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Abstract: Increasing data traffic and bandwidth-hungry applications require electro-optic
modulators with ultra-wide modulation bandwidth for cost-efficient optical networks. Thus
far, integrated solutions have emerged to provide high bandwidth and low energy consumption
in compact sizes. Here, we review the design guidelines and delicate structures for higher
bandwidth, applying them to lumped-element and traveling-wave electrodes. Additionally, we
focus on candidate material platforms with the potential for ultra-wideband optical systems. By
comparing the superiority and mechanism limitations of different integrated modulators, we
design a future roadmap based on the recent advances.
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1. Introduction

Network traffic is increasing at an alarming speed, largely driven by bandwidth-hungry applications
such as 5G networks, Internet-to-Things (I0T) devices, video streaming, and cloud-based services
[1]. To meet the ever-growing demand, cost-efficient optical networks are required for supporting
high-speed optical links. High-performance electro-optic modulators are the critical building
blocks in high-speed optical links, and they encode high-speed electrical information into an
optical carrier with high fidelity. To enable cost-efficient and high-speed optical links, efforts are
made to minimize the number of electro-optic (EO) interfaces of parallel lanes, and this is where
high-symbol-rate transmission occurs. Under this scenario, a single optical modulator is used to
encode high-symbol-rate electrical signals into an optical carrier. Therefore, the bandwidth of
future EO modulators plays a crucial role and is expected to exceed 100 GHz. Meanwhile, a
small footprint and low driving voltage of the EO modulators are necessary to match the CMOS
electronic driving circuitry.

The bandwidth of the modulator is strongly related to the design of the driving electrodes
of the modulator devices and the EO modulation mechanism of the underlying material. The
EO modulator is typically classified into two types based on the configuration of the modulated
electrode: lumped elements and traveling-wave modulators. The lumped-element device typically
adopts short lumped electrodes (LEs) in optical resonators or slow-light waveguides for efficient
modulation. The premise of a large bandwidth of greater than 100 GHz for most of the LE
modulator is that the length of the electrode should be less than 500 um, which is impractical for
achieving efficient modulation for most EO materials. To achieve low drive voltages and high
modulation bandwidth simultaneously, EO modulators with traveling-wave electrodes (TWEs)
are a better choice [2—4]. In the TWE configuration, microwaves and optical waves propagate at
a similar velocity, allowing the EO-induced refractive index changes to accumulate effectively
in the optical waveguide. The challenges of a large modulation bandwidth are how to decrease
microwave attenuation and how to realize velocity and impedance matching [5,6]. The design
and optimization methodology of TWE modulators are different for different material platforms.

This review aims to provide a comprehensive review of various EO modulators that provide an
ultra-wide bandwidth. From the scheme level viewpoint, we discuss the design considerations
for the LE and TWE modulators. Novel configurations and techniques that can broaden the
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modulation bandwidth are summarized in brief design guidelines. We also summarize the
state-of-the-art modulators on various material platforms that are promising or have attained an
EO bandwidth beyond 100 GHz, covering lithium niobate on insulator (LNOI), InP, SOI, and
hybrid Si (silicon-organic hybrid, plasmonic-organic hybrid, LN/Si, GeSi). Finally, we compare
the pros and cons of these modulators and provide a future outlook of promising candidates for
EO modulators in ultra-wideband systems.

2. Paths toward higher modulation bandwidth
2.1. Lumped-element modulator

In the lumped element modulator, the RC constant of the electrode and the photon lifetime of the
resonator together limit the overall EO bandwidth. Typically, the length of the LE is designed
according to the following criterion [3]

ARF

lLE<
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where Agr is the RF wavelength and ngr is the RF effective index. For a moderate RC-limited
bandwidth, the length of the LE must be relatively short (typically < 500 um). However, short
phase shifters usually result in low modulation efficiency unless resonant cavities or slow-light
structures are employed.

Resonant structures were introduced into LE-based modulators for effective modulation. The
reported optical implementation includes micro-rings [7—12], racetracks [13—15], microdisk
[16], Fabry—Perot (FP) cavity [17], and photonic crystal (PhC) structure [18-20] (Fig. 1). The
advanced silicon micro-ring modulator showed a high tuning efficiency of 33 pm/V and a data
rate of 160 Gbit/s [11]. An ultra-high tuning efficiency of 250 pm/V had been realized in
a microdisk silicon modulator with the optimized vertical junction [16]. An integrated FP
modulator was demonstrated on the LNOI platform, where the FP cavity comprises an 800-pum
phase shifter sandwiched between two distributed Bragg reflectors (DBR) [17]. PhC waveguides
can offer a slow-light effect and strong EO interaction [18-20] and PhC-based LN modulators
[18] demonstrate low energy consumption (< 2 fJ/bit) for a 50 Gbit/s eye diagram (Figs. 2(a)
and (b)). In the aforementioned resonant modulators, most of the 3-dB EO bandwidth does
not exceed 40 GHz, which is dominantly limited by photon lifetime owing to relatively high
quality (Q) factor. The EO bandwidth can reach 47 GHz by reducing the Q factor to ~3000 [11].
Furthermore, the RC bandwidth is predicted to achieve a 90-GHz bandwidth attribute of the
small device capacitance [12]. Hence, for the resonant modulator, it is essential to balance the
modulation efficiency and EO bandwidth, which are both related to the Q factor.

A non-resonant LE-based modulator can overcome the limit of the photon lifetime. However,
longer LEs are usually required to achieve low drive voltages and deteriorate the RC bandwidth. A
promising solution that might break the trade-off is to employ a Bragg reflector [21] or plasmonic
waveguides [22]. As shown in Figs. 2(c) and (d), the 420-pm-long LNOI modulator based on
waveguide Bragg grating displays an EO bandwidth of 60 GHz and 100 Gbaud on-off keying
(OOK) modulation [21]. Plasmonic organic hybrid (POH) modulators offer tight optical and
microwave confinement in a narrow metal slot waveguide (~100 nm). The strong EO interaction
and the high EO coefficient of the organic materials filled in the slot enable the POH modulator
to achieve low drive voltages of tens of microns. As shown in Fig. 2(e), the 20-um-long POH
modulator exhibited an ultra-high modulation bandwidth of 500 GHz and half-wave voltage (V)
of 3V [22].

2.2. Traveling-wave modulator

The keys to achieve ultra-wide modulation bandwidth in the travelling-wave scheme are: (a)
low microwave propagation loss, (b) propagation speed matching between optical waves and
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microwaves, and (c) impedance matching among the modulator, the electrical system, and the
terminator.

Microwave propagation loss (orr) degrades the modulation bandwidth, especially for modula-
tors requiring long TWEs. To reduce the arr of CPW, we investigated the attenuations primarily
from the following parameters [23]:

a=a.+ay 2

where a, and @, are the conductor and dielectric losses, respectively. ay is the frequency (f)
dependent and can be expressed as [24]:

&
Qg = —
Ao Ve

where Ay is the free space wavelength, &, is the effective dielectric constant, and ¢ is the filling
factor. fand includes the total tangent from lossy dielectric media, which is composed of the
material intrinsic loss (fandp) and the substrate leakage loss (tandr). The dielectric has the
complex permittivity & = &’ — j&. tandp is related only to the complex dielectric permittivity of
the materials. fandy, is dependent on the frequency and is proportional to the conductivity (o) of
the substrate [25]:

gtand 3)

tan § = tan 8p + tan 5y, 4)
tan 6p = 8—, 5)
E
o
tan 6y = —— 6
an oy, 27z'fs’ ( )

Considering a modulator based on the LNOI platform with a silicon substrate as an example,
the resistivity of the silicon substrate needs to be large enough (~ 10000 Qcm) to minimize fandy .
Replacing the silicon substrate (tandp =0.043 [25]) with quartz (tandp~ 1073 [26]), sapphire
(tandp ~1077 [27]), or other materials with low tandp can effectively reduce the dielectric loss.
As shown in Figs. 3(a) and (b), Li et al. [28] successfully achieved EO bandwidth exceeding 50
GHz by removing the silicon substrate around the TWE in a silicon modulator. The improved
bandwidth can be attributed to the replacement of high-tandp silicon with air, resulting in lower
dielectric losses.

Metal surface resistivity accounts for ., which is proportional to the square-root frequency
(\/j—‘ ) when the electrode thickness is much larger than the skin depth. In principle, we can increase
the thickness of the electrodes (1-2 um), the width of the signal electrodes, and the gap between
the signal and ground electrodes, to decrease o.. However, these parameters also influence the
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Fig. 1. Schematic illustration of several configurations with the lumped-element electrode
and traveling-wave electrode performing amplitude modulation.
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RF index and impedance value of the CPW, as well as the modulation efficiency. Therefore, we
must carefully balance the trade-offs among o, velocity matching, impedance matching, and
modulation efficiency. A delicate CPW scheme that can drastically reduce @, without sacrificing
velocity matching and modulation efficiency is the so-called capacitive-loaded CPW (CL-TWE)
[29-31] (Fig. 1). The center conductor gap and width of the CL-TWEs are much larger than
those of the regular CPW, resulting in less current crowding and a significant reduction in o.
Moreover, the protruding periodic T-rails help ensure a high modulation efficiency. Most recently,
LNOI-based modulators with low drive voltages and bandwidths beyond 100 GHz have been
demonstrated with CL-TWEs and quartz substrates [32,33] (Figs. 3(c)-(e)).
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Fig. 2. (a-b) Schematic and measured EO S5 response of the PhC modulator [18], licensed
under a Creative Commons Attribution 4.0 License. (c-d) SEM images and measured EO S
response of Bragg grating modulator [21], licensed under a Creative Commons Attribution
4.0 License. (e) Measured EO S, response of plasmonic organic hybrid modulator [22],
licensed under a Creative Commons Attribution 4.0 License.

A promising alternative to increase the bandwidth of TW-based modulators is to split the
modulation electrodes into two or more segments (Fig. 4) [34—37]. The modulators based on
the segmented-electrode (SE) exhibit a higher modulation bandwidth than equivalent-length
single-segment TWE. The velocity mismatch between microwave and light waves accumulates
over length, however, the SE-MZM can return to matching by controlling the RF delays between
segments. In [34], two-segment MZMs have experimentally shown better bandwidth/half-wave
voltage (BW/V ) performance than single-segment MZM. As the length of TWE increases,
the voltage swing is significantly attenuated especially for high-frequency components, while
SE-MZM with multi-segment short transmission lines means lower RF loss and lower driving
voltage for each driver. However, more segments imply more electrical drivers, leading to
additional power consumption and complexity from RF delay control among drivers. Recently, a
silicon Mach-Zehnder modulator (MZM) with two SEs capable of transmitting 80 Gbaud 8-level
pulse amplitude modulation (PAMS) over 2 km was presented [36] (Fig. 4(c)). In addition, both
SE and CL-TWE are versatile across various material platforms, and the two technologies can be
combined to further improve the EO modulation bandwidth.
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Fig. 3. (a-b) A cross-sectional diagram and the calculated EO S| response of the silicon
modulator using the substrate removing technique. Reprinted with permission from [28].
Copyright 2018, Chinese Laser Press. (c-e) SEM image, microwave loss of the CL-TWE
and predicted EO S;; performance in thin-film LN-on-quartz platform. Reprinted with
permission from [32]. Copyright 2021, Optical Society of America.
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Fig. 4. (a) A two-segment modulator enabled by two drivers. Reprinted from M. Jacques et
al. [35]. Copyright 2021, Author(s). (b) Distributed drivers with a i-segment modulator.
Reprinted with permission from [38]. Copyright 2017, IEEE. (c) Generation of optical 80
Gbaud PAMS with two-segment silicon modulator. Reprinted with permission from [36].
Copyright 2020, IEEE.

3. State-of-the-art of ultra-high-bandwidth modulators
3.1.  Thin-film LN modulator

LN external modulators have been widely used in long-haul communication systems. The
commercial LN modulator has achieved tremendous success mainly owing to its strong linear
(Pockels) EO coefficient (33 =30.8 pm/V in high frequency) [39], large intrinsic bandwidth,
and chirp-free operation. Furthermore, the low absorption loss (~0.17%/cm at 1.32 um) [40]
and the transparency range (0.4—5.5 um) [41] contribute to its success. However, traditional LN
modulators are based on ion-diffused or proton-exchange optical waveguides on bulk LN crystals
[42]. Such weak-confined waveguides require electrodes to be placed away from them to achieve
low metal absorption losses, and thus, low modulation efficiency (typical >10 Vem). Therefore,
traditional LN modulators require a long modulation region (at least 10 cm) to achieve a sub-1V
Vx. Moreover, the EO bandwidth runs into a bottleneck (~35 GHz) owing to the high RF loss
from the long electrodes.

The LNOI platform breaks the deadlock and takes the performance of the modulator to a new
level. A critical step in improving the modulation performance is the fabrication of low-loss,
highly-confined waveguides in LNOI. Thus, the electrodes can be placed very close to the edge of
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the waveguides without introducing additional metal absorption losses. Therefore, the interaction
between the electric and optical fields is significantly enhanced compared to the legacy LN
modulator. Recently, researchers have demonstrated highly confined submicron waveguides by
electron-beam lithography (EBL) [43-47] or photolithography [48,49] followed by dry-etching
and mechanical polishing processes [50]. Extremely low optical losses of 6 dB/m (637 nm) [51]
and 2.7 dB/m (1590 nm) [43] have been reported. Low-loss, high-speed, and energy-efficient
travelling-wave LN modulators have been demonstrated by adopting patterned LN waveguide
in the modulation region [44,52—57]. Alternative ways to form optical waveguides in LNOI
platforms without patterning processes include rib-loaded waveguides [13,58—60], SOI-bonded
[8,61], and SiNy-bonded [62] waveguides. However, the mode confinement factor is limited
to less than 81%, and it is difficult to further improve this factor. This results in a moderate
modulation efficiency and a larger bending radius than the dry-etched LNOI devices.

A remarkable increase in bandwidth in the LNOI platform has been reported in the last three
years [21,32,45,52,63-68]. Low-loss, energy-efficient, high-bandwidth LNOI-based modulators
have shown ultra-high symbol rates and net rates both in intensity-modulated direct-detection
(IM-DD) and coherent transmission systems. As shown in Fig. 5(a), V; of 1.4V and EO bandwidth
of 45 GHz were achieved simultaneously using an integrated MZM with regular CPW, according
to a BW/V, of 32 GHz/V [44], which significantly improved compared to the commercial LN
(<10 GHz/V). With a similar device configuration, Yu et al. experimentally demonstrated
a hard-decision forward error correction (HD-FEC) of 220 Gbit/s (110 Gbaud PAM-4) [55].
Advanced LN IQ modulators have been demonstrated in [52]. The device demonstrated the
lowest on-chip loss (<1.8 dB) among the presented in-phase quadrature (IQ) modulators. The
drive voltage was 1.9 V and the EO bandwidth was 48 GHz for a 13-mm device, and these values
were 3.1 V and >67 GHz for a 7.5-mm device. Figure 5(b) shows 80 Gbaud error-free QPSK
generation, 110 Gbaud QPSK generation, and 80 Gbaud 16 quadrature amplitude modulation
(QAM) generation (320 Gbit/s) with a bit-error rate (BER) well below the soft-decision forward
error correction (SD-FEC, 4x1072). Moreover, this work adopted thermo-optic phase shifters for
bias control, avoiding the DC bias drifts in the EO phase shifter [70-72]. Recent achievements
in the integrated LN modulators with CL-TWE again breach the voltage-bandwidth trade-off
in the LN-on-quartz platform [32]. Importantly, the RF loss is measured to be as low as 0.21
dB/cm/GHz'/? without sacrificing the modulation efficiency. With the ultra-low RF loss and
perfect velocity matching, a flat EO response (1.8 dB roll-off at 50 GHz) and V; of 1.3 V was
realized with a 20-mm-long modulator.

A record IM-DD modulation line rate of 700 Gb/s was achieved with an integrated LN MZM
[57]. With regard to the dual-polarization coherent system, a net data rate of 1.58 Tb/s/A was
achieved with 200 Gbaud probabilistically shaped 64-QAM signal, which was enabled by a
100-GHz (6-dB bandwidth) LN IQ modulator, 102-GHz digital band interleaved-digital-to-analog
converters (DBI-DACs), and a discrete polarization-division multiplexing (PDM) emulator [56].
Most recently, a LNOI-based dual-polarization in-phase quadrature (DP-IQ) integrated with an
on-chip polarization rotator and combiner (PRC) has been demonstrated [69]. The device adopted
the optimized 23.5-mm-long CL-TWEs for CMOS-level voltage and 110-GHz bandwidth. The
high-performance device DP-IQ modulator allows for a record net bitrate of up to 1.96 Tb/s and
ultra-low power consumption (1.04 fJ/bit) using a 130 Gbaud probabilistic constellation shaping
(PCS-) 400QAM.

3.2. InP modulator

InP modulators have demonstrated superior performance in IM-DD [73-75] and coherent
systems [76—78]. The EO effects in InP include the quantum-confined Stark effect (QCSE),
Franz—Keldysh effect (FKE), and the Pockels effect, and these effects can be synergistic by
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Fig. 5. High symbol rate modulations with LNOI-based modulators. (a) Intensity modulators
with modulation up to 210 Gbit/s. Reprinted with permission from [36]. Copyright 2020,
IEEE. (b) IQ modulators with modulation up to 320 Gbit/s [52], licensed under a Creative
Commons Attribution 4.0 License. (c) CMOS-level-voltage and 110-GHz bandwidth
DP-IQ modulator with and 130 Gbaud PS-400QAM. Reprinted with permission from [69].
Copyright 2022, Optica Publishing Group.

designing an optical waveguide structure [79]. The representative types of monolithic InP
transceivers are electro-absorption modulated lasers (EMLs) and MZMs.

An InP-based EML typically consists of a monolithically integrated distributed feedback (DFB)
laser and an electro-absorption modulator (EAM) [80,81]. A dominant EO effect of the EAMs is
the QCSE, which provides intrinsic high bandwidth and strong nonlinear absorption in the InP-
multiple quantum well (MQW) optical waveguides. The modulation length of the EAMs is of
the order of hundreds of microns, which is highly related to the trade-off between the RC-limited
bandwidth and the extinction ratio (ER). The DFB-EAM with segmented structure successfully
overcame the RC limit, demonstrating a 100-GHz, 3-dB bandwidth [80] (see Fig. 6(a)) and 100
Gb/s operation [82].
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Fig. 6. (a) Monolithically electro-absorption modulated laser (EML). Reprinted with
permission from [80]. Copyright 2009, IEEE. (b) High-performance InP-based CL-TWE
modulators. Reprinted with permission from [77]. Copyright 2020, IEEE.

InP-based MZMs must optimize the heterostructure optical waveguide and TWE structure
to balance the drive voltage, optical absorption loss, and modulation length. A conventional
waveguide structure, p-doped/intrinsic/n-doped (p-i-n) structure in [0 1 1] direction [83], is
replaced by a novel n-p-i-n structure, providing an increased bandwidth due to the low resistance
of the p-InP cladding layer [84]. Ogiso et al. [85] first proposed an n-i-p-n heterostructure InP
waveguide parallel to the [0 1 1] direction. The delicate heterostructure can provide lower RF
losses, synergistic (FKE/QCSE and Pockels) EO effect, and low propagation optical loss (1.5
dB/cm). By employing this heterostructure, an InP-based MZM with 1.5-V V and 80-GHz
EO bandwidth was demonstrated [77]. As shown in Fig. 6(b), the device adopts CL-TWE
in the differential GSSG configuration to reduce high-frequency microwave loss and power
consumption. The differential drive of the MZM leads to a close-to-zero chirp, which is superior
to the EML and directly modulated laser (DML).

Furthermore, DAC-less modulation has been demonstrated with segmented electrode Mach-
Zehnder Modulators (SEMZMs) in the InP platform (Fig. 4). This optical-DAC approach reduces
the need for linearity and the voltage swing of each electrical driver. With 4-bit IQ SEMZMs,
advanced modulation formats were presented in [86,87] with BICMOS drivers, such as 32 Gbaud
256 QAM generation.

3.3.  Si and hybrid Si modulator

Silicon photonics is preferred for its CMOS compatibility with microelectronics, dense nanopho-
tonics integration, and low-cost mass production. High-speed all-silicon modulators typically
rely on the plasma dispersion effect [88], which is modulated by changing the concentration
of the PN junction free charge, leading to a change in the refractive index of the material, and
ultimately changing the optical phase of the waveguides. The structure and design of the PN
junction lead to a trade-off between efficiency and bandwidth, both of which are related to the
junction capacitance. For a long time, all-silicon modulators featured limited bandwidth (<
45 GHz) and moderate V; with modulation lengths of a few millimeters [31,89-92]. Some
techniques have been used to increase the silicon MZM bandwidth, including removing the
substrate (see Fig. 3) and terminating loads less than 50 Q [93,94]. The peak effect occurs when
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loads with lower terminators (~ 35 Q) at a low frequency (~10 GHz) are used, which improves
the bandwidth at the cost of suppressing the modulation depth at low frequencies.

In [95], the silicon MZM implemented two metal layers and a 35-Q on-chip termination for
lower microwave attenuation and higher EO bandwidth. The 47-GHz silicon MZM allows a
net data rate of 225 Gbit/s at back-to-back transmission in the O-band. (Fig. 7(a)) In 2020,
silicon MZMs demonstrated a 3-dB bandwidth of 60 GHz, adopting differential-driven CL-TWE
and specific PN junction loading [96]. Furthermore, the high-bandwidth Si MZMs comprised
four channels and were co-packaged with an electrical driver chip. The packaged transmitter
demonstrated 800 Gbit/s (4x200 Gbit/s) PAM4 modulation on 3-V V,,, differential drives
(Fig. 7(b)). The silicon microring modulator is much more compact and more power-efficient
than the silicon MZM. Recently, a 3-dB-bandwidth greater than 67 GHz and 26.34-pm/V tuning
efficiency silicon mirroring modulator was demonstrated [97]. As shown in Fig. 7(c), the EO
response curve shows a peak at approximately 50 GHz, which is not limited by the photon lifetime
(41 GHz). A 200 Gbit/s PAM4 was successfully shown below the HD-FEC threshold using the
device.
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Fig. 7. All silicon modulators. (a) O-band silicon MZM allowing 225 Gbps net rate
operation with nonlinear equalization [95], licensed under a Creative Commons Attribution
4.0 License. (b) 4-channel SiP transmitter and EO Sy response of SiP modulators. Reprinted
with permission from [96]. Copyright 2020, Chinese Laser Press. (c) Silicon microring
modulator. Reprinted with permission from [97]. Copyright 2020, IEEE.

To date, silicon modulators not only remain challenging to achieve 100-GHz bandwidth but
also suffer from optical loss and nonlinear response owing to the physical limitation of the
plasma dispersion effect. Many research teams have attempted to integrate excellent electro-optic
materials into a mature silicon photonics platform, such as organic EO material, LN, (silicon-)
germanium (Ge) and 2D materials. Heterogeneous integration with silicon photonics is an
alternative solution to overcome bandwidth and loss limits that stem from the physics of the
plasma dispersion effect [98]. As an alternative solution to overcome the bandwidth and loss
limits that stem from the plasma dispersion effect, hybrid Si modulators pave the way to feature the
required functionality and convenience for silicon photonics together with efficient EO materials.

Silicon platforms can incorporate organic EO materials to form silicon-organic hybrid (SOH)
and plasmonic-organic hybrid (POH) platforms, which combine silicon waveguides and plasmonic
nanostructures with organic EO materials as cladding [99]. Generally, SOI waveguides are
fabricated using standard CMOS processes, and then the EO organic material is deposited to
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fill the silicon strip-load slot waveguide, in which the optical mode is highly confined in the
narrow slot region. To activate the microscopic EO effect, the organic materials need to be
poled by heating them close to their glass-transition temperatures 7s while applying an external
electric field. The chromophore molecules align with the poling field in this procedure; thus, a
non-centrosymmetric orientation is formed [100-102].

To date, SOH modulators have shown advances in ultra-high modulation efficiency (320 Vum
[102]) and low drive voltage (on a scale of a few hundred millivolts). Nevertheless, the bandwidth
of the conventional slot-waveguide SOH modulators is limited by the high RC time constant
(~ 25 GHz [103]), corresponding to the capacitance of the slot and the resistance of the doped
Si slabs. Slot waveguides can realize low resistivity by increasing the doping concentration of
the conductive slabs, which increases the EO bandwidth but at the cost of optical loss. A novel
method to overcome the RC limitation of a conventional SOH modulator is to replace the doped
Si slabs with BaTiO3 [104]. BaTiOs is a high-k dielectric material that effectively avoids the
resistive slab and forms a large coupling capacitor between the optical slot waveguides. As shown
Fig. 8(a), the 1-mm-long capacitively coupled SOH modulator features a bandwidth of 76 GHz
andaV,of 1.3 V.

Long-term reliability and stability, including thermal and photo-induced degradation, require
further verification of the SOH modulator. The poled film should be operated and stored below
T to avoid thermal relaxation of the chromophore. Therefore, EO polymers with a high T,
might offer better thermal stability. As shown in Fig. 8(b), EO polymers with an ultra-high 7',
of 172 °C were spin-coated onto silicon rib waveguides. The device demonstrated 200 Gbit/s
PAM4 modulations with a slight BER increase over a wide temperature range (25-110 °C) [105].
An alternative solution is to replace the poled chromophore molecules with organic EO crystals,
which are inherently stable in the photochemical processes. Moreover, the alignment of the
organic crystals is stable and independent of the operating temperature [106].

The fundamental difference between the POH and the SOH is that the former uses metal-slot
waveguides rather than silicon slot waveguides. In the modulation region of POH, both the
optical and microwave signals are guided by the narrow metal slot filled with the EO polymer
material. Optical signals work in strongly localized plasmon modes to overcome the diffraction
limit of light [107]. Such strong EO interaction and confinement make the POH modulator
stand out for its microscale footprint. Owing to their small capacitance as well as small size,
SOH modulators generally feature low power consumption and ultra-high bandwidths without
requiring terminations. As shown in Fig. 8(c), the POH MZM features a VL of 60 V um
and bandwidth beyond 70 GHz in a total configuration length of 10 um [108]. Although SPP
waveguides suffer from high propagation loss (0.4 dB/um [108]), reasonable on-chip optical loss
(9 dB for MZM 2.5 dB for optimized ring structure [109]) can be achieved owing to ultra-short
phase shifters. The optimized SOH MZM demonstrates great potential for sub-terahertz-range
applications with a flat EO frequency greater than 500 GHz. (Fig. 2(e)). As shown in Fig. 8(d), a
POH 1Q modulator shows energy-efficient high-speed coherent modulation. The modulator was
driven by sub-1 V driving electronics to generate a 16 QAM 50 Gbaud (200 Gbit/s) signal with a
BER below the SD-FEC limit and an energy consumption of 0.3 fJ/bit.

Several approaches attempt to bond the LN film on top of the SOI chip, thereby, combining
CMOS compatibility of silicon photonics with the excellent EO performance of LNOL. In the past
decade, unpatterned LN films were bonded to ridge [8,110] or rib [14,61,62] silicon waveguides.
A drawback of these hybrid waveguides is the small mode overlap between the optical field and
the LN film I'7y. By reducing the width of the silicon waveguide to 320 nm in the modulation
region [61], the guided mode is “extruded” from the silicon waveguide to achieve a larger mode
overlap (I'zy = 81%) with the LN top cladding (Fig. 8(e)). This Si/LN hybrid modulator features
an EO bandwidth greater than 106 GHz. However, hybrid waveguides have relatively large optical
mode sizes and weak confinement, leading to compromised modulation efficiency. To address
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Fig. 8. (a) Capacitivity coupled SOH MZM with high-x slotlines. Reprinted with permission
from [104]. Copyright 2021, Optical Society of America. (b) High-temperature-resistant
SOH operating up to 200 Gbit/s [105], licensed under a Creative Commons Attribution 4.0
License. (¢) POH MZM with metal-insulator—metal plasmonic slot waveguides. Reprinted
by permission from Springer Nature: C. Haffner et al., Nat. Photonics 9(8), 525-528 (2015)
[108]. Copyright 2015, Nature Publishing Group. (d) Energy-efficient POH 1Q modulator
[118], licensed under a Creative Commons Attribution 4.0 License. (e) Si/LN modulator
with unpatterned LN film bonded on SOI platform. Reprinted with permission from [61].
Copyright 2018, Optical Society of America. (f) Si/LN modulator with patterned LN film
bonded on SOI platform. Reprinted from [45]. Copyright 2019, The Author(s), under
exclusive license to Springer Nature Limited. (g) GeSi EAM device integrated on SOI
platform. Reprinted with permission from [112]. Copyright 2016, IEEE. (h) Optical and EO
performance of the GeSi EAM [117], licensed under a Creative Commons Attribution 4.0
License.

this problem, M. He et al. [45] proposed a two-layer structure in which the upper layer is an
etched LN waveguide (I';y>90%), and the bottom layer is an SOI circuit containing all passive
devices (Fig. 8(f)). In this hybrid structure, vertical adiabatic couplers (VACs) act as “bridges”
for light coupling between the silicon and LN waveguides. Highly confined LN waveguides lead
to a high modulation efficiency of 2.2 Vem. For a 5-mm long device, and an EO bandwidth
greater than 70 GHz was realized [45].


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Vol. 30, No. 5/28 Feb 2022/ Optics Express 7264 |

Optics EXPRESS A N \

The Ge/GeSi-on-Si electro-absorption modulator, an alternative high-bandwidth hybrid Si
platform, utilizes an FKE in GeSi or Ge bulk semiconductors [111-114] or QCSE in Ge/GeSi
QW [115,116]. The Ge;_«Six typically has a wider bandgap energy of FKE EAMs than that of
pure Ge, potentially controlling the operation wavelengths. It should note that the composition
of Si should keep low to avoid significantly degrading the absorption contrast. Recently, the
Ge-on-Si EAM was shown broader optical wavelength (C-band) with the submicron-width optical
waveguides [114]. The FKE GeSi modulators are promising for realizing high bandwidth (> 50
GHz [112]) owing to the low junction capacitance in the lateral p-i-n diode Ge islands, which
can be fabricated by selectively growing Ge [112] or butt-coupling vertical GeSi [111]. The aim
is to form highly confined optical waveguides having an effective overlap with the electrical field
(see Fig. 8(g)). Recently, a differential drive GeSi IQ modulator with an EO bandwidth of 67
GHz and modulation efficiency of 1.5 dB/V was demonstrated (Fig. 8(h)). With this advanced
GeSi EAM, 100 Gbaud QPSK, and 50 Gbaud 16 QAM were generated with a BER less than the
HD-FEC threshold. The record data rate for the GeSi modulator is 200 Gbit/s [117] for coherent
transmission and 60 Gbit/s [116] for IM-DD. The limited extinction ratio (< 10 dB) and large
absorption loss (typical 4-8 dB) deteriorate the performance of optical transmission systems.

3.4. Two-dimensional (2D) modulator

In recent years, 2D material, including graphene [119-125], black phosphorous [126], and
transition metal dichalcogenides (such as MoS; [127]), have attracted tremendous attention for
optical modulators. The 2D material can bring competitive advantages to the EO modulators,
such as small footprint, intrinsic high modulation speed, broadband optical operation, strong
light-matter interaction, and structural compatibility. In this review, we only discuss 2D EO
modulators with at least tens of gigahertz bandwidth. Graphene is a zero bandgap semiconductor
with high electrons mobility. With externally applied voltage to a graphene-insulator-Si or
graphene-insulator-graphene capacitor, the surface carrier concentration change rapidly enables
absorptive modulation in the optical waveguides. In this process, the Fermi energy significantly
shifts to modify interband optical transition in graphene. As shown in Fig. 9(a), a representative
work has demonstrated a monolayer graphene-Al,03-Si waveguide (doped) with a broad optical
bandwidth (1.35-1.6 mm), small device footprint (25 mm?) but a limited bandwidth (1.2 GHz)
[128]. In 2015, the first high-speed graphene-based modulator was demonstrated [119]. The
silicon nitride waveguides guided the light in the ring and the graphene-insulator-graphene
capacitor covered part of the ring resonator. The compact modulator features a 15 dB extinction
ratio over 10 V and 30 GHz EO bandwidth [Fig. 9(b)]. Graphene-insulator-graphene structure
allows almost double electro-absorption and electro-refraction effect compared with the single-
layer graphene structure. As shown in Fig. 9(c), un-doped silicon acts as the guiding material and a
stack of hexagonal boron nitride (hBN)-hafnium oxide (HfO,)-hBN dielectric acts as a sandwich
between the two graphene layers. The sandwich structure brings a carrier density-independent
high mobility (30 000 cm? V~! s7!) and higher modulation efficiency, allowing 40 Gbit/s OOK
modulation [129]. To our knowledge, the highest measured EO bandwidth graphene-based
modulator is only 39 GHz [129]. Few theoretical research has predicted the bandwidth can
reach 120 GHz [130,131]. Moreover, based on the photo-thermoelectric effect, graphene-based
photodetectors have demonstrated large bandwidth of > 65 GHz [132-134].

To date, although wafer-level graphene photonic devices have been demonstrated [134], the
mature and mass production of graphene devices is not very optimistic. There are kinds of
remaining technical problems, such as high-quality graphene transfer, high-quality dielectric film
deposition, and wafer-scale production with reliable performance. It is also challenging to realize
high mobility, low loss, decent modulation depth, and high modulation efficiency synchronously.
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Fig. 9. (a) Monolayer graphene-on-Si waveguide-integrated modulator. Reprinted by
permission from Springer Nature: M. Liu et al., Nature 474(7349), 64—67 (2011) [128].
Copyright 2011, Nature Publishing Group, a division of Macmillan Publishers Limited. (b)
A graphene-insulator-graphene microring modulator with a modulation efficiency of 15 dB
per 10 V. Reprinted by permission from Springer Nature: Christopher T. Phare et al., Nat
Photonics 9(8), 511-514 (2015) [119]. Copyright 2015, Nature Publishing Group. (c) A
graphene- hBN-HfO,-hBN-graphene modulator with 39 GHz EO bandwidth [129], licensed
under a Creative Commons Attribution 4.0 License.

3.5. Key performance metrics beyond bandwidth

Half-wave voltage. V is the required voltage to induce ;t phase change. VL is a constant
and related to the optical and electrodes design. Longer modulation regions result in a lower
V. and lower power consumption, but a smaller bandwidth due to higher microwave loss and
accumulation of velocity mismatch. A practical modulator should optimize the length of the
electrodes and balance the trade-off between bandwidth and V. We use BW/V; as the figure of
merit in this review. Bandwidth-voltage performance has the most significant impact on the EO
performance of the modulator, especially in high-baud-rate transmission systems. LNOI, InP,
SOH, and POH have shown outstanding bandwidth-voltage performance, which is promising for
future single-carrier terabit-per-second transmission.

Insertion loss. In the optical links, device loss and attainable input optical power determine
the optical signal-to-noise ratio (SNR) to a large extent. Higher-order modulation formats require
higher optical SNR for the increase of the number of bit/symbols. In short-reach interconnect,
the optical link budget is tight, requiring low total insertion loss of modulators (on-chip loss
and fiber-to-chip coupling loss). On the one hand, POH, SiGe, and graphene-based modulators
suffer from high propagation loss, which can be overcome by short modulation length (tens of
micrometer). However, low V is harder to achieve in such a short length. Propagation loss
comes to the primary consideration for future large-scale photonic integration circuits (PIC). On
the other hand, low-loss fiber-to-chip couplers are essential and challenge for mode matching
between fiber and submicron optical waveguides.

Linearity. Modulators are expected to operate at the linear region, especially for multi-level
PAM and high-order QAM. Nonlinear distortion in modulation requires complex nonlinear
compensation in the digital signal processing (DSP) process. Moreover, linearity is the key
parameter that determines the performance in integrated microwave photonics (MWPs) system.
We can characterize the linearity by evaluating the third-order intermodulation (IMD3) spurious-
free dynamic range (SFDR) performance. SFDR is defined as the ratio of the maximum signals
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without distortion to the minimum signal above the system noise floor. The schematic of
the experimental setup is shown in Fig. 10(a). Applying two fundamental signals with equal
amplitude at frequency f1.f> to the EO modulators, IMD3 frequency terms (2f1- f» and 2f5- f1)
generate in the modulation if linearity exits. Note that IMD3 frequency terms are the dominating
distortion components in analog optical links, which are close to the fundamental signal and
difficult to filter out. Then the optical signal is detected by a photodetector and sent to the RF
spectrum analyzer. After recording the RF output power of the fundamental signal and IMD3,
we can obtain the SFDR, third-order input intercept power (IIP3), third-order output intercept
power (OIP3), and noise figure (NF) [Fig. 10(b)].
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Fig. 10. (a) Experimental setup for measuring the SFDR. (b) RF output power of the
fundamental and IMD3 components as a function of RF input power. (¢) Simulated MZM
transfer functions based on Pockels effect, plasma dispersion and DC Kerr effect. Reprinted
with permission from [135]. Copyright 2019, IEEE. (d) Linearized heterogeneously I1I-V/Si
ring-assisted MZM with SFDR of 117.5dB - Hz2" at 10 GHz. Reprinted with permission
from [136]. Copyright 2016, Optical Society of America.

EO modulators on various material platforms based on different modulation mechanisms,
of which is a linear index-voltage relationship, such as the LN modulator that relies on the
Pockels effect, while others are intrinsic nonlinear, such as the silicon modulator that relies
on plasma dispersion effect (index change~ VV) and direct current (DC) Kerr effect (index
change~ V?), and the InP based on QCSE and FKE. The transfer functions of the MZM based on
the Pockels effect, plasma dispersion effect, and DC Kerr effect are shown in Fig. 10(c) [135].
MZM based on linear EO effect has an ideal sinusoidal transfer with the maximum SFDR at
the quadrature point. Transfer function engineering can be accomplished by device design and
biasing for electro-absorption devices [135]. Several schemes for the linearization approach
include resonant-assisted MZM [136,137] [Fig. 10(d)], dual-parallel MZM [138,139], cascaded
MZM [140] and dual ring [141].

Temperature stability. InP and partly Ge/SiGe modulator utilize QCSE in MQW waveguides.
QCSE is a temperature-sensitive effect. As the temperature increases, the bandgap becomes
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narrower and the absorption edge widens. In practice, thermoelectric coolers (TEC) can use for
stable operation. Low-temperature-dependent InP-based modulator has been realized by reducing
Vi (1.5 V) thus a smaller swing voltage of the driver, which indicates a low EO bandwidth
variation of 2 GHz under 25° to 85 °C conditions [76]. Previous investigation of Ge/SiGe MQW,
the absorption coefficient spectra redshift with the temperature dependence of ~0.83 nm/°C
[142].

4. Conclusion and future outlook

In this review, we summarize different driving electrodes and optical structures that can broaden
the EO bandwidth. These schemes are universal and can be adopted on various integrated
platforms. With a few promising EO platforms as our focus, we reviewed high-bandwidth
modulators on each of them and briefly analyzed their advantages and disadvantages. Inevitable
trade-offs were observed among bandwidth, voltage, power consumption, size, and loss. Table 1
presents the state-of-the-art performance for the high-bandwidth modulator in LNOI, InP, Si, and
hybrid Si platforms, including 3-dB EO bandwidth, BW/V, footprint, loss, and net bit rate.

Table 1. Typical and state-of-the-art performance for the high-bandwidth MZM on various EO
platforms. The parentheses conclude the best-reported resulit.

Platform  Operating 3-dB EO Record BW/V;  Footprint Loss [dB/cm]  Record net
principle bandwidth [GHz/V] [mm] data rate
[GHz] [Gb/s/A]
LNOI Pockels >67 (110 [44]) 80 [68] 5~20 ~0.3 700 [57]
InP QCSK/FK >67 (80 [61]) 53 [77] ~4 ~2(1.5[77)  333[73]
Si Free-carrier ~40 (60 [97]) <10 [96] <5 10~30 (2.6 225 [96]
dispersion [146])
SOH Pockels 60 (76 [105]) 58 [105] ~1.5 ~20 (22 [106]) 187 [147]
POH Pockels 100 (500 [22]) 166 [22] <0.02 ~ 500 (400 200 [148]
[108])
LN/Si Pockels 70 (106 [61]) 14 [45] >5 ~1(0.98 [45]) 105 [45]
(Si-)Ge FK/QCSE 50 (>67[118]) N.A. ~0.04 1000 133 [149]
Graphene Interband 30 (39 [129]) N.A. ~0.05 300 [120] 50 [124]

transition

LN-based and organic-based modulators operate with the linear Pockels effect, which can offer
intrinsically good linearity and reduce the budget for nonlinear compensation in transmission.
Particularly, LNOI is superior in the overall performance of ultra-low loss, high bandwidth, low
V1, and demonstrated the highest net data rate. In addition, LNOI has a wide optical operation
bandwidth (C + O-band [143]) and temperature stability. However, for a CMOS-level driving
voltage (< 1 V), the LNOI modulator requires a modulation length of 1-2 cm, which is difficult
to achieve owing to the fixed r33 coefficient. Devices are extremely long to be practically adapted
to a compact transceiver package, such as QSFP-DD (quad small form-factor pluggable double
density). By employing meander TWE and optical waveguides, folded LNOI-based MZMs
were found to be effective solutions to reduce the device length while maintaining the overall
performance [64,144]. Booming LNOI-based modulators are becoming increasingly popular in
the commercial market. Moreover, the demonstration of wafer-level LN photonics integrated
circuits [48] makes the platform promising for cost-effective applications.

InP enjoys an ultrafast EO response owing to the QCSK/FK effect, which is beneficial for high
EO bandwidth and low driving voltage. The development of high-bandwidth InP modulators is
accompanied by optimizing the heterostructure to reduce the series semiconductor resistance.
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Furthermore, the InP platform can support lasers and amplifiers in the monolithic integration
with modulators, which is extremely appealing from the perspective of photonic integration.

All Si modulators cost-effectively support a high data rate and are suitable for low-cost
commercial deployment with microelectronics. Silicon optical modulators show great promise
for applications up to a bandwidth of 100 GHz. When the bandwidth requirement is greater than
100 GHz, Si hybrid modulators have the potential to overcome the bandwidth and loss limitations
due to the plasma dispersion effect.

Reportedly, SOH has the highest modulation index (0.032 Vcm [102]) owing to the large
Pockels coefficient (r33= 390 pm/V [102]) from organic EO material. The BW/V value of the
SOH is much higher than that of all the Si modulators. For organic/polymer-based modulators,
the long-term thermal and photochemical stability still faces skepticism, although recent advances
have demonstrated that they can operate stably at elevated temperatures [105,145]. POH
modulators have the highest BW/V; and the smallest footprint, making them promising for
ultra-high bandwidth density and low power consumption. However, POH modulators suffer
from high propagation losses. Therefore, the phase shifters must be kept sufficiently short for
reasonable on-chip insertion loss. Hybrid LN/Si modulators combine excellent EO performance
from LN with silicon circuity. To date, the BW/V; value of the hybrid LN/Si modulator is
lower than that of LNOI owing to the RF loss from the silicon substrate of the current SOI.
By employing an SOI wafer with a silicon substrate with high resistance or substrate removal
techniques, the BW/V; of hybrid LN/Si can catch up with the LNOI platform in the future.

For EO modulators with modulation bandwidth approaching or exceeding 100 GHz, it is
essential to determine the scheme of the modulated electrode and optical waveguide based on the
characteristics of the specific material platforms, sometimes at the cost of increasing the driving
voltage. The aforementioned integrated platforms are promising candidates for ultra-wideband
optical communications with distinct advantages.
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