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Abstract—Datacenters become an important part of technical infrastructure. The Datacom traffic
grows exponentially to satisfy the demands in IT services, storage, communications, and networking
to the growing number of networked devices and users. High bandwidth and energy efficient optical
interconnects are critical to improve overall productivity and efficiency in data centers. Mega-data
centers are expected to address the power consumption and the cost in which optical interconnects
contribute quite a large part. Silicon photonics is a promising platform to offer savings in power and
potential increase in bandwidth for Datacom. Several modulation techniques are developed in silicon
photonics to reduce the optical mode volume or enhance the light matter effect to further improve
the modulation efficiency. Many other materials such as III-V and LiNbOj are integrated on silicon
photonics to maximize the optical link performance. This paper reviews several modulation techniques
for Datacom, from vertical-cavity surface-emitting laser (VCSEL) direct modulation to silicon photonics
modulators then to hybrid silicon modulators.

1. INTRODUCTION

The Datacom traffic has grown tremendously due to the cloud computing and applications in video
streaming, Artificial Intelligence (AI), and Internet of Things (IoT). The large amount of data demands
mega-data centers with high bandwidth and energy efficient optical interconnects. Currently vertical-
cavity surface-emitting laser (VCSEL) based interconnects are the simplest, most power efficient and
cost-effective optical links for Datacom. However, bandwidth and distance scaling are limited due
to the discrete components and multimode transmission. To extend the transmission distance, single-
mode long-wavelength VCSELSs are being investigated which require epitaxial regrow with buried tunnel
junction (BTJ) and suffer less index contrast distributed Bragg reflectors (DBRs) [1]. It results in more
complicated fabrication and lower modulation speed. Indium phosphide (InP) is a favorable platform
due to the high integration and the complete functionality for building components, including lasers,
modulators, photodiodes, couplers, and wavelength (de)multiplexers. Directly modulated distributed
feedback lasers (DFBs) or electroabsorption (EA) DFBs in InP platform have been demonstrated
for 400 GbE [2]. However, the fragile nature of InP has difficulties to scale the wafer size, and the
complementary metal-oxide-semiconductor (CMOS) noncompatibility for InP platform may result in
not low enough cost for applications in mega-data centers.

Silicon photonics is an alternative attractive platform due to its CMOS compatibility and high
integrability [3]. Key components except laser sources have been developed in silicon photonics.
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Heterogeneous integration has been investigated to resolve the laser source bottleneck which enable
complete functionality in silicon photonics platform [4]. The plasma dispersion effect based silicon
photonics Mach-Zehnder (MZ) modulators at data rate of > 100 Gb/s have been demonstrated [5].
However, the weak silicon plasma dispersion and free carrier absorption in silicon cause the low
modulation efficiency, resulting in a device length of around a few millimeter for MZ modulators. Many
efforts have been investigated to improve the modulation efficiency and reduce the device footprint.
High quality-factor cavity assisted silicon modulators using resonators have been proposed which
tremendously reduce the modulator size to < 10 um diameter [6]. Compared to conventional silicon
MZ modulators, slow-wave effect based photonic crystal silicon modulators with more than 10x smaller
size have been demonstrated [7]. Surface plasmon-polaritons (SPP) based modulators have attracted
due to the strong optical confinement [8]. However, they usually suffer high insertion loss. Hybrid
silicon modulators, e.g., ITI-V on silicon and LiNbOg on silicon, based on quantum-confined Stark effect
(QCSE) [9], plasma dispersion effect, or Pockels effect [10] using heterogeneous integration are also
being investigated to enhance the modulation efficiency or the bandwidth.

Besides the work on improving device performance, other techniques such as advanced modulation
scheme (e.g., four-level pulse amplitude modulation (PAM4)), analog coherent modulation [11],
wavelength division multiplexing (WDM) or space division multiplexing (SDM) [12] are utilized to
increase the Datacom bandwidth. In this paper, we review several modulation techniques for Datacom,
from VCSEL direct modulation to silicon photonics modulators then to hybrid silicon modulators. The
paper is organized as follows: Section 2 discusses VCSEL interconnects. Silicon photonics modulators,
including Mach-Zehnder modulators, microring modulators, and photonic crystal modulators, are
reviewed in Section 3. Section 4 reviews hybrid silicon modulators in which electroabsorption modulators
and electro-optic modulators are discussed and compared. A discussion about all different types of
modulators is presented in Section 5. Finally, Section 6 concludes the paper.

2. VERTICAL-CAVITY SURFACE-EMITTING LASERS

Currently VCSEL based interconnects are the simplest and most widely deployed short-reach optical
links. These are based on directly modulated 850 nm VCSEL/photodiode (PD) arrays operating
at 25/50 Gb/s coupled to multimode fiber using low cost injection molded micro-optics. Most high
performance computing (HPC) systems or data centers today utilize these links in the form of parallel
optical modules, active optical cables or industry standard pluggable optical transceivers. Unlike its
Telecom counterpart, there has been little progress in the use of multiple wavelengths in VCSEL based
optical links. In recent years, shortwave wavelength division multiplexing (SWDM) VCSEL links with
wavelengths at 850 nm, 880 nm, 910 nm, and 940 nm have been demonstrated which achieved 4 x50 Gb/s
non-return-to-zero (NRZ) signaling over a 50m OM4 multimode fiber [13]. VCSELs in the 1000 nm
wavelength range are attractive due to their high speed performance over temperature and simple flip-
chip reflowed assembly [14]. A 4 x 6 coarse WDM (CWDM) transmitter/receiver (Tx/Rx) optical
module based on this technology has been demonstrated with an aggregate throughput of more than
1Th/s [15].

A schematic of the VCSEL based co-packaged CWDM optical module is shown in Fig. 1. Bottom
emitting VCSELSs (990, 1015, 1040, and 1065 nm) were chosen due to the ease with which they can be
flip-chip solder reflowed onto the printed circuit board (PCB) substrate. The integration of a collimating
lens on the VCSELSs eliminate the need for a separate optical element along with the additional serial
alignment process step. The collimated output beam from the lensed VCSEL improve the lateral
alignment tolerance to the zig-zag multiplexer/demultiplexer (Mux/DeMux) assembly. The VCSELSs
are nominally of the same design with modifications to the DBR, oxide and quantum well layers to adjust
for the emission wavelength range of over 75 nm. Strain compensation allows the use of highly strained
InGaAs quantum wells resulting in higher differential gain and better over-temperature performance [16].
VCSEL optical spectra with CWDM filter transmission band is shown in Fig. 1(b). Good spectral
alignment between the VCSELs and bandpass filters results in a low optical crosstalk of better than
35dB between channels. A 25nm channel spacing was chosen to allow for manufacturing variations
of VCSELs and filters while removing the need for temperature control of the VCSEL wavelength,
improving yield and reducing cost. For the receiver, a two dimensional (2D), lensed, bottom entry
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Figure 1. (a) Prototype co-packaged CWDM optical Tx/Rx module showing Mux/DeMux, OE array,
IC, and output fiber; (b) VCSEL optical spectra with CWDM filter transmission band [15].
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Figure 2. (a) PD and VCSEL arrays on organic substrate with socket, (b) an optical connector with
Mux/De-mux, and (c) an assembled CWDM Tx/Rx module [15].

InGaAs p-i-n PD array is placed next to the VCSEL arrays.

Application-specific integrated circuit (ASIC) and optical input/output (I/O) co-package solution
is the promising approach to scale the Datacom bandwidth capacity. This complete co-package solution
is compatible with lead-free solder reflow processes allowing the direct integration of the co-package
solution onto a PCB assembly without the need for a separate electrical connector. As shown in Fig. 2,
the assembled CWDM optical module with a capacity of 1.2Tb/s in a volume of about 1cm?. The
co-package solution can be tiled horizontally around a switch chip to provide for a very high density
multi-Terabit per second optical 1/0O.

Data rates and wavelengths are two dimensions to scale the VCSEL optical link capacity. Advanced
modulation scheme, such as PAM4, has become IEEE standard for 400 Gb Ethernet. PAM4 signaling
can double the data rates by sending two bits per symbol compared to NRZ. To increase the number
of wavelength per fiber, multimode fiber (MMF) manufacturers have developed OM5 MMF to provide
sufficient bandwidth from 850 to 950 nm. It has been shown that 100 Gb/s VCSEL PAM4 transmission
across four wavelengths (850, 880, 910, 940 nm) is feasible in OM5 MMF [17]. To meet the demand of
continual growth of Datacom, more wavelengths are needed to scale the VCSEL link capacity. Eight
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wavelengths (850, 880, 910, 940, 970, 1000, 1030, 1060 nm) with 30nm channel spacing over OMS5
MMF are being investigated. Error-free 100 Gb/s PAM4 transmission over 100m OM5 MMF using
two-end wavelength (850 and 1060 nm) VCSELs has been successfully demonstrated [18]. However,
eight wavelength Mux/DeMux using dielectric filters will be a challenge due to the required angle
and z-y alignment over eight wavelengths. Photonic integrated circuits (PIC) on silica, silicon or
SigNy have been demonstrated to achieve CWDM/DWDM with eight wavelengths or more using Mach-
Zehnder interferometer (MZI) based lattice filters [19], arrayed waveguide gratings (AWG) [20], or
Echelle diffraction gratings (EDG) [21]. How to integrate VCSEL on PIC with low loss is critical to
scale the bandwidth capacity of VCSEL links.

Mega-data centers are a result of data center consolidation to minimize the operational cost and
the power consumption. Numerous companies are moving toward mega-data centers to take advantages
of reduced complexity, improved energy efficiency and simpler management infrastructure. Nowadays,
VCSEL interconnects in high performance computers or data centers are based on 850 nm VCSEL/PD
arrays coupled to MMF. However, the transmission distance is limited to 100-200 m with 850 nm
multimode VCSELs. VCSEL link distance extension techniques have been investigated to extend the
transmission distance to a few kilometers for mega-data centers. 1060 nm single-mode VCSELSs over
2km using single mode fibers have been demonstrated at 40 Gb/s NRZ [22] and 50 Gb/s PAM4 [23].
In addition, long-wavelength (1310/1550 nm) VCSELSs have also attracted researchers’ interest. More
than 10 km transmission distance using long-wavelength VCSELs with 3 dB bandwidth of 17-18 GHz has
been demonstrated [24, 25]. Typically, long-wavelength VCSELSs using InP quantum wells are not able to
use GaAs/AlGaAs DBRs which cannot utilize the oxidation process to confine the current flow and the
optical modes. Instead, InP long-wavelength VCSELS require to grow buried tunnel junction (BTJ) and
dielectric mirrors, or use regrown tunnel junction combined with wafer-fused GaAs/AlGaAs DBRs [26],
which increase the complexity of the device fabrication. Dilute nitride (GaInNAs/GaAs) VCSELs are
an alternative approach to realize long lasing wavelength [27]. The high speed performance still needs
to be improved and the epitaxial grow using metal organic chemical vapor deposition (MOCVD) for
massive production is also an ongoing challenge.

Compared to VCSEL interconnects, optical interconnects using external modulators are able to
achieve higher data rates thanks to the simpler mechanism of modulators and longer transmission
distance due to the single-mode operation and less frequency chirp. Moreover, moving from discrete
components (e.g., VCSEL interconnects) to integrated platform (e.g., silicon photonics interconnects)
can use DWDM or analog coherent optics to further scale the bandwidth capacity.

3. SILICON PHOTONICS MODULATORS

Silicon photonics modulators have been developed for more than a decade since the first breakthrough
in the GHz modulation frequency on a silicon waveguide [28]. In order to meet the requirements of
higher capacity and long-haul communications, big data applications and high-performance computing,
etc., silicon photonics modulators are investigated to achieve higher modulation efficiency, larger
bandwidth, lower loss, lower power consumption and complex modulation formats. As transceiver
circuitry consumes the major power in an optical link, silicon photonics modulators with higher
modulation efficiency play an important role for saving power consumption. Currently most silicon
photonics modulators can achieve tens of GHz of electro-optic (EO) bandwidth benefited from the
study of modulation mechanism, optimization of doping profile, precision process and design of driving
electrode. Optical modulators are able to realize integration with driver circuits to reduce the package
complexity and the cost as well as minimize electrical parasitics for short-reach or even on-chip optical
interconnects. The monolithic integration of silicon photonics modulators with drivers in full digital
electronics CMOS processes has been reported [29-31]. Silicon photonics modulators have been used in
industrial transceiver modules for 100 and 400 Gb/s data center applications [32-34].

The properties of the light in silicon waveguides are mainly changed through the change of the
refractive index of waveguides including real and imaginary parts. The two common methods to change
the refractive index of silicon waveguides are based on the thermo-optic effect and the plasma dispersion
effect. The thermo-optic effect is usually used in low-speed optical switches [35] or phase control driven
by non-high-speed information [36]. The most high-speed silicon photonics modulators are operated
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based on the plasma dispersion effect. The changes of index and absorption loss due to the change of
free carriers are described by the classic Drude model [37]
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where q, ¢, €9, n, and A are the elementary electronic charge, speed of light in vacuum, permittivity of
free space, unperturbed material refractive index, and light wavelength in vacuum, respectively. AN,
and AN}, are the respective concentration change of electrons and holes. Two material parameters,
conductivity effective mass my,, m};, and mobility p., p5 for electron and hole, respectively, differentiate
the plasma dispersion effect in different materials.

Three common types of silicon photonic modulators [38], carrier-accumulation, carrier-injection,
and carrier-depletion modulators, are shown in Fig. 3. Carrier-accumulation modulators (Fig. 3(a))
have a silicon oxide thin layer as an isolator in waveguides to form a capacitor. When the bias voltage
increases, the number of free carriers on the capacitor increases as well as the effective index of the
optical mode [39]. The carrier-accumulation modulators usually have high modulation efficiency, e.g.,
a voltage-length product VL lower than 0.2 V.-cm has been demonstrated in [40]. However, polysilicon
deposition is often required for the fabrication of carrier-accumulation modulators, which results in high
loss and not compatibility with SOI platform [40, 41]. Furthermore, high modulation efficiency stemmed
from their large capacitance is also at the expense of the large RC time constant. In carrier-injection
modulators (Fig. 3(b)), n-type and p-type doped regions are separated by intrinsic silicon which form a p-
i-n diode. Carrier-injection modulators based on forward-biased p-i-n junctions are another alternative
with high modulation depths and rapid bias-based resonance wavelength tuning capabilities [42,43],
but their speed is limited by both long minority carrier lifetimes and series resistance effects [44]. For
carrier-depletion modulators (Fig. 3(c)), n-type and p-type doped regions are abutted in the waveguide
which form a p-n diode. Carrier-depletion modulators are getting more popular due to their more
straightforward fabrication process and flexible design, which is promising for high speed and high
efficiency at the same time. More than 100 Gb/s data rate with VL of 1.4 V-cm has been reported [45].
The modulators discussed in the following are based on carrier-depletion except for special instructions.

() (b) ©)

Figure 3. Cross section views of three silicon photonic modulators: (a) carrier accumulation, (b)
carrier injection, and (c) carrier depletion.

Here are four metrics to describe the performance of silicon photonic phase shifters: modulation
efficiency, modulation bandwidth, insertion loss, and power consumption per bit (energy efficiency). V,L
with a unit of V-cm is a key parameter to describe the efficiency of phase shift which the required driving
voltage applied on a 1cm long phase shifter for a m phase change. Obviously, the larger capacitance C
in the modulation region has a larger modulation efficiency. In addition, the power consumption per bit
is Epyy = CV? /4 [46], which has a linear relationship with the capacitance C but a square relationship
with the voltage V. Therefore, the increase of the capacitance C may reduce the power consumption
due to the reduced driving voltage V. The higher capacitance can be achieved by implanting higher
doping concentration in the PN junction. However, higher doping concentration leads to larger free
carrier absorption and consequently increases the light propagation loss in waveguides. Although the
higher doping concentration results in lower series resistance, the modulation bandwidth limited by the
RC time constant may or may not be affected, which depends on the PN junction design. Another way
to improve the modulation efficiency and then reduce the power consumption is to increase the overlap



124 Wang et al.

of the PN junction and the optical mode, which may increase the design and fabrication complexity. In
general, the design of silicon optical phase shifters is necessary to consider the tradeoffs of these metrics.

3.1. Silicon Photonics Mach-Zehnder Modulators

The most popular type of silicon photonic modulators is based on Mach-Zehnder interferometers (MZI)
which converts the change of the phase shifts of two arms into the change of the MZI output amplitude
via constructive or destructive interference. The basic structure of doping regions in carrier-depletion
phase shifter can be classified into three categories: vertical, horizontal and interdigital PN junction. As
shown in Fig. 4(a), the vertical PN junction has a larger junction area, therefore, a larger capacitance
compared to a horizontal PN junction (Fig. 4(b)) since the waveguide width is often designed to be
larger than its height [47]. However, it requires top-contact electrodes and silicon regrow on the upper
surface, which is not compatible with traditional rib waveguides. Although some doping techniques
in vertical direction such as in situ doping [48] or alternating implantation and epitaxial overgrowth
steps [49] have been proposed, the fabrication process is still complex. Most of researchers choose a
horizontal PN junction in the center of the rib waveguide with the same width of P and N areas due to
the straightforward fabrication process of the doping profiles, as shown in Fig. 4(b), which can achieve
40-50 Gb/s data rate with doping profile optimization [50, 51]. As shown in Fig. 4(c), the interdigitated
PN junction has larger depletion area, which reduces the voltage-length product to 0.56 V-cm [52].
Furthermore, this type of PN junction has large tolerance to the junction misalignment [53]. These
three types of PN junctions can be combined together to achieve low VL and propagation losses as
shown in Fig. 4(d) [54].

Due to the straightforward fabrication process and flexible doping profiles in horizontal PN junction,
the performance of phase shifters using horizontal PN junction has been improved in terms of the
modulation efficiency, the bandwidth, and the loss. Since the influence of p-type carrier concentration
on refractive index is greater than that of n-type carrier concentration [37], the PN junction can have
offset from the center of the waveguide to improve the modulation efficiency and reduce the loss as
shown in Fig. 4(e). This structure has been used in many high-performance modulators assisted by
other techniques such as self-aligned fabrication process [55], single-drive for push-pull [50] and doping
concentration optimization [56]. Since most of the field energy is concentrated in the middle of the
waveguide, doping in the non-intermediate region has little impact on the change of refractive index
and only brings additional losses. As shown in Figs. 4(f) and 4(g), the doping concentration in these
regions can be reduced or removed [57, 58], such as the PIPIN type junction (Fig. 4(f)) and reduced
doping concentration in two corners of a rib waveguide (Fig. 4(g)). A PN junction fabricated by
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Figure 4. Schematics of the PN junctions in various silicon carrier-depletion modulators: (a) vertical
PN junction, (b) horizontal PN junction, (c) interdigital PN junction, (d) combination of three
types of PN junction, (e) horizontal PN junction with offset, (f) PIPIN junction, (g) reduced doping
concentration in two corners and (h) angled implantations.
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angled implantations was also proposed for polarization independence modulator [59] or high modulation
efficiency [60], as shown in Fig. 4(h). Fabrication tolerance also needs to be considered in the design
of a PN junction. The misalignment of the PN junction could affect the modulator performance since
the most of the optical power is confined in the center of the waveguide [61]. The self-aligned process
technique has been developed to achieve perfect alignment by defining the waveguide and implantation
area in the same lithography step [55,57]. Table 1 summarizes performances of MZ modulators with
aforementioned typical doping profile techniques.

Table 1. Performance comparison of silicon photonics MZ modulators with different doping profiles.

Length Datarate ER IL V,, VL Concentration

Reference 3 Technology
(mm) (Gbps) (dB) (dB) (V) (Veem)  (cm™®)
P: 2 x 10%7
[62] 0.75 60 4.4 2 6 1.8 N 9 % 1017 Offset, precisely aligned
12 %
P: 3 x 1077
[57] 0.95 40 3.2 4.5 6 3.5 P+: 8 x 10'7 PIPIN, self-aligned
N+: 10%8
P: 3 x 107
[55] 1 50 3.1 7.4 6.5 2.8 N: 1 5>< 1018 Offset, self-aligned
1 1.5 %
P: 5 x 107
[50] 2 50 4.7 4.1 4.5 2.4 N5 % 1017 Offset, single-drive push-pull
15X
[58] 4 50.1 556 416 7 2.67 - Corner compensated doping
[51] 3 50 34 334 15 9.43 P: 7 x 10%7 Horizontal, concentration
’ ' ’ ' N: 5 x 10'7 optimization
P: 2 x 107 ) L
[56] 0.75 50 7.5 6.5 6.5 2.05 N: 2 % 1017 Offset, concentration optimization
12 %
163] 5 505 708 0 .5 L85 P: 4 x 10Y7 Corner compensated doping,
' ' ' ' N: 4 x 107 Cu electrode
P: 2 x 10%7 o
[64] 0.75 40 7.01 2 7 15~2 N: 2% 1017 Interleaved junctions
12 %
11(TE P:1x 10"
[61] 1.35 40 6.5 15 6 14((TM)) N 1 X 1018 Angle implantations, self-aligned
11 x

It should be noted that the analysis above focuses on phase shifters only. For a practical modulator,
the total performance of the device needs to be considered. For example, the total power consumption
per bit is also related to the output voltage of radio frequency (RF) signal source, the bias DC current
and the termination of modulators. The bandwidth of modulators not only depends on the RC time
constant but also relies on the design of the driving electrode. There are two typical designs for the
driving electrode, the lumped electrode and the traveling wave electrode. The lumped electrode is used
in the condition when a phase shifter is much shorter than the RF wavelength that does not need a
termination to reduce the reflection. As a result, the power consumption of lumped electrodes is much
smaller than that of traveling wave electrodes. Owing to the standing wave in lump electrodes, the
driving voltage is half of that in the traveling wave electrode with the same size. The dynamic power
consumption of the lumped electrode can be typically as small as a few to tens of £J/bit when it applies
to a microring modulator [65-67]. The traveling wave electrode is commonly used in the Mach-Zehnder
modulator (MZM) with a long phase shifter. Usually a 50 Ohm termination resistance is required at the
end of the traveling wave electrode to prevent RF signal reflection. The remaining voltage drop from
the phase shifter will consume on the termination. The power consumption is proportional to the total
driving voltage squared and inversely proportional to the impedance of the device and the data rate.

In addition, we also need to consider extinction ratio (ER), optical bandwidth, temperature
stability, and package to make modulators practical. Compared to resonant type modulators, MZMs
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have a larger size mainly consumed on the length of the phase shifter. Resonators with a smaller
size such as rings or disks have lower drive voltage and lower power consumption [65-67] than MZMs.
However, the high dependence on the wavelength of the resonator leads to the instability of machinery
and temperature, and the extremely low working bandwidth (< 1nm) will increase the burden of
temperature control and light source control of the system. The optical bandwidth of MZMs is relatively
large. For a symmetric MZM, it is not difficult to cover the whole O band or C band. Since the
temperature changes in both arms compensate for each other, the temperature has little influence on
MZMs.

Silicon photonics MZ modulators have been well developed over ten years, with the modulation
speed up to dozen of Gb/s without complex modulation formats. Silicon photonics MZ modulators
are expected to be used in next-generation datacenter optical networks, 5G optical modules and
supercomputing to further speeding up the data rate, reducing the power consumption and the cost of the
system. At present, engineers and academics are actively solving problems of its driver, packaging and
coupling with the laser source in order to meet the requirements from the near future huge market [32—
34].

3.2. Silicon Photonics Microring Modulators

High-speed modulators need to be energy efficient and ultra-compact, in order to satisfy the increasing
data communication demands. As discussed in earlier study [68], the power consumption of a device, i.e.,
energy-per-bit, is proportional to Viode/Q, where Vio4e is the optical mode volume and @ is the cavity
quality factor. To reduce the power consumption, we can either minimize the optical mode volume or
take the advantage of a higher @) factor. The refractive-index change in silicon microring modulators
enables the switching between on- and off-resonance states at a given wavelength detuning. Compared
to MZ modulators, silicon microring modulators are more promising for high bandwidth density and
energy efficiency (i.e., low power consumption) thanks to their small active volume and high @ factor.
Two types of microring modulators will be discussed as below, carrier-injection and carrier-depletion
microring modulators.

3.2.1. Carrier-injection Microring Modulators

As shown in Fig. 5(a), a carrier-injection microring modulator consists of a ring resonator side-coupled
to a bus waveguide, with p+ and n+ doping in the inner and outer ring regions, respectively. A
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Figure 5. (a) Top and cross section views of a carrier-injection microring resonator modulator; (b)
typical carrier-injection microring resonator spectral shift via applied voltage [69].
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compact model for carrier-injection microring modulators can be found in [69] which includes both non-
linear electrical and optical dynamics. Fig. 5(b) shows through port optical spectra from a 5 um radius
microring resonator with applied bias voltages of 0V and 0.86 V [69]. Relying on the high modulation
depths and efficient bias resonance wavelength response, the carrier-injection modulators of extremely
high energy efficiency have been demonstrated in photonic interconnects [70]. However, their speed
with simple non-return-to-zero (NRZ) modulation is limited by both long minority carrier lifetimes and
series resistance effects.

In this context, pre-emphasis signaling that improves the optical transition time is necessary for
achieving data rates up to 10 Gb/s with carrier-injection ring modulators [71]. As the effective device
time constant is varying during a rising transition, where it is limited by long minority carrier lifetimes,
versus a falling transition, where it is limited by series resistance, nonlinear pre-emphasis waveforms
are often used. As shown in the experimental setup of Fig. 6(a), differential outputs from a high-speed
pattern generator are combined to generate a pre-emphasis drive signal. The improvement is normally
investigated by varying the pre-emphasis pulse duration, pulse depth, and DC bias, with a given swing
(e.g., Vpp of 2V). As predicted by the carrier-injection microring modulator model [69], utilizing a
simple drive signal that is centered at a 0.7V bias without pre-emphasis results in a completely closed
eye diagram with a 27-1 data pattern (Fig. 6(b)). In comparison, as shown in Fig. 6(c), utilizing an
optimal pre-emphasis driving signal with 0.8V pulse depth, 0.7V dc bias, and pulse duration of 80 ps
allows to achieve a clear eye opening at 8 Gb/s.
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Figure 6. (a) Pre-emphasis NRZ signal generation and waveform; Impact of pre-emphasis on 8 Gb/s
measured (blue) and simulated (red) optical eye diagrams: (b) no pre-emphasis; (c¢) with 0.8 V pulse
depth, 0.7V dc bias, and pulse duration of 80 ps [69].
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Figure 7. (a) Hybrid-integrated optical transmitter prototype with a 5um radius carrier-injection
microring modulator and a 65 nm CMOS IC driver; (b) 9 Gb/s measured (blue) and co-simulated (red)
optical eye diagrams with the microring resonator modulator driven by the 65 nm CMOS driver [69].
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CMOS integrated circuits are promising to realize high energy efficiency links due to their low
voltage supply and low power consumption. As shown in a hybrid-integrated prototype of carrier-
injection microring resonator-based transmitter in Fig. 7(a), the pre-emphasis NRZ driver implemented
in a 65nm CMOS technology [71] is wire bonded both to the PCB and the silicon ring modulator for
testing. While the pre-emphasis pulse depth is fixed in this CMOS driver implementation, the prototype
has the ability to adjust the DC bias and the pre-emphasis pulse duration in an asymmetric manner
for independent optimization of the rising and falling responses. Fig. 7(b) shows a measurement of an
optimal modulation of 9 Gb/s where co-simulated eye diagrams (use the model in [69]) are achieved
when the bias voltage is 1.45V, with asymmetric pulse durations for rising and falling transitions of
70 ps and 50 ps, respectively. Unfortunately, high-speed silicon carrier-injection modulators have not
been demonstrated with PAM4 signaling due to the device high nonlinearity.

3.2.2. Carrier-Depletion Microring Modulators

As shown on the left side of Fig. 8, the carrier-depletion microring modulator similarly consists of
a ring resonator coupled to a straight waveguide, but with a PN junction in the waveguide center.
This configuration, where the fast stretch of depletion region is achieved under reverse bias, allows
shorter transferring distance and sequent faster carrier response. The overall data capacity of carrier-
depletion modulators can be further scaled up by using PAM4 signaling, which is frequently used for
simultaneously achieving longer transmission distances and operation with eased demand on the electro-
optic bandwidth compared to NRZ modulation. A straightforward way to implement PAM4 modulation
for microring modulators involves driving a single-segment device with different DAC-generated voltage
levels. Alternatively, reduced transmitter complexity is possible by segmenting the modulator into two
MSB (Most Significant Bit) and LSB (Least Significant Bit) phase shifters of different lengths that
are driven by two simple NRZ drivers. As shown by the left structure of Fig. 8, a conventional ring
resonator modulator utilizes a single PN junction phase shifter in the ring waveguide which is formed
by outer p+ and inner n+ doping and additional p++ and n++ regions for ohmic contacts. Splitting
this phase shifter into multiple segments allows multi-level modulation as shown by the right PAM4
structure which has longer MSB and shorter LSB segments.

Figure 8. Top and cross section views of carrier-depletion microring modulators with (a) a single phase
shifter segment and (b) segmented for PAM4 modulation with MSB and LSB phase shifters.

The transmission curves at four bias levels of a carrier-depletion microring modulator are shown
in Fig. 9. A maximum V,, swing of 4.4V is used with consideration on the capacitive voltage division
associated with the AC-coupling that maintains reverse-bias operation [72]. The total modulator
nonlinearity resulted from the voltage-to-index and index-to-intensity responses has to be taken into
account for forming identical PAM4 level spacing, with the input laser wavelength optimized separately
for the single and two-segment devices. The overall nonlinearity is compensated in the two-segment
design by adjusting the MSB:LSB length ratio to 1.9 : 1 from the ideal 2 : 1 ratio [73].
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Figure 9. Optical transmission spectrum with PAM-4 signaling levels: (a) one-segment ring modulator
and (b) two-segment ring modulator [73].
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Figure 10. (a) Hybrid-integrated PAM4 transmitter prototype with a 7.5 um radius single-segment
carrier-depletion microring modulator and a 65 nm CMOS IC driver; (b) Measured optical eye diagrams
at 40 Gb/s [74].

A microring modulator based PAM4 transmitter using an electrical digital-to-analog converter
(DAC) has been demonstrated as shown in Fig. 10. This silicon microring modulator was fabricated in
a 130 nm silicon-on-isolator (SOI) process [74]. Fig. 10(a) shows a hybrid-integrated PAM4 transmitter
prototype with a 7.5 um radius single-segment carrier-depletion microring modulator and a 65 nm CMOS
IC driver [74], which is able to achieve 40 Gb/s PAM4 as shown in Fig. 10(b). A hybrid-integrated PAM4
transmitter prototype with a 10 um radius two-segment carrier-depletion microring modulator and a
65nm CMOS IC driver using an optical DAC is shown in Fig. 11(a) [75]. The 40 Gb/s PAM4 optical
measurement results are depicted in the eye-diagrams of Fig. 11(b). Higher data rates can be achieved
by adding pre-emphasis equalization to CMOS drivers.

The poor modulation efficiency of carrier-depletion microring modulators requires a large driving
voltage as shown in Fig. 9, which can be improved by increasing the overlap of the PN junction and the
optical mode. With further optimization on the PN junction profile (L shape) and the RC time constant,
a 128 Gb/s PAMA4 silicon photonic carrier-depletion microring modulator with 50 GHz electro-optic (EO)
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Figure 11. (a) Hybrid-integrated PAM4 transmitter prototype with a 10 um radius two-segment
carrier-depletion microring modulator and a 65 nm CMOS IC driver; (b) Measured optical eye diagrams
at 40 Gb/s [75].

bandwidth and 0.52 V-cm phase efficiency (VL) has been demonstrated recently [76]. In this case, a
2V swing is able to provide sufficient modulation of the microring modulator, which indicates significant
improvement in power consumption. A 112 Gb/s PAM4 transmitter with the silicon photonics microring
modulator and a CMOS driver are also reported for 400G Ethernet applications [77].

3.2.8. Microring Modulator Based DWDM

As shown in Fig. 12, compact and energy efficient WDM interconnect architectures based on silicon
microring resonator modulators and drop filters [78] are among the alternatives, as these high-Q
devices occupy smaller footprints than large-area MZ modulators [79] and offer inherent wavelength
multiplexing without extra device structures, such as array waveguide gratings (AWGs). As a request
for WDM system, the multi-channel wavelengths from lasers, microring modulators, and microring
filters have to be aligned to each other, which requires a feedback loop control circuits to stabilize
resonant wavelengths in case high-@) cavity and the high thermo-optic coefficient strongly influence the
working point. Numerous investigation have been conducted for improving the thermal efficiency of
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Figure 12. Silicon microring resonator-based WDM interconnect system.
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integrated heater in microring modulators and the adaptive wavelength stabilization circuits, in order
to provide higher system robustness [72, 76].

The low cost and highly reliable light source is critical to develop silicon photonic integration,
especially for achieving DWDM silicon photonic interconnects. Quantum dot (QD) comb lasers have
many intrinsic benefits to be chosen as silicon on-chip laser sources. Due to the three dimensional
confinement of carriers, QD lasers have higher temperature stability and lower threshold current
densities when compared to conventional quantum well (QW) lasers [80]. QD lasers have a wider
gain bandwidth than QW lasers due to the effect of inhomogeneous line broadening on gain [81], which
is ideal for a DWDM link with a large amount of channels. It has also been found that QD lasers
have a low relative intensity noise (RIN) [82] and less sensitivity to feedback [83], which reduces the
requirements of isolators, thereby reducing the complexity and the cost of photonic transceivers. Using
a comb laser instead of multiple single wavelength lasers such as DFB lasers reduces the complexity and
the cost of link systems as well. More importantly, comb lasers have uniform channel spacing, which
do not require to tune the wavelength of each channel individually. These advantages make QD comb
lasers attractive as the laser source of DWDM silicon photonic links.

A hybrid QD comb laser on SOI substrate using an O9 plasma-assisted direct bonding process [84]
is shown in Fig. 13 [85]. Using a fixed mesa width and etch depth, lasers with varying confinement
factors can be realized as the overlap of the optical mode with the QD region can be tuned by adjusting
the width ‘w’ of the silicon waveguide, with no change in the III-V mesa width or etch depth. The
optical mode can be transferred to and from the silicon waveguide using mode converters (tapers) in
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Figure 15. Eye diagrams of the 15 highest power channels with respective ER and BER values [86].

the silicon waveguide, thus relaxing the tolerance on the photolithographic alignment and resolution
during the III-V mesa lithography and etch. The 15 highest power comb lines from the QD comb laser
(Fig. 13) with a channel spacing of 102 GHz is shown in Fig. 14 [86]. Eye diagrams for the 15 channels
at 10 Gb/s with extinction ratio (ER) of 9.6 or better are shown in Fig. 15. A bit error rate (BER) of
10~'2 or better in 14 channels was observed. The channel spacing of the QD comb laser is wide enough
to realize more than 100 Gb/sPAM4 signaling for each channel, allowing aggregated > 1Tb/s microring
modulator based photonic interconnects in potential.

3.3. Silicon Photonic Crystal Modulators

In addition to the microring resonator, photonic crystal (PhC) is also a promising approach to realize
low-power-consumption on-chip modulators, as listed and compared in Table 2. The intrinsic nature
of light-matter enhancement of Bloch mode in PhC enables the tremendous reduction in footprint and
the driving demand, which has been witnessed in PhC Mach-Zehnder (MZ) modulators [87,88]. MZ
modulators using silicon rib waveguide and plasmonic dispersion effect are typically configured with a
length in mm scale for a compromised balance of driving amplitude and sufficient phase difference. By
integrating PhC with silicon MZ structures, the length of silicon MZ modulators can be shortened to
no more than 200 pm without sacrifice on the driving voltage and the bandwidth [87,88]. A magnified
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Table 2. Performance comparison of silicon photonic crystal modulators.

Length Data Rate ER IL Vop Energy

Reference . Technology
(nm) (Gbps) (dB) (dB) (V) consumption
[88] 200 2 7 5 3.5 2.91pJ /bit MZ modualtor
[89] 6 3 8 1 0.05 21J /bit 1D-silicon photonic crystal
F 3 3 in 1D sili
190] 16 10 20 3 0.5 < 163/bit anoresonances in silicon

nanobeam cavity

group index of 8-9 and a sequent VL of 0.056 V/cm can be experimentally obtained, simultaneously
with an optical bandwidth covering full C-band. Moreover, the size of the modulator can be further
reduced by using the resonant counterparts, i.e., two-dimension/one-dimension (2D/1D) PhC cavities.
Particularly, the 1D nanobeam PhC cavity is reasonably preferred as it shows the ability of further
compressing the transverse dimension, while keeping a competent @) factor as 2D PhC cavity. This
model is theoretically investigated and a high extinction ratio of 8 dB is predicted, with a tiny driving
voltage of 0.05V and an ultra-compact footprint of 6 um [89]. However, as well known that modulation
speed is simultaneously governed by the RC impedance and the photon lifetime, the excessive @) factor
(e.g., few millions in [89]) which the high modulation efficiency benefits from has put a ceiling of
3Gb/s in this configuration. This well happens in high-Q cavity where the flipping of output signal
is mainly blocked by the temporally-long decay of optical mode in Lorentzian-shape. Giving a certain
driving amplitude, the dominating challenge is how to balance this Q-Extinction trade-off (i.e., power
consumption and speed trade-off). To go beyond this limitation, novel optical structures and novel
schemes for carrier control are highly desired.

To make the required modulation speed of the resonant modulator feasible, in terms of the optical
way, the @ factor has to be limited in a few thousands (for a modulation speed up to 30 GHz). To further
increase the modulation efficiency and reduce the power consumption under such a condition, we may
introduce Fano resonance. As we know, a Fano resonance arises from the interference between a discrete
resonance and a continuum, which gives birth to the asymmetric resonant spectrum with an adequate
mixture of them. This asymmetric spectrum allows more efficient on-off transition between maximum
reflection and maximum transmission compared to the classical Lorentzian-type cavities (e.g., ring
resonators) with similar quality factors. A Fano resonator can be practically and normally implemented
in a planar photonic platform by placing a side-coupled bus waveguide (the “continuum”) in the vicinity
of a photonic cavity (the “discrete resonance”), whose coupling and decay rates are controlled by a small
partially transmitting element (PTE). Instead of using these classical configurations, recently researchers
have proposed to utilize a single nanobeam for achieving Fano resonance [90]. The device structure and
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Figure 16. (a) SEM views of fabricated fano resonance PhC waveguide. (b) Experimental transmission
and fitting curve of the second cavity mode of the nanobeam waveguide, depicted by blue circles and
orange curves, respectively. (c¢) Proposed Fano modulator based on rib silicon PN depletion structure.
Inset is the cross-section of the rib structure at the position labeled by the dotted line. Figures are
reproduced from [90].
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the spectrum of the Fano resonance are shown in Fig. 16. Compared to this classical configurations, the
method proposed in [90] is to take the advantage of a two-mode spatial multiplexing scheme to generate
the resonant and transmitting modes in the same physical optical waveguide, and consequently there
is no demand on any waveguide-cavity coupling and no need for extended doped silicon area to avoid
optical losses. An extinction ratio of 23dB in a wavelength detuning of merely AX = 366 pm has been
experimentally achieved with a @) factor of only 5600. While showing an intrinsically suitable structure
for electro-optic resonant modulator, this configuration extremely compresses the active volume and
the energy consumption for an extinction of 23 dB is theoretically reduced down to 1£J/bit, without
sacrificing the modulation speed with a considerable @) factor.

4. HYBRID SILICON MODULATORS

In addition to the full silicon approaches, huge efforts have also been witnessed in developing silicon
hybrid photonic devices, which target high modulation speed as well as compact device footprint,
low insertion loss and as-low-as-possible driving voltage [91,92]. These devices are demonstrated
through different platforms, including hybrid organic-silicon modulators [93], hybrid graphene-silicon
modulators [94], hybrid BTO silicon modulators [95], hybrid III-V silicon modulators [96], and hybrid
LiNbOj3 silicon modulators [97] etc. Among these demonstrations, hybrid III-V/silicon or hybrid
LiNbOj3 /silicon modulators present outstanding performance, however, only modulators using bulk ITI-
V and LiNbOjs materials have been successfully used in commercial products since hybrid integration
will introduce new instabilities which additionally raising the cost. Heterogeneous integration of I1I-V
(or LiNbO3) on silicon could be realized by benzocyclobuten (BCB) adhesive bonding process or Os
plasma assisted direct bonding with a thin AlyOg deposited layer before physical contact [98]. In this
context, we will review some recent progresses in hybrid III-V and LiNbOs silicon modulators, which
can also be characteristically categorized as electroabsorption modulators (EAMs) and electro-optic
modulators (EOMs) according to the modulation mechanism.

4.1. Hybrid Electroabsorption Modulators

Hybrid III-V Silicon Modulators are basically achieved in electro-absorption type, which modifies the
optical loss using quantum-confined stark effect (QCSE) or band filling effect [99]. EAMs show numerous
merits in devices footprint, modulation speed, modulation efficiency as well as the flexibility of functional
integration with laser sources. Duo-binary signal transmitters based on EAMs and DFBs on hybrid
ITI-V /silicon platform have been demonstrated with a capacity over 100 Gb/s [100]. Intrinsically an
EAM can also be used as a photodetector since light absorbed in III-V materials could be further
converted into photocurrent. An on-chip transceiver demonstrated using hybrid III-V silicon EAMs
are shown in Fig. 17 [101]. In this configuration, the EAM can be either used as a modulator or a
photodetector, which strongly reduces the fabrication complexity. A six-channel wavelength-division-
multiplexed on-chip optical transceiver was further achieved by integrating the EAMs with an arrayed
waveguide grating (AWG) (de)multiplexer. To fully take advantages of the fast electro-absorption effect,
the EAMs are driven through travelling wave electrode (TWE) instead of lump electrode. TWE is widely
used to address the impedance mismatch induced reflection and velocity mismatch between electrical
and optical signals, which were demonstrated with a bandwidth over 67 GHz in the early years [99].
The driving voltage of hybrid III-V silicon EAMs can be further reduced by introducing band-filling
effect, e.g., a hybrid III-V silicon EAM driven with signal as low as 50 mV [102]. These four modulators
are listed in Table 3 for comparison. Though electro-absorption modulators based on band filling effect
require the lowest driving voltage swing, the electro-optic bandwidth is limited to no more than 2 GHz.
Instead, hybrid III-V on silicon EAMs combining QCSE and TWE show no compromise on any figure
of merits, which will be considered as an attractive candidate for 400 G Ethernet.

4.2. Hybrid Electro-Optic Modulators

Compared to EAMs, EOMs have larger optical bandwidth, higher modulation speed, and more
modulation formats. The optical bandwidth of EAMs is typically less than 30nm. However, EOMs
can achieve 100 nm optical bandwidth. A hybrid III-V silicon MZ modulator with capacitively loaded
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Figure 17. (a) Three-dimensional sketch of the III-V/Si hybrid integrated EA section. (b) Top view
of one fabricated EA section. (c¢) 30 Gb/s eye pattern for modulation of a standalone EA device. (d)
30 Gb/s eye pattern for detection of a standalone EA device [101].

Table 3. Performance comparison of hybrid III-V on silicon electroabsorption modulators.

Length Data Rate ER IL Vop

Reference (um) (Gb/s) (dB) (dB) ) Technology
[100] 200 100 15 ) 95 Hybrid III-V on silicon modulator
integrated with laser
[101] 100 30 6.9 9 0.8 Hybrid III-V on silicon modulator
integrated with detector
[99] 100 50 9.6 49 9.9 Hybrid III-V on silicon modulator
with travelling wave electrode
[102] 30 195 6.3 5 0.05 Hybrid III-V on silicon modulator

with band-filling effect

traveling wave electrode which reduces electrical propagation loss and increases device impedance has
been demonstrated [103]. Using push-pull configuration, a data rate of 40 Gb/s and a voltage-length
product of 0.24 V-cm were achieved. The modulator has low chirp due to the linear relationship between
the phase changing and the applied voltage. Charging and discharging the metal-oxide-semiconductor
(MOS) capacitor can cause plasma dispersion and modulation of the laser output power. Similar to
previously demonstrated pure Si MOS modulators, this heterogeneous MOS capacitor is extremely
useful to introduce the plasma dispersion effect [38] into the heterogeneous photonic device platform.
EOMs using InGaAsP /Si hybrid MOS capacitors have been demonstrated [104, 105]. The optical mode
has a large overlap with carriers in the n-InGaAsP/AlyO3/p-Si MOS capacitor that achieves a voltage-
length product as low as 0.047 V-cm which has almost 5x smaller than a typical hybrid III-V silicon
modulator. The bandwidth limit of hybrid MOS EOMs due to the lump electrode can be improved by
adopting capacitively loaded traveling wave electrode.

The hybrid MOS structure can be implemented in microring modulators to further reduce
the footprint and the voltage-length product. As shown in Fig. 18, a hybrid III-V silicon
transmitter based on microring laser with thermal shunt, MOS capacitor and CMOS driver has been
demonstrated [106,107]. The thermal shunt is used to transfer the Joule heat directly to substrate by
good thermal conductivity metals. The MOS capacitor is a new scheme to introduce electro-optic effect
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Figure 18. (a) Schematic of the heterogeneous laser with proposed three terminal laser structure.
(b) Cross-sectional schematic of the three terminal heterogeneous microring laser with simulated
fundamental lasing mode. SEM images of the fabricated laser from (c) top view and (d) cross-
section [106].
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Figure 19. (a) Schematic of the hybrid lithium niobate silicon MZ modulator. (b) An optical eye
diagram at 100 Gb/s with a 5dB dynamic extinction ratio [97].

in laser cavity. The refractive index and free-carrier absorption loss in InP and Si materials change as
a result of free carriers accumulating or depleting near the gate oxide under an external bias. Thus
phase tuning or data modulation can be achieved. In order to realize a heterogeneous waveguide where
the optical mode(s) overlap with the MOS capacitor, a “staircase” shape of the waveguide geometry
is designed as shown in Fig. 17(b). It is similar to Si MOS-type waveguide based on the Poly-Si/gate
oxide/crystalline Si structure [28] except that the Poly-Si layer is replaced by a layer of crystalline ITI-V
material. A large variety of III-V compound semiconductor, primarily InP or GaAs based materials
in our applications, can be flexibly chosen to form such a heterogeneous MOS capacitor. Due to
much smaller conductivity electron effective mass and larger electron mobility in InP and GaAs than
these of crystalline Si, plasma dispersion effect-induced index change in n-type InP and GaAs is much
more effective and free carrier absorption is lower. However, similarity in those parameters for holes
among them does not give advantages to I1I-V materials over Si, and the hole-induced intervalenceband
absorption is much larger in InP and GaAs on the contrary. Coincidently, free holes can lead to larger
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index change than electrons in Si. Therefore a heterogeneous capacitor with n-type III-V and p-type Si
is a natural choice to maximize the carrier-induced index change.

Hybrid LiNbOj silicon modulators have also attracted due to their large modulation bandwidth
thanks to the fast Pockels effect. A hybrid lithium niobate silicon MZ modulator with a data rate over
100 Gb/s has been demonstrated as shown in Fig. 19 [97]. The high-performance modulator is realized
by seamless integration of a high-contrast waveguide based on lithium niobate with compact, low-loss
silicon circuitry. The light is coupled between silicon waveguide and lithium niobate waveguide through
a vertical adiabatic coupler. The insertion loss for a 5 mm device is only 2.5dB due to the low intrinsic
absorption in lithium niobate. In Table 4 we compare the four MZ electro-optic modulators based on
hybrid silicon platform. As shown in Table 4, the hybrid LiNbO3 on silicon modulator has the highest
modulation speed but suffers largest VL. Hybrid III-V silicon modulators based on a MOS capacitor
have stronger electro-optic effect than the LiNbO3 modulator while the speed is limited by the electrical
parasitics.

Table 4. Performance comparison of hybrid silicon electro-optic modulators.

Length Data Rate ER IL Vop VL

Reference Technology
(um) (Gbps) (dB) (dB) (V) (V-cm)
[103] 500 40 11 4.5 4 0.24 Hybrid III-V on silicon modulator
[104] 500 106 13.8 095 <08 0.047 Hybrid I1I-V on silicon modulator
[105] 250 32 3.1 1.0 0.9 0.09 Hybrid ITI-V on silicon modulator
[97] 5000 100 5.0 2.5 4 2.2 Hybrid LiNbO3 on silicon modulator

5. DISCUSSION

Table 5 lists performances of discussed modulators with more than 10Gb/s data rates, including
modulation efficiency (VL or V,,L), modulation bandwidth, insertion loss (IL) and energy efficiency
(Joule/bit). One can see that silicon photonics MZ modulators and Hybrid LiNbO3 on silicon MZ
modulators have the lowest modulation efficiency due to the inefficient silicon plasma dispersion effect or
weak LiNbOj3 Pockels effect. Silicon photonics modulators with high Q-factor using microring resonators
or photonic crystal (PhC) show one or two order of magnitude higher modulation efficiency. In addition
to use the high-@) resonance effect, hybrid III-V on silicon is another approach to enhance the modulation
efficiency. As listed in Table 5, the modulation bandwidth of larger than 50 GHz can be achieved
with silicon photonics PN modulators, hybrid III-V on silicon EAMs, or hybrid LiNbOgs on silicon
modulators. The modulation bandwidth of lump modulators (small footprint) with high-Q factor are
mainly determined by both the electrical parasitics and the photon lifetime. The Q-factor of silicon
microring or PhC modulators requires to be designed properly to balance the modulation efficiency
and the bandwidth. Although traveling wave MZ modulators have no concerns of the photo lifetime,
due to the large footprint, the modulation bandwidth may be limited by the mismatch of impedances
and velocities between the electrode and the device. As listed in Table 5, modulators can be operated
at much higher data rates than their bandwidths by implementing pre-emphasis equalization such as
a finite impulse response (FIR) filter [70, 105]. Additionally, advanced modulation techniques such as
PAM4 [76,104] and duo-binary [100] are another alternative to increase the data rate.

As listed in Table 5, modulators with higher modulation efficiency, e.g., high-Q) modulators and
hybrid III-V on silicon modulators, usually own higher energy efficiency due to the smaller footprint or
lower driving voltage. Typically, modulators with higher @Q-factor result in higher energy efficiency, e.g.,
silicon carrier-injection microring modulators with @ ~ 12000 [70] obtain higher energy efficiency than
carrier-depletion microring modulators with @ ~ 5000 [76]. It is worth noting that the calculated energy
efficiency in Table 5 is the power consumed on the device only. As we mentioned, transmitter circuitry
contributes quite large power consumption. A CMOS silicon carrier-injection microring modulator
transmitter at a data rate of 9 Gb/s has achieved an energy efficiency of 473 £J/bit [71] which is almost
100x worse than the energy efficiency of 5£J/bit counting the device only [70]. Similarly, a CMOS
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Table 5. Performance comparison for different types of modulators.

EO Data Energy
Length _ ER IL V,, V,L ,
Reference Bandwidth Rate Efficiency Technology
(um) (dB) (dB) (V) (V-cm) .
(GHz) (Gbps) (£J /bit)
[62] 750 > 38 60 4.4 2 6 1.8 3200 Silicon p-n MZ
[51] 3000 29 50 34 334 1.5 2.43 450 Silicon p-n MZ
[56] 750 27.8 50 7.5 6.5 6.5 2.05 1100 Silicon p-n MZ
[70] 10 1 12.5 10 0.2 0.9 0.03 5 Silicon p-i-n microring
[76] 20 50 128 6 3 24 0.52 65 Silicon p-n microring
[88] 200 - 25 7 5 3.5 <0.06 2910 Silicon PhC MZ
[90] 16 - > 10 20 3 0.5 - <1 Silicon PhC Fano resonance
[100] 200 20 00 15 - 25 - - Hybrid 11I-V on silicon (EAM)
[101] 100 13 30 6.9 2 0.8 - - Hybrid III-V on silicon (EAM)
[99] 100 > 67 50 9.6 49 22 - 608 Hybrid I1I-V on silicon (EAM)
Hybrid I1I-V ili
[103] 500 27 0 11 45 4 024 2480 you on SIeon
MZ (MOS)
Hybrid I1I-V sili
[104] 500 - 106 138 095 <08 0.047 <44 ybr on sicon
MZ (MOS)
Hybrid III- sili
[105] 250 2.2 32 31 1.0 09 009 - ybrid LI-V on silicon
MZ (MOS)
[97] 5000 > 70 100 5.0 2.5 4 2.2 - Hybrid LiNbO3 on silicon MZ

silicon carrier-depletion microring modulator transmitter at a data rate of 112 Gb/s has achieved an
energy efficiency of 6 pJ/bit [77] which is also around 100x worse than the energy efficiency of 65 £J/bit
counting the device only [76]. Therefore, reducing the power consumption from electronics is also crucial
to improve the total energy efficiency. Certainly, a modulator with higher modulation efficiency requires
lower driving voltage which saves the total power consumption of an optical transmitter [71, 77].

The device insertion loss is also an important metric for calculating the energy efficiency of a full
optical link. Modulators with low insertion loss are always preferred because it can not only reduce
the laser power consumption but also relieve the link budget requirement. As listed in Table 5, silicon
carrier-injection modulators have extremely low insertion loss. However, their low bandwidth limits the
applications in high-speed optical links. Overall, there are tradeoffs among the four metrics for different
modulator categories. The optimum modulator may be different for various applications, depending on
requirements of the bandwidth per channel and in total, the energy efficiency, the link budget, etc.

6. CONCLUSION

The main traffic of the global data communication occurs in data centers. Mega-data centers are
emerging to relax the explosive Datacom growth. Multimode VCSEL interconnects are most commonly
used in HPC and data centers due to their simplicity, low cost, and energy efficiency. However, it is a
challenge to scale the bandwidth and the link distance to satisfy requirements for mega-data centers.
External modulation techniques become more attractive than direct modulation due to the higher
bandwidth and longer transmission distance. Silicon photonics interconnects are emerging to be widely
used in mega-data centers thanks to their high bandwidth, low cost, and high integratability. Silicon
photonics MZ modulators have been commercialized due to the high reliability and the insensitivity to
temperature and wavelength. The modulation efficiency can be maximized by optimizing the doping
profile, the overlap of the carrier change and the optical mode, and the electrode. However, the weak
electro-optic effect in silicon limits the modulation efficiency and thereby the energy efficiency. High-Q)
resonant cavities can be used to enhance the EO effect which silicon photonics microring modulators
with 10x better modulation efficiency are achieved. The natural wavelength multiplexing feature of
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microring modulators are ideal for DWDM application assisted with frequency comb lasers. The slow-
wave effect of silicon photonics crystal can also be implemented to enhance the modulation efficiency.
Particularly, two or more effects or techniques can be combined together to enhance the modulation
efficiency such as Fano resonance PhC cavity modulators. Hybrid silicon modulators are proposed to
benefit from the low cost and high integration silicon platform as well as obtain better modulation
performance by using heterogeneous integration. It allows to explore new materials to be integrated
onto silicon to realize better performance. I1I-V on silicon modulators including EAMs and EOMs are
preferred due to the high reliability, low loss, and high modulation efficiency.
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