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Optical modulators have been and will continue to be essential devices for energy- and cost-efficient optical com-
munication networks. Heterogeneous silicon and lithium niobate modulators have demonstrated promising per-
formances of low optical loss, low drive voltage, and large modulation bandwidth. However, DC bias drift is a
major drawback of optical modulators using lithium niobate as the active electro-optic material. Here, we dem-
onstrate high-speed and bias-drift-free Mach–Zehnder modulators based on the heterogeneous silicon and lith-
ium niobate platform. The devices combine stable thermo-optic DC biases in silicon and ultra-fast electro-optic
modulation in lithium niobate, and exhibit a low insertion loss of 1.8 dB, a low half-wave voltage of 3 V, an
electro-optic modulation bandwidth of at least 70 GHz, and modulation data rates up to 128 Gb/s. © 2020
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1. INTRODUCTION

By harnessing the tool sets and process flows in complementary
metal–oxide–semiconductor (CMOS) foundries based on
silicon-on-insulator (SOI) platforms, silicon photonics (SiPh)
promises advantages of low cost, high volume, and reliable
manufacturing [1–3] and therefore may create a radically new
landscape for photonic integrated circuits (PICs). This makes it
very attractive for applications in future transceivers in telecom-
munication and data communication [4], in which fast, energy-
efficient, and low-loss electro-optical (EO) modulators are
crucial components [5,6]. As an essential component, optical
modulators on SiPh platforms commonly use the plasma
dispersion effect in silicon p−n junctions [7–10]. With this
technology, various impressive devices have been developed,
leading to commercial 100 Gb/s optical transceivers for the
telecom and datacom applications [11]. However, the plasma
dispersion effect has intrinsic limitations in modulation band-
width and optical loss. In particular, because of free carrier

absorption, silicon p−n junctions do not support pure phase
modulation, which deteriorates the fidelity of signals in ad-
vanced modulation formats. The current performance envelope
of the silicon optical modulator is believed to be more or less
close to their physical limits, but future applications require
even higher performance due to the insatiable demands of data
capacity.

To overcome the drawbacks inherent in silicon modulators,
a diverse range of materials offering better modulation perfor-
mance have been heterogeneously co-integrated onto the SiPh
platform, including graphene [12], EO polymers [13], indium
phosphide (InP) [14], and barium titanate (BTO) [15]. Besides
these materials, lithium niobate (LN), the most successful
material for high-speed optical modulation [16–22], has also
been integrated with SOI circuits by the die-to-wafer bonding
technique [23–26]. Recently, we have demonstrated a hetero-
geneous LN/SOI Mach–Zehnder modulator (MZM) [27],
which exhibits low insertion loss <2.5 dB, large bandwidth
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>70 GHz, and a single line rate of up to 112 Gb/s using four-
level pulse amplitude modulation (PAM-4).

In general, a DC bias needs to be applied to set the MZM at
an optimum operating point for best performance. For exam-
ple, the optimum bias point is the quadrature point for PAM-4.
In our previous work, as in the vast majority of cases, the bias
point was set by applying a DC voltage across an EO phase
shifter (EOPS) in an LN waveguide. However, the electro-
optically controlled bias point in LN modulators may change
over time: this phenomenon is the so-called DC bias drift [28],
which is related to the flow and redistribution of electrical
charge in the LN region under the application of the DC volt-
age and is an inevitable problem for an LN MZM that requires
dedicated monitoring photodetectors (PDs) and control cir-
cuitry in practical devices [29–31].

Here, we report a high-performance heterogeneous LN/SOI
MZM, featuring stable operation that is substantially free of the
DC bias drift phenomena. A thermo-optic phase shifter
(TOPS) on silicon waveguide is used to achieve stable DC bias.
Although the thermo-optic (TO) bias method can be achieved
on LN [32], the larger TO coefficient of silicon makes the
TOPS power-efficient and compact in size. In addition, the
present device shows a large EO bandwidth of >70 GHz, a
low half-wave voltage of 3 V, and low on-chip insertion loss
of <1.8 dB. On–off keying (OOK) modulation up to
100 Gb/s and PAM-4 up to 128 Gb/s are successfully demon-
strated.

2. METHOD

Schematics of the hybrid LN modulator are shown in Fig. 1.
The hybrid platform consists of an SOI substrate (220 nm
silicon, 3 μm buried oxide layer) with a 600 nm thick layer of

x-cut LN membranes on the top surface through benzocyclo-
buten (BCB) adhesive die-to-wafer bonding. The modulator
can be divided into two parts. Part I is the passive silicon optical
input/output (I/O) circuit, including a shallow etch grating
coupler, 3 dB multimode interferometer (MMI), and silicon
waveguides. Part II is the high-speed modulation region includ-
ing LN waveguides, which form the arms of the Mach–
Zehnder interferometer (MZI) and the laterally spaced gold
traveling-wave electrodes (TWEs) with ground-signal-ground
(GSG) configuration. Vertical adiabatic couplers formed by sil-
icon inverse tapers and superimposed LN waveguides are used
to interface between Parts I and II. The TOPS consists of
titanium (Ti) heating electrodes and is located alongside the
silicon waveguides in Part I, as depicted in Fig. 1(b).

The silicon MMI split the input light into two optical paths
that are isolated from one another. The thickness of the BCB
bonding layer was set to 300 nm to provide a high coupling
efficiency that promises that the optical power can be efficiently
transferred to the LN layer through the vertical adiabatic
couplers. To access the largest attainable EO coefficient
r33 ≈ 31 pm∕V of LN, the LN waveguides are formed along
the y axis of the LN membrane, while the gold electrodes create
a horizontal electric field along the z axis of LN. Consequently,
the electric field has the opposite direction across the two wave-
guides, where the Pockels effect is used to induce an optical
phase difference between them. To achieve high modulation
efficiency and low optical loss, the fabricated waveguides have
a top width of W � 4 μm and a rib height of h � 300 nm,
and the gap between the waveguides and electrodes was set to
1.6 μm. The design of the TWE is optimized for impedance
matching, low RF attenuation, and velocity matching to
achieve higher EO bandwidth. Here, the thickness of the
electrodes was set to H � 900 nm, the widths of signal
and ground electrodes were designed as Ws � 15 μm and
Wg � 80 μm, respectively, while the gap between them was
set to G � 7.2 μm. Figure 2 shows the simulated and exper-
imental results of the TWE parameters. After light coupling

Fig. 1. Schematics of the hybrid LN modulator with silicon TOPS.
(a) Schematic of the whole structure. The insets are optical mode pro-
files of modulation and the TOPS region. (b) Perspective view of the
TOPS. (c) Cross-section view of the high-speed modulation region
and TOPS.

Fig. 2. Simulated and experimental results of characteristic imped-
ance Z 0, group index ng , and microwave attenuation αm for TWE.
The black dashed lines represent the 50Ω impedance and group index
of the optical mode, respectively.
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back from LN to silicon, TOPS can adjust the phase difference
between the two arms via changing the applied voltage on the
heating electrodes. The Ti electrodes are directly deposited on
LN membranes after the etching process because LN has the
characteristics of electrical isolation. The heating electrodes
have a width of 2 μm, a height of Ht � 200 nm, and a length
of 160 μm. The device is compact due to the high TO coef-
ficient of silicon (dn∕dT � 1.86 × 10−4 K−1 at wavelengths
near 1550 nm). To achieve a high TO modulation efficiency,
the most important parameter is the gap between the wave-
guide and Ti electrode. A small gap can improve the heating
efficiency but induce additional absorption losses. In this work,
we focus on the demonstration of the combination of the TO
bias controller with an EO modulator on one platform; thus,
low optical loss is given priority under this situation. Here, the
gap between the Ti heating electrodes and silicon waveguides
under LN membranes was optimized to Gt � 800 nm.

We fabricated silicon waveguides using standard electron
beam lithography (EBL) and inductively coupled plasma reac-
tive ion etching (ICP RIE). Then, a commercially available
x-cut LN-on-insulator (LNOI) die (NANOLN) was flip-chip
bonded on the top surface of SOI substrate that was spin-
coated with BCB. The whole sample is cured at a temperature
of 270°C. Afterwards, the die handle of LNOI is removed by a
series of processes consisting of mechanical polishing and dry/
wet etching. Then, the pattern of LN waveguides was defined
by EBL in hydrogen silsesquioxane (HSQ) resist, and the wave-
guides were formed by dry etching in an Ar� plasma. Finally,
the Ti heating electrodes were deposited on the EBL-patterned
polymethyl methacrylate (PMMA) resist patterned by electron
beam evaporation, while the gold microwave transmission lines
were produced in the same way. The scanning electron micros-
copy (SEM) images of the high-speed EO modulation region
and TOPS are shown in Fig. 3.

3. RESULTS

The fabricated devices are characterized in detail. We first mea-
sured the optical transmission against the DC voltage applied
on TOPS, as shown in Fig. 4(a). The results show Vπ of 1.83 V
with the heating electrodes resistance of 696 Ω, which corre-
sponds to the power dissipation required to achieve π phase
shift of 23.8 mW. This is more power-efficient compared to
the minimum power consumption of 180 mW for the EOPS
bias method, considering the 50 Ω terminator resistance. The

on-chip loss of the modulator is measured to be 1.8 dB, which
includes 1 dB LN and Si waveguides propagation losses, 0.4 dB
vertical adiabatic coupler (VAC) coupling losses, and 0.4 dB
from the two MMIs. In addition, the extinction ratio is mea-
sured to be approximately 40 dB for the device. Utilizing
TOPS in silicon for bias control offers two distinct advantages
compared to EOPS in LN. First, the TO effect of silicon is
much stronger than the EO effect, allowing for a more compact
size for TOPS. In our case, the length of the EOPS would have
been more than 10 mm for the same amount of voltage.
Second, LN is notorious for fast drifts in the bias point upon
the application of a static electric field, which is a phenomenon
that originates from the piezoelectric nature of the material. A
fast feedback control loop to stabilize the bias point is normally
required during the device operation of LN MZM. For TOPS
in silicon, there is no such fast drift; hence, lower-speed, simpler
control schemes can be used to compensate for device aging.

The bias point controlled by TOPS is stable and substan-
tially free of DC bias drift. To demonstrate this, we first apply
a DC bias to either TOPS or EOPS, such that the device is
biased to a quadrature point with no modulation signal applied.

Fig. 3. Scanning electron microscopy (SEM) images of the modu-
lator. (a) SEM image of the cross section of the high-speed modulation
region. (b) SEM image of the cross section of TOPS. Both sections are
formed by the focused ion beam (FIB) process.

Fig. 4. Experiments of the drift of the operating point for EOPS
and TOPS bias control methods. (a) Transmission as a function of
applied voltage on TOPS. (b) Power shift for TOPS and EOPS cases
as a function of time. (c) Schematic of the experimental setup. The
signals from the analog signal generator are set to 10 MHz.
(d) Measured SHD intensity variations as a function of time. The
red and blue curves correspond to the time-dependence change of
SHD for TOPS and EOPS bias control, respectively. (e) Frequency
response at the beginning of measurements for both two bias methods.
(f ), (g) Frequency response for the EOPS and TOPS bias control
methods after operating for 2 h, respectively.
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We record the output power of the device for 60 min for both
TOPS and EOPS, as depicted in Fig. 4(b). These results con-
firm that the DC bias point with the TOPS in silicon is much
more stable than with the EOPS in LN. The little power drift
for TOPS is caused by the instabilities of three-dimensional
vertical coupling platforms. We then use the setup shown in
Fig. 4(c) to interrogate the stability of the bias point with
applied modulation signal. To provide a straight comparison
towards the TOPS and EOPS bias methods, all of the measure-
ments are performed on the same device. It is well known that
the bias point of the MZM determines the level of nonlinear
distortions in the modulated signal. Specifically, when applying
sinusoidal modulation, the second-order harmonic distortion
(SHD) terms in the modulated signal can be used as an indi-
cator for the amount of DC drifts from the quadrature point,
which can be explained by the following derivations. For an
MZM, the output power Pout in terms of the input power P in

can be expressed as [31]

Pout �
T LPin

2
�1� cos�ϕ0 � Δϕ��, (1)

where T L is the transmission coefficient of the MZM when
bias at the maximum position corresponds to the insertion loss
of the modulator, ϕ0 is the DC bias phase (90° for quadrature),
and Δϕ is the phase shift induced by the AC signal. For an
input sinusoidal signal with angular frequency ω, Δϕ is
given by

Δϕ � πV AC

V π
sin�ωt � θ�ω��, (2)

where VAC is the amplitude of the AC signal, Vπ is the half-wave
voltage of the modulator, and θ�ω� is the phase delay due to the
microwave-optical group velocity mismatch. To simplify the
expression, we assume v � πVAC∕Vπ , and we then apply trigo-
nometric expansion after substituting Eq. (2) into Eq. (1) to
obtain

Pout �
T LPin

2
f1� cos ϕ0 · cosfv sin�ωt � θ�ω��g

− sin ϕ0 · sinfv sin�ωt � θ�ω��gg: (3)

Then, we apply Taylor series expansions up to the fourth order,
and the second-order signal can be expressed as

P2nd �
T LP in

2
cos ϕ0

�
v2

4
−
v4

48

�
: (4)

From Eq. (4), we can see that SHD is minimized at the quad-
rature point (ϕ0 � 90°), and any offset from this point will give

rise to nonzero SHD. This induced second-order generation
can intuitively reflect the drift of the bias point. With a
10 MHz sinusoidal modulation (peak-to-peak voltage VAC of
400 mV), we measured the SHD terms using a combination
of a photon detector and an electrical spectrum analyzer.
Figure 4(d) shows the SHD term over a time period of
120 min for both TOPS and EOPS bias control. At the begin-
ning of the measurements, the operating points are set to the
quadrature point for both cases, and the frequency responses at
the beginning of the measurements for both cases are depicted
in Fig. 4(e). Figures 4(f ) and 4(g) show the signal spectrum
after 2 h operating time for EOPS and TOPS, respectively. For
the EOPS, the bias drift issue for LN causes a large SHD.
In contrast, TOPS shows a negligible bias drift phenomenon,
as the SHD still maintains a low level close to the background
noise levels of the spectrum analyzer. The results represent that
the stability of the bias point is significantly improved under
the TOPS condition, which convincingly testifies to the feasibil-
ity of our approach. Both of the results in Figs. 4(b) and
4(d) indicate that the drift tends to saturate over time; this is
mainly due to the induced electrical charges on the z-cut exposed
surface of LN waveguides that tend to be saturated to form a
stable electric field. We note here that result in Fig. 4(d) is closer
to the actual situation compared to that in Fig. 4(b), because
both AC and DC signals are applied to the TWE.

Finally, we performed detailed measurement in a data
modulation experiment. Figure 5(a) shows the EO half-wave
voltage measurement for the 9 mm long device with a 100 kHz
triangular voltage sweep, and the measured Vπ is 3 V, corre-
sponding to voltage-length product (VπL) of 2.7 V · cm.
The VπL of the present device is a little larger than that reported
in our previous work. Here, we sacrifice VπL for better EO
bandwidth and Vπ . As shown in Fig. 5(b), the 3 dB EO band-
width of this device is greater than 67 GHz, which is beyond
the measurement limits of our vector network analyzer (VNA).
The ultra-high bandwidth means that the Vπ can be further
decreased by simply increasing the modulation length while
keeping an impressive bandwidth performance.

The high-speed transmission ability of the modulator has
also been characterized. First, the OOK modulations were ap-
plied to the modulator. Figures 6(a) and 6(b) show the optical
eye diagrams at 84 Gb/s and 100 Gb/s, and the measured ex-
tinction ratios are 7.2 and 5.9 dB, respectively. We also per-
formed the PAM-4 modulation experiments at 53 Gbaud
(106 Gb/s) and 64 Gbaud (128 Gb/s), and the results are
shown in Figs. 6(c) and 6(d). Figure 6(e) shows the back to

Fig. 5. EO performance of hybrid Si and LN modulator. (a) Normalized optical transmissions as a function of the applied voltage on TWE.
(b) EO bandwidth (S21 parameter) for the modulator.
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back (B2B) bit error rate (BER) versus the received optical
power for 106 Gb/s and 128 Gb/s PAM-4 signal transmission.
It should be worth noting that all of the bias control in the
measurements is achieved by TOPS. In the measurements, a
pre-amplified optical receiver consisting of a variable optical at-
tenuator (VOA), an erbium-doped fiber amplifier (EDFA), a
band-pass filter (BPF), and a 43 GHz PD was used. The output
electrical signals were then sent to a 33 GHz real-time oscillo-
scope for analog-to-digital conversion and further digital signal
processing (DSP). A feed-forward equalizer (FFE) with 31 taps
was used to recover the PAM-4 signal. In addition to the data
rate difference, the 2 dB power penalty between 53 Gbaud and
64 Gbaud is partly due to the bandwidth constraint of the
oscilloscope.

4. CONCLUSION

As presented above, the heterogeneous LN/SOI MZM demon-
strated here can achieve excellent optical modulation character-
istics, featuring stable and substantially free of DC bias drift
phenomena. We note that the long-term (months) stability
of the device should be studied in the future. LN phase modu-
lation waveguides and TOPS can be fabricated with litho-
graphic precision and alignment accuracy in a back-end
process after the SOI fabrication. This manufacturing pro-
cedure is highly scalable. As pure phase modulation capability
in a SiPh platform can only be achieved by utilizing slow TO
effects, while carrier effects allow high-speed phase modulation
accompanied by phase-dependent loss, the approach demon-
strated here allows for the combination of both slow and fast

pure phase modulation capabilities in the SiPh platform.
Therefore, our approach potentially provides a new generation
of compact, high-performance, and very stable optical modu-
lators for telecommunications and data interconnects, as well as
opens up new avenues for many new applications, such as
quantum photonics and microwave photonics, where pure
phase modulation is crucial.
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