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ABSTRACT: High-performance silicon and thin-film lithium niobate hybrid electro-optic modulators are demonstrated. In order to
break the voltage−bandwidth limit in a normal traveling-wave modulator, a periodic capacitively loaded traveling-wave electrode is
employed in this hybrid platform. The silicon substrate is undercut-etched to achieve index matching of the optical wave and
microwave. A hybrid waveguide with a lithium niobate thin film bonded on a silicon wire is employed. Lithium niobate etching is not
required for making the hybrid optical waveguides. We realize an intensity modulator of 12.5 mm long modulation section, which
exhibits a low half-wave voltage of 1.7 V and a large 3 dB modulation bandwidth of >70 GHz. Data transmissions with various
modulation formats beyond 100 Gbit/s are successfully achieved with dynamic extinction ratios of >8 dB. Combining the advantages
of the silicon and thin-film lithium niobate platforms, a compact dual polarization coherent modulator is also experimentally
demonstrated, on which 96 Gbaud 16-level quadrature amplitude modulation signals in both polarizations are successfully
transmitted.
KEYWORDS: hybrid integration, lithium niobate, silicon photonics, electro-optic modulator, coherent modulator

■ INTRODUCTION
During the last two decades, silicon photonics has been
developed as a promising platform for high-density and high-
speed data transmission circuits. Due to its abilities for large-
scale integration, low cost, and complementary metal oxide
semiconductor compatibility, silicon photonics draws great
interest from both academia and industry. High-performance
devices and circuits have been demonstrated through
monolithic or hybrid integrations on silicon, such as ultra-
low loss waveguides and fiber interfaces,1,2 multiplexers for
various domains,3,4 lasers and amplifiers,5,6 photo-detectors
(PDs),7,8 and modulators,9,10 as well as demo chips for high-
speed data center interconnects and long-haul communica-
tions.11,12 Among them, modulators and PDs are key
components, whose performances directly determine the data
rate of an optical communication channel. Nowadays, PDs on
silicon have already reached a bandwidth of 265 GHz and a
quantum efficiency of >25%.8 On the other hand, conventional
Mach−Zehnder interferometer (MZI) based modulators on

silicon, due to intrinsic material properties, still suffer from a
low bandwidth (50−60 GHz), a high driving voltage (∼7 V),
and a high loss (5−6 dB).13 Although resonant structures have
been introduced to alleviate these problems, they also raise
other constraints, such as narrow working wavelength
ranges.14,15 The search for a general purpose electro-optic
(EO) modulator on silicon that can match the performance of
a silicon-based PD continues to be an important topic of
research. Hybrid integration technology brings other materials
more suitable for light modulation, such as InP,16,17 special
polymers,18,19 two-dimensional (2D) materials,20,21 plas-
monics,22,23 germanium,24 and thin-film lithium niobate
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(TFLN)25−32 onto silicon, and have been envisioned as an
effective approach to this goal. Among them, silicon−TFLN
hybrid integration has been the most promising one, which
enables to achieve modulation bandwidths of >70 GHz or half-
wave voltages of <2 V, as well as low insertion losses.26,29−32

However, such a silicon−TFLN hybrid modulator with a
simultaneous large bandwidth and low driving voltage is still
absent due to the intrinsic trade-off between these two figures
using a traditional traveling-wave (TW) electrode.33 For the
same reason, the best silicon−TFLN hybrid modulator
currently still used an etched ridge TFLN waveguide, where
light is totally transferred into lithium niobate (LN) in the
modulation section in order to maximize the light interaction
with the EO material.
Recently, a periodic capacitively loaded TW (CLTW)

electrode has been implemented to break such voltage−
bandwidth limits on the monolithic TFLN platform.34,35 The
principle is that a wide signal electrode is used to reduce the
radio frequency (RF) loss of the driving microwave signal,
whereas the T-shaped periodic structures are added to
maintain a small electrode gap for an efficient modulation.
However, the microwave velocity in this case would be
significantly reduced. A low-permittivity substrate, that is,
quartz, had to be used to maintain the index matching between
the optical and RF waves, which is not compatible with silicon
photonics. In this paper, we demonstrate silicon−TFLN hybrid
modulators with large bandwidths and low half-wave voltages
using the CLTW electrode. The necessary index matching of
the optical and RF waves is achieved through an undercut
etching technique of the silicon substrate.36 Additionally, a
hybrid waveguide without etching LN is employed to facilitate
the fabrication of the optical waveguide in the modulation
section.31 This structure avoids high-quality etching techniques
to make smooth sidewalls of an LN ridge waveguide for a low
propagation loss.29 The fabricated 12.5 mm long intensity
modulator exhibits a low Vπ of 1.7 V and a large 3 dB EO

bandwidth of >70 GHz. Based on the same hybrid platform, a
highly integrated dual-polarization (DP) in-phase/quadrature
(IQ) coherent modulator is also experimentally demonstrated.
DP 16-level quadrature amplitude modulation (16QAM)
signal at 96 Gbaud is successfully transmitted.

■ RESULTS
Device Design and Fabrication. Figure 1a shows the

three-dimensional structure of the hybrid EO modulator on a
silicon circuit. All the passive structures are built on a silicon-
on-insulator (SOI) wafer of a 220 nm top silicon layer and a 2
μm buried oxide (BOX) layer. A pair of grating couplers
(GCs) is used for the light in- and out-coupling to single-mode
fibers. The intensity modulator essentially has an MZI
structure, which includes two 1 × 2 multimode interferences
on silicon and two hybrid-structured arms with a 500 nm thick
x-cut TFLN bonded on the silicon waveguides. A layer of
benzocyclobutene polymer with a thickness of 150 nm is used
as the bonding layer between the TFLN and the top silicon
layer. In each MZI arm, the light field transfers from the silicon
wire waveguide to the hybrid waveguide adiabatically through a
300 μm long silicon taper and vice versa, as shown in Figure
1d. The width of the taper varies linearly from w1 = 0.45 μm to
w2 = 0.28 μm. At w1, the light is nearly all confined in the
silicon wire, which ensures a low transition loss (>99.5%) from
the input silicon circuit. On the other hand, at w2 the light is
more confined in the TFLN to ensure high modulation
efficiency. The overall transmission loss of the taper structure is
< 0.03 dB in simulation (details are provided in the Supporting
Information).
The CLTW electrode is employed here to improve the

modulation performances. In this structure, the wide signal
electrode, that is, Ws = 65 μm, facilitates a low RF loss, whereas
the T-shaped structures extending out from the main
electrodes help maintain a strong electric field in the hybrid
waveguide. In this case, the modulation efficiency, denoted as

Figure 1. Proposed Si-TFLN hybrid modulator with a periodic CLTW electrode and an undercut etching in the silicon substrate. (a) Schematic of
the MZI structure. (b) Cross-sectional view of the modulation section. (c) Detailed top view of the electrode structure. (d) Schematic of coupling
section from a silicon wire waveguide to the hybrid waveguide. Insets show fundamental transverse electric mode profiles at corresponding
positions.
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the half-wave voltage length product VπL, and the modulation
bandwidth can be improved simultaneously. Unfortunately, the
RF velocity would be significantly reduced when using such an
electrode structure. This causes a serious index mismatch
between the optical and RF waves on a silicon substrate.34 To
solve this problem, the silicon substrate is undercut-etched for
about 28 μm through the holes at the side of the hybrid
waveguide in order to reduce the RF effective index and
recover the necessary index matching, as shown in Figure 1b.
The thickness d of the T structures is thin, 200 nm,
considering its fine resolution, whereas the thickness D of
the main electrodes is 1.1 μm to maintain a low RF loss. 650
nm thick silicon oxide over-cladding on the top of the TFLN is
employed to isolate the electrode from the optical mode, so
that the excessive light absorption loss induced by electrodes
can be avoided (<0.025 dBcm−1) even with a small gap of g =
2.28 μm and a structure misalignment of 0.25 μm resulted
from fabrication. Other electrode parameters as noted in
Figure 1c are carefully designed to ensure a good impedance
and index matching required by a TW electrode, which gives
(r, c, s, t, h, w, L) = (47, 3, 3, 5, 19, 13, 36) μm.
The electrical and optical mode properties in the modulation

region were analyzed using a finite element algorithm
(COMSOL) at 1550 nm wavelength as shown in Figure
2a,b. For the silicon wire of w2 = 0.28 μm, the confinement
factor in LN for the fundamental transverse electric mode is
58.2% (see the Supporting Information). This confinement
factor is lower than that in an ordinary etched TFLN ridge
waveguide,37 which therefore gives a higher VπL of 2.4 V·cm in
the present case. Nonetheless, as mentioned above the CLTW
electrode design realized here effectively breaks the band-
width−voltage limit of the modulator. A waveguide structure
with relatively low light confinement in LN, such as the hybrid
waveguide here, would only result in a longer device length
without compromising the bandwidth. Using the optimized
structural parameters, the characteristic impedance, the RF
effective index, and the RF loss αm obtained from simulations
are shown in Figure 2c−e. The optical propagation loss
induced by the metal electrodes is calculated to be about 0.07
dBcm−1, which is negligible as compared to other loss

mechanisms. One can find that the undercut etching technique
indeed can help to achieve a nearly perfect index matching up
to 100 GHz in this design. From Figure 2e, the frequency-
independent characteristic RF loss α0 can also be derived as
0.21 dBcm−1 GHz−1/2, which is significantly lower than those
of regular TW electrode-based Si−TFLN hybrid modula-
tors.28−32

The fabrication of the proposed hybrid silicon and TFLN
modulator consists of the SOI structure processing in a
complementary metal oxide semiconductor fab, the die-to-die/
wafer bonding of TFLN, the electrode metal patterning, and
the undercut etching of the silicon substrate (details are
included in the Supporting Information). Except for the initial
SOI structures, all the other patterns in the proposed device
are in the order of several microns and thus medium-resolution
patterning tools, such as ultraviolet contact photo-lithography,
can be used. Wafer-scale processing in the level of SOI wafer
size is also possible if multi-die-to-wafer bonding of the TFLN
should be adopted.
Performances of an Intensity Modulator. First, an MZI

intensity modulator as shown in Figure 1a was fabricated.
Figure 3a shows SEM images of the CLTW electrode and an
optical image of the whole fabricated device. The length of the
modulation section using the hybrid waveguide is 12.5 mm.
The optical transmission of this device was then measured as
shown in Figure 3b before the metal electrode deposition.
Here, the input and output GC responses were normalized out.
A typical MZI interference spectrum is presented due to the
slight length difference in the SOI waveguides of the two arms.
The measured insertion loss and extinction ratio of the
modulator is 2 dB and 25 dB, respectively. The insertion loss
here mainly comes from the propagation loss of the long
modulation section, that is, the hybrid waveguide, which can
be estimated as 1.6 dBcm−1 (the losses of the silicon
multimode interferences and tapers are negligible). This is a
typical value for the propagation loss of a silicon wire
waveguide. Improving the processing for the silicon circuits
would further decrease the insertion loss of the proposed
modulator. After the whole device fabrication, the total
insertion loss of the chip is 10.2 dB, including the coupling

Figure 2. (a) Simulated optical mode profile (colormap) and static electrical field distribution (arrows) with an applied voltage of 30 V in the
modulation region. (b) Simulated RF mode profile at a RF frequency of f = 100 GHz. Simulation results of (c) characteristic impedance, (d) RF
effective index, and (e) RF loss αm. The group index of the optical mode is marked as a red dash-dotted line in (d).
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losses of two GCs to the fibers, that is, 7.2 dB. The insertion
loss increased by 1 dB, which mainly comes from the metal
electrodes, is more than expected from simulations. It can be
attributed to the negative deviation of the over-cladding SiO2
thickness and misalignment of the metal patterns resulted from
the manual mask aligner. The modulation efficiency of this
structure was further measured using a 100 kHz triangular-
wave voltage drive. A typical sinusoidal response of the output
optical signal was obtained as shown in Figure 3c. The half-
wave voltage can then be extracted as Vπ = 1.7 V. The
corresponding VπL is 2.13 V·cm, which is also slightly smaller
than the theoretical value. This also indicates that the over-
cladding SiO2 might be thinner than the desired 650 nm.
To characterize the bandwidth of the MZI modulator, the

electrical−electrical (EE) performance of the CLTW electrode
was first measured using a vector network analyzer, and the S12

and S11 responses is shown in Figure 4a. The 6.4 dB bandwidth
of S21 clearly surpasses 67 GHz, and S11 is below −20 dB over
the whole frequency range. For a TW modulator with perfect
index and impedance matching, the 6.4 dB bandwidth of the
EE response determines the 3 dB EO bandwidth of the
modulator.38 The deducted electrode parameters, including
the characteristic impedance, the RF refractive index, and the
RF loss, are illustrated in Figure 4b−d. The RF refractive index
is slightly higher than the designed value, probably due to
insufficient undercut etching of the silicon substrate. The
characteristic RF loss α0 fitted from Figure 4d is about 0.49
dBcm−1 GHz−1/2, which is also higher than the simulated
results. The extra RF losses may be attributed to dielectric
losses of the deposited oxide and scattering losses from the
rough metal surfaces. Nevertheless, this loss value is still much
lower than that of regular TW electrode-based Si−TFLN
hybrid modulators.28−32 The EO bandwidth of the modulator
was further measured as shown in Figure 4e. A large EO
bandwidth of >70 GHz is achieved thanks to the good index
matching achieved from the undercut-etched structure here.
The simulated EO response using the measured electrode
parameters from Figure 4b−d predicts a 3 dB bandwidth of
100 GHz for the present device.
Data transmissions using the fabricated device were

characterized using different modulation formats, including
the on−off key (OOK), 4-level pulse amplitude modulation
(PAM4), and 8-level pulse amplitude modulation (PAM8), as
shown in Figure 5a. Clear eye opening can be observed up to
168 Gbit/s (56GBaud PAM8) data rate. In all the above eye
measurements, the driving voltages were less than 2 V and the
dynamic ERs are all better than 8 dB. The back-to-back (B2B)
bit error rates (BERs) of 64 and 100 Gbit/s OOK signals were
further measured and calculated using offline digital signal
processing algorithms (details are included in the Supporting
Information). As shown in Figure 5b, the BERs can drop below
the KP-4 forward error correction threshold with a low
received optical power, and no error floor is observed. Table 1
summarizes the key performances of some demonstrated EO
intensity modulators on silicon or silicon hybrid platforms.
One can find that the proposed device here shows better EO

Figure 3. (a) Optical and SEM images of the fabricated device. (b)
Transmission of the fabricated modulator before the electrode
deposition. (c) Normalized optical transmission as a function of
applied voltage showing a Vπ of 1.7 V.

Figure 4. (a) Measured EE reflection S11 and transmission S12 of the device. Deduced (b) characteristic impedance, (c) RF effective index, and (d)
RF loss. The red dash-dotted line in (c) indicates the optical group index. (e) Measured and simulated EO S21.
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bandwidth with a smaller Vπ, as compared to the other
silicon−TFLN hybrid modulator using the conventional TW
electrode.
Performances of a Coherent Modulator. To demon-

strate the feasibility of the proposed hybrid modulator
structure, which combines the advantages of silicon and

TFLN platforms, for constructing complex circuits, a compact
DP-IQ modulator for coherent communications was also
fabricated. As shown in Figure 6a, the whole structure includes
two 2D GCs for light input and polarization multiplexed
output, four MZI modulators, on-chip 50 Ω termination
resistors, and heaters for phase tuning. Except for the hybrid
modulation sections, all the other components are on pure
silicon, where high-performance 2D GCs with low coupling
losses and low polarization-dependent losses,1 and high-
efficiency thermo-optic phase shifters39 can be built. The
final fabricated device is shown in Figure 6b,c. The length of
modulation arms is 7.5 mm, corresponding to a measured Vπ
of 3 V and a bandwidth of also >70 GHz. Thanks to the
compact silicon components, the size of the whole structure is
only 9 mm × 1.6 mm. Modulation of a 96 Gbaud DP-16QAM
signal using the present modulator and the corresponding
coherent detection was experimentally demonstrated (detailed
measurement procedures are provided in the Supporting
Information). Clear constellations with signal-to-noise ratios of
about 15 dB and BERs of better than 1 × 10−3 can be obtained
for both polarizations as shown in Figure 6d.

■ CONCLUSIONS
We have demonstrated hybrid silicon and TFLN modulators
using a CLTW electrode with undercut etching in the silicon
substrate to break voltage−bandwidth limits of TW EO
modulators in silicon photonics. The fabricated 12.5 mm long
intensity modulator exhibits a low Vπ of 1.7 V, a large 3 dB EO
bandwidth of >70 GHz, and an insertion loss of 3 dB at the C-
band. Data transmissions with OOK, PAM4, and PAM8
modulation formats beyond 100 Gbit/s have been successfully
achieved. Thanks to the mature silicon passive components, a
compact and high-performance coherent modulator with 96
Gbaud DP-16QAM data transmission was also experimentally
demonstrated. In the present demonstration, good index and
impedance matching has been achieved. Therefore, the EO
bandwidth of the present modulator depends mainly on the RF
losses of the electrode and increasing the length of the
modulation section further could help achieve sub-one-volt
driving voltage, which is essential for a driverless transmitter.
Apparently, the silicon−LN hybrid integration in this work

takes advantages of excellent modulation performances on LN
and matured compact devices on silicon, which are not
simultaneously available on either single platform. The hybrid
waveguide, using a TFLN bonded on a silicon wire waveguide,

Figure 5. (a) Measured eye diagrams for 56 Gbit/s OOK, 100 Gbit/s
OOK, 112 Gbit/s PAM4, and 168 Gbit/s PAM8 signals. (b)
Measured B2B BERs for 64 Gbit/s and 100 Gbit/s OOK signals at
different received optical power.

Table 1. Comparison of Several Performance Metrics for
EO Modulators on Silicon at the C-Band

platform
loss
(dB)

Vπ
(V)

EO bandwidth
(GHz)

length
(mm)

pure silicon13 5.4 7 58 2
Si−InP16 1 3.5 2.2 0.25
Si−polymers19 0.22 1.8 68 8
Si−graphene20 17 7 5 0.4
Si−plasmonics22 12 N/A 65 0.029
Si−TFLN29 2.5 5.1 70 5
Si−TFLN30 1.8 3 70 9
Si−TFLN31 7.6 13.4 >106 5
this work 3 1.7 >70 12.5

Figure 6. (a) Schematic of the DP-IQ modulator using the proposed Si−TFLN hybrid integration. (b) Microscope images of the whole modulator.
(c) Zoom-in view of the on-chip 50 Ω resisters and heaters. (d) Measured DP-16QAM constellations.
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avoids specialized high-quality etching processes for LN
structures with smooth sidewalls, which are currently not
widely adopted. The fabrication processes for the hybrid
modulator can also be integrated to an SOI wafer with, for
example, germanium PDs, to enable a fully functional, high-
performance photonic circuit on silicon. In this circumstance,
the thick oxide over-cladding on the modulator area has to be
removed to expose the silicon waveguide using, for example,
dry etching. Fortunately, the benzocyclobutene adhesive layer
used here facilitates the bonding on a relatively rough surface
that resulted from the etching. One issue of the proposed
device is related to the suspended structure, which appears to
be unstable. Yet, the substrate undercut etching would be the
last wafer processing step, and this structure also survived the
mechanical dicing process in the test. Additionally, this type of
suspended structure has also been widely adopted in micro-
electromechanical systems, as well as silicon modulators.13 We
believe that the present demonstration of silicon−TFLN
hybrid modulators would significantly improve the overall
performance of integrated transceivers in silicon photonics
platforms.
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