MMI waveguide length with ﬁns. It is diﬃcult to estimate small propagation losses in these samples.
Therefore, we prepared #2 as a cascade connection of #1. In addition, #3 represents 987 μm of the MMI
waveguide length with ﬁns. Finally, #4 represents 1927 μm of the MMI waveguide length with ﬁns.

Figure 5. (a) Four types of MMI waveguides with ﬁns for measuring propagation loss, and magniﬁed
drawing of (b) waveguide #1, (c) waveguide #2, and (d) waveguide #3.

The light of the laser source is injected in the input facet of the device by butt coupling through
a focused single mode ﬁber, and it is collected with a multimode ﬁber. The wavelength of the laser
light was 1550 nm. For comparison, we measured the insertion loss in a single-mode waveguide with
diﬀerent lengths on the same wafer. To extract the propagation losses of the MMI waveguide, we drew
a linear regression of the output power versus the length of devices 1, 3, and 4, as shown in Figure 6.
We evaluated the insertion loss of an MMI waveguide with ﬁns as 1.1 dB/mm from the coeﬃcient of
the result of the linear regression. The oﬀset value of the linear regression of 9.2 dB, including the
connection loss of a pair of tapers and the coupling loss at both the input and output ends between
the spot size converter (SSC) and ﬁber. Assuming that the insertion losses and the propagation losses
of the MMI waveguide are the same, we can predict the insertion loss of an MMI waveguide with
0.94 μm of length as 10.28 dB. However, the insertion loss of #2 was 11.74 dB, as shown in Figure 6. We
consider that the diﬀerence is caused by the cascade connection of tapers. The diﬀerential number of
tapers between waveguide #2 and #3 is 19 pairs. We estimated that the connection loss of a pair of
tapers is 0.08 dB. The propagation loss in the straight waveguide on the same wafer was 0.32 dB/mm;
there are 422 ﬁns per 1 mm of MMI waveguide. We evaluated the scattering loss of a ﬁn as 0.0018 dB.
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We considered that the insertion loss of the MMI waveguide with ﬁns is considered suﬃcient for
practical use.

Figure 6. Length dependence of the insertion loss of an MMI waveguide with ﬁns.

We measured the transmission spectrum for 987 μm of the MMI waveguide length with ﬁns. We
input light waves emitted from a super-luminescent laser diode (SLD) into the MMI waveguide with
ﬁns with a tapered ﬁber, and measured the transmission spectrum using an optical spectrum analyzer
(OSA). As a reference, we measured the spectrum of the SLD. Figure 7 shows the transmission spectrum
of the MMI waveguide with ﬁns. The full width at half maximum (FWHM) in the transmission
spectrum of the MMI waveguide with ﬁns was 33 nm. We decided that 987 μm of length would be
appropriate for phase modulators, owing to the aforementioned reason.

Figure 7. Transmission spectrum of an MMI waveguide with ﬁns.

3.2. Shift in Transmission Spectrum and Modulation by Current Injection
First, we measured the shift in the transmission spectrum of the asymmetric MZI modulator. We
contacted the P and N electrodes with needle probes and injected the forward bias current. We input
light waves delivered from the SLD into the MZI modulator with a tapered ﬁber, and measured the
transmission spectrum with the OSA. Figure 8 shows the output spectrum of the MZI modulator under
injection currents of 0 mA and 10 mA. On increasing the injection current, the peaks shifted toward
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shorter wavelengths. When the carrier plasma eﬀect occurs, increasing the carrier density decreases
the refractive index. On the other hand, increasing the temperature will increase the refractive index.
We conﬁrmed that this wavelength shift was caused by the carrier plasma eﬀect.

Figure 8. Shift in transmission spectrum of an MZI-based modulator with an MMI phase modulator
caused by current injection.

Next, we attempted to modulate light waves. We input laser light into the symmetric MZI
modulator with a tapered ﬁber and coupled the output light with a multimode ﬁber. The wavelength
of the light was 1550 nm. We applied alternating current (AC) at 10 MHz to the MZI modulator. The
optical output was detected using an optical/electrical converter (1444-50, Newport, Irvine, CA, USA).
Electrical signals were captured by using a sampling oscilloscope (MSO4104, Agilent, Santa Clara, CA,
USA). Figures 9 and 10 show the measurement results of the modulated light waves. We measured
output power, as a function of the injection current. It appears that the injection current reached the
half-wave current, because both the ceiling and ﬂoor of the waveforms were distorted.

Figure 9. Output power of an MZI modulator with MMI phase modulator driven by alternating current
(AC) power.
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Figure 10. Injection current dependence of output power of an MZI modulator with an MMI
phase modulator.

4. Discussion
Here, we discuss the issues pertaining to MMI phase shifters. When light passes through an MMI
structure, internal reﬂection occurs. In our experiment, we observed some ripples, which are indicated
in the transmission spectrum shown in Figure 8.
The free spectrum range (FSR) of a Fabry–Perot resonator is expressed as
FSR =

λ2
,
2nr l

where λ is the wavelength, and nr and l represent the refractive index and length of the cavity,
respectively. The period of the ripples in the transmission spectrum of the MMI waveguide shown in
Figure 8 is 0.55 nm; the measurement wavelength is 1.55 μm. The length of the phase shifter is 987 μm.
The refractive index of the silicon waveguide was calculated to be 2.1. Since not one mode but a few
modes propagate through an MMI waveguide, we calculated the FSR of the MMI waveguide with an
average refractive index; the FSR was predicted to be 0.57 nm. The calculated FSR agrees with the
period of the ripples in the transmission spectrum.
However, the transmission spectrum of the MMI waveguide shown in Figure 7 has two types of
ripples. The period for one type of ripple is 5 nm, and that for the other type is 0.55 nm. The ripple
with a 0.55 nm period was attributed to the internal reﬂection in the MMI waveguide. The ripple with
a 5 nm period corresponds to 11 μm of cavity length. The length of one of the tapers is 9 μm, while the
other is close to 11 μm. The ripple with a 5 nm period is considered to be caused by a taper.
The period of the ﬁns in the MMI phase shifter was 2.35 μm. The FSR for a period of 2.35 μm is
expected to be 24 nm. However, 24 nm ripple periods are not observed in either Figure 7 or Figure 8.
Hence, we assume the design of the ﬁns to be satisfactory.
5. Conclusions
We fabricated and demonstrated a phase-shifting structure suitable for silicon photonics circuits.
A phase-shifter based on an MMI was constructed from multimode waveguides and electrode ﬁns
placed at a distance where the self-imaging of an input ﬁeld occurs. Self-imaging at the center of the
MMI-based phase shifter counteracted the wave-front expansion, thus mitigating the scattering loss
caused by the electrode ﬁns.
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The proposed phase modulator does not need the half-etching process. The minimum linewidth
was 0.4 μm, and a low-cost lithography process was suﬃcient for this modulator. In addition to the
low minimum line width, this phase modulator required only P+ and N+ regions. Therefore, the
fabrication process was simpliﬁed, and the costs were reduced.
We fabricated MMI-based multimode waveguides with ﬁns and evaluated the insertion loss into
them. The propagation loss for 987 μm of the MMI waveguide length with ﬁns was 0.7 dB higher
than that for the same length of a single-mode waveguide. The FWHM in the transmission spectrum
of the phase shifter with electrode ﬁns was 33 nm. The propagation loss was small enough, and the
FWHM in the transmission spectrum of the phase-shifter with electrode ﬁns was wide enough for
practical applications.
We injected current into the fabricated modulator and measured the change in the transmission
spectrum. The shift in the spectrum indicates that the working of this modulator is governed by the
carrier plasma eﬀect. We demonstrated the modulation of light waves by applying AC to the modulator.
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