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ABSTRACT
Integrated photonic systems require fast modulators to keep up with demanding operation speeds and increasing data rates. The silicon
nitride integrated photonic platform is of particular interest for applications such as datacom, light detection and ranging (LIDAR), quan-
tum photonics, and computing owing to its low losses and CMOS compatibility. Yet, this platform inherently lacks high-speed modulators.
Heterogeneous integration of lithium niobate on silicon nitride waveguides can address this drawback with its strong Pockels effect. We
demonstrate the first high-speed lithium niobate modulator heterogeneously integrated on silicon nitride using micro-transfer printing. The
device is 2 mm long with a half-wave voltage Vπ of 14.8 V. The insertion loss and extinction ratio are 3.3 and 39 dB, respectively. Operation
beyond 50 GHz has been demonstrated with the generation of open eye diagrams up to 70 Gb/s. This proof-of-principle demonstration opens
up possibilities for more scalable fabrication of these trusted and performant devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150878

I. INTRODUCTION

Photonic systems are becoming faster and more complex as the
technology evolves, and people are looking at a broader range of
applications, from datacom, telecom,1 and light detection and rang-
ing (LIDAR)2 over sensors3 and medical devices4 to optical neural
networks5 and on-chip (quantum) computing.6 As we move toward
integrating these elaborate systems into a chip, the requirement to
densely co-integrate a very diverse set of functionalities increases.
While most single functions have an integrated photonic platform
that can perform them adequately, there is no integrated platform
available that can perform all tasks optimally. Hence, in order to cre-
ate more performant devices that can be used in complex integrated
systems, people are looking at ways to combine different platforms
to take advantage of each platform’s strengths.

III–V platforms such as indium phosphide and gallium
arsenide are great when it comes to providing efficient gain7,8 and
detection.9,10 χ(2) nonlinear materials such as lithium niobate (LN),
lead zirconate titanate, and gallium phosphide can be used for
high speed modulation11,12 and efficient frequency conversion.13–15

When it comes to scaling and co-integration with electronics,
the silicon (Si) and silicon nitride (SiN) photonics platforms
take advantage of the mature CMOS technology developed for
electronics.16

From these last two, the SiN integrated photonic platform,
in particular, is a popular choice since it offers several distinct
advantages over silicon-on-insulator. These benefits include a
broader transparency window spanning into the visible,17 a lower
thermo-optic coefficient,18 and significantly lower linear and nonlin-
ear propagation losses when working at a wavelength of 1550 nm19
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compared to silicon-on-insulator. It is, however, a purely passive
platform that lacks light sources and efficient high-speed detectors
and modulators. In order to achieve faster modulation on both
the Si and SiN platforms, heterogeneous integration with III–V,20,21

graphene,22–24 germanium,25 organics,26,27 lead zirconate titanate
(PZT),12 barium titanate,28,29 and LN has been heavily explored.

Lithium niobate (LN) has historically been a work horse for
optical modulation functionalities in datacom links. This is due
to its high Pockels coefficient and low losses. The arrival of thin
film lithium niobate (TFLN) with sub-micron thickness was instru-
mental in the further development of these modulators, bringing
them one step closer to the reduced form factor and increased per-
formance that integrated devices offer. Progress on its etching30,31

allowed for many impressive realizations, such as integrated modu-
lators reaching bandwidths over 100 GHz with CMOS compatible
driving voltages.11,32–35 Additionally, these TFLN structures have
been used to exploit several nonlinear phenomena.36,37

TFLN devices have also been heterogeneously integrated
through wafer bonding,38,39 but these devices often still require fur-
ther processing after the bonding process. Micro-transfer printing
(μTP) is a heterogeneous integration method that allows for the
integration of devices40–42 and thin films43,44 at the back-end of
the fabrication process. It is beneficial that this be done as late in
the process flow as possible since some of the fabrication steps and
materials are incompatible with CMOS fabrication standards. This is
particularly the case with lithium niobate due to the risks of lithium
contamination.

Transfer printing enables the completion of all of the lithium
niobate device fabrication processes separately from the nitride fab-
rication, requiring no further processing after the printing other
than a simple metallization step.45,46 If needed, even this metal-
lization step can be omitted by depositing it on the coupon before
printing. Furthermore, the prefabrication of the transfer printing

coupons allows for the efficient use of the LN material and the close
integration of different materials from different source wafers onto
the same integrated chip system.

In this paper, we demonstrate the first high-speed lithium nio-
bate modulator heterogeneously integrated on silicon nitride using
micro-transfer printing. The device is 2 mm long, has an insertion
loss of 3.3 dB, and a half-wave voltage (Vπ) of 14.8 V. We were able
to measure a 3 dB bandwidth of over 50 GHz, which allowed us to
generate 70 Gb/s non-return-to-zero (NRZ) data.

II. DESIGN AND SIMULATIONS
The modulator consists of two phase modulator sections com-

bined with two 1 × 2 multimode interferometers (MMI) to form a
Mach–Zehnder modulator (MZM) in a push–pull configuration. A
schematic image is shown in Fig. 1(a). Grating couplers are used to
couple the light in and out of the SiN waveguide. The phase modu-
lators use a hybrid waveguide comprising a 300 nm thick SiN strip
waveguide with a 300 nm slab of x-cut LN on top. The fundamen-
tal TE-polarized mode at a wavelength of 1550 nm is guided by
the 1 μm wide SiN waveguide; the mode has a large overlap with
the LN slab as shown in the inset in Fig. 1(a). Electrodes consist-
ing of 15 nm titanium (Ti) and 1 μm gold (Au) are placed on both
sides of each waveguide. Through co-simulation of both electrical
and optical fields in COMSOL Multiphysics®, the SiN waveguide
width and the gap between the electrodes are chosen to minimize
the half-wave voltage-length product (VπL) while not introducing
additional losses due to absorption in the metal. This leads to a SiN
waveguide width of 1 μm and an electrode gap of 6 μm, resulting in
a VπL of 6.0 V cm for a single phase section (3.0 V cm for the device
in push–pull configuration).

In order to reduce the index mismatch at the transition from
the nitride waveguide to the hybrid LN-on-SiN waveguide, the

FIG. 1. (a) Schematic image of the complete device. (inset) Overview of the hybrid LN-on-SiN mode profile. Both the SiN and the LN layers are 300 nm thick. The SiN
waveguide is 1 μm wide. (b) Simulation results of the 45 μm long bilinear taper as a function of the taper tip width and alignment offset. (c) Microscope image of the printed
LN coupons on SiN waveguides. (d) SEM image of the LN taper.
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coupons are fabricated with adiabatic tapers on both ends; see
Fig. 1(d). These tapers are optimized in Lumerical simulations to be
as short as possible to facilitate the transfer while still being robust to
at most 0.5 μm of misalignment, which is the 3σ alignment accuracy
of the transfer printing tool. The tapers consist of two linear sections
to keep them short at a total length of 45 μm. In order to increase
the transmission in case of misalignment, the nitride waveguide is
also locally tapered to a 3 μm width at the transition sections. The
simulated transmission of the tapers for different taper tip widths
and misalignments is shown in Fig. 1(b). While a narrower taper tip
would perform better, our fabrication methods limit how narrow we
can make the tip. and we aim for a 200 nm width. Simulations tell
us that increasing the length of the tapers does little to increase the
transmission at larger misalignments since the reduced transmission
is caused by the excitation of higher order modes and reflections at
the facets. This is elaborated on in the supplementary material.

The MZM is designed with a Ground-Signal-Signal-Ground
(GSSG) electrode configuration in the interest of matching it to a
specific driver chip in the future. In order to achieve high-speed
operation, these electrodes are also designed using CST Studio
Suite® to have their differential mode impedance matched to 100 Ω
while providing a phase velocity close to the group velocity of the
optical mode in order to achieve traveling wave behavior up to
100 GHz. The impedance matching is achieved by changing the elec-
trode width and height, while the traveling wave behavior is ensured
by optimizing the buried oxide thickness. The resulting values are
an electrode width and height of 35 and 1 μm, respectively, and an
oxide thickness of 3.3 μm. The electrodes are then fitted with a short
fan-out taper to the contact pads with a pitch of 125 μm.

III. FABRICATION
The x-cut LN source chip and the SiN target chip are fabricated

separately but in parallel. The source chip is patterned to create rect-
angular coupons with a length of 2 mm and a width of 30 μm. The
coupons include tapers on both sides and tethers to mechanically
keep the coupon connected to the rest of the chip during release.
This pattern is defined using e-beam lithography and first trans-
ferred to an amorphous silicon (a-Si) hard mask using reactive-ion
etching (RIE). After patterning the hard mask, an Ar milling RIE
recipe is used to transfer the pattern to the 300 nm thick LN layer.
The hard mask is then removed, and the silicon oxide layer under-
neath the coupons is wet-etched away using hydrofluoric acid in
order to release the coupon. At this point, the coupons are sus-
pended but still attached to the rest of the chip through the tethers
and are ready to be picked-up and printed.45 The tethers include
a hole, or “crack barrier,” in order to prevent the breaking tether
from also breaking the entire coupon.47 The optical structures on
the nitride chip are also patterned using a combination of e-beam
lithography and dry-etching.

Both chips are then loaded into the transfer printing tool, where
a stamp is used to pick up the LN coupons. The stamp is a poly-
dimethylsiloxane (PDMS) elastomer, which has a stronger adhesion
when moving faster. Details about the printing process can be found
in Refs. 40 and 48. This process is fast, can be done in parallel, and
can be automated, making it suitable for mass fabrication. Contrary
to wafer bonding, now that the LN is on the target chip, no additional
etching step is required, avoiding compatibility issues. Moreover,

since the transfer printing process only transfers a piece of material,
it is possible to closely integrate other heterogeneous materials on
the same die. The result after printing is shown in Fig. 1(c). We
printed 32 coupons, and 27 of them were successful; these also all
had an alignment within 0.5 μm on all taper sections. Since then, the
method has improved, and the results shown in Ref. 48 show a 100%
yield for a series of 25 coupons. A scanning electron microscope
(SEM) image of a printed taper is shown in Fig. 1(d). While the align-
ment is as expected, the etching process is not ideal, such that the
resulting taper structure deviates from the design, with a tip width
closer to 300 nm than the intended 200 nm. A final optical lithogra-
phy step is used to define the electrodes. A simple metallization and
lift-off process finish the chip. We noticed a slight misalignment of
the electrodes after fabrication.

IV. MEASUREMENTS AND RESULTS
The chip is first measured at low speeds in order to charac-

terize the optical and electro-optical performance of the printed
devices. Comparing a reference waveguide with and without printed
coupons (both without electrodes) results in an excess transmission
loss of the printed structure of 2.7 dB. The insertion loss of the MZM
structures with printed coupons is 0.6 dB higher, giving a total of
3.3 dB. This additional loss is explained by a 0.3 dB excess loss per
MMI, as measured in dedicated cascaded MMI test structures. The
2.7 dB insertion loss per coupon is worse than the ideal simulated
value of 0.25 dB. This discrepancy is mainly a result of a wider taper
tip, the printing misalignment, and, to a lesser extent, the side wall
roughness. While the fabrication of these tapers limits their func-
tionality, the result is still better than a sudden transition without a
taper, which causes a 1.8 dB loss per transition.45

Figure 2(a) shows a wavelength sweep of the MZM transmis-
sion, which shows an extinction ratio of 39 dB near 1550 nm. The
nitride chip was designed with an imbalanced Mach–Zehnder inter-
ferometer (MZI) design, resulting in a free spectral range of 9.5 nm.
A voltage sweep at the quadrature point indicates a Vπ of 14.8 V,
as shown in Fig. 2(b). Considering the 2 mm length and push–pull
functionality of the device, this is close to the 6.0 V cm per phase
modulator from the simulation or 3.0 V cm for the MZM.

The electrodes are characterized up to 67 GHz using a vector
network analyzer (VNA, Keysight N5247A PNA-X) to perform an
S-parameter measurement. A calibration substrate is used to cali-
brate the contact pads. The electrical characteristics of the differen-
tial mode are shown in Fig. 3. The characteristic impedance of the
transmission line is close to the desired 100 Ω. Furthermore, Fig. 3(a)
visualizes the electrical losses of the modulator, resulting in around
2 dB/mm attenuation at frequencies over 10 GHz. From simulations
and tests with similar electrodes on SiN and glass, this largely seems
to be caused by ohmic losses in the substrate and could, therefore,
be avoided using a high-resistivity silicon substrate. More details
on this can be found in the supplementary material. The effective
index of the mode is also close to the optical group index, as shown
in Fig. 3(b).

Subsequently, the electro-optical performance is characterized
by high speeds in both the frequency and time domains. Figure 4(a)
shows a schematic representation of the setup used for the frequency
domain measurements. A Santec (Santec TSL-510) laser is used as
a CW-source at 1550 nm. The light is sent through a polarization
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FIG. 2. Low frequency measurement results. (a) Normalized wavelength sweep
of the MZI structure, the free spectral range is 9.5 nm and the extinction ratio is
39 dB. (b) Output power as a function of the applied voltage (blue line). Extracted
phase change depending on the applied voltage (orange line), fitted linear phase
change resulting in a Vπ of 14.8 V (green striped line).

controller before being coupled to the chip using a grating coupler.
The output light is split 99:1, where one percent of the light goes to
a Newport power meter to continuously monitor the transmission
during the measurement. The rest of the light is sent to an erbium
doped fiber amplifier (EDFA, Keopsys CEFA-C-HG), followed by an
Optical Spectral Filter (OTF) set to a 2 nm optical bandwidth (Santec
OTF-350). The light is then detected using a 70 GHz uni-traveling-
carrier (UTC) photodiode (XPDV3120R). The transmission line is
probed on one side by the VNA and terminated on the other side
by using probes connected to 50 Ω terminations. For the electro-
optical frequency domain measurement, we start by calibrating the
cables from the VNA to the modulator inputs and the cable from
the photodiode output to the VNA. Afterward, the probe and diode
characteristics themselves are subtracted in post-processing. The
resulting measurement is shown in Fig. 4(b). The device has a 3 dB
bandwidth exceeding 50 GHz, which is limited by the measurement
equipment. Due to the high Vπ , the signal quickly hits the noise floor
of the VNA. There is a small feature around 11.8 GHz that is due to
a piezo-electrical resonance that is explained in more detail in the
supplementary material.

The setup used to perform the time domain measurements is
shown schematically in Fig. 5(a). The setup is similar to the time

FIG. 3. High speed electrical characteristics. [(a) left] The characteristic impedance
of the differential transmission line as a function of the modulation frequency.
[(a) right] Electrical attenuation as a function of the modulation frequency. (b) Effec-
tive electrical index as a function of the modulation frequency; the red line is the
target optical group index.

domain setup from the optical point of view but relies on a differen-
tial signal generated by an AWG (Keysight M8196A), which is first
amplified before it enters the modulator chip via the RF probe. In
addition, the signal coming from the diode is now amplified before
being sent to the sampling scope (Keysight N1000A DCA-X). These
three forms of amplification (electrical before modulation and after
detection, and optical through an EDFA) are needed to generate a
visible signal on the sampling scope. Using a laser output power of
20 mW, we are able to generate up to 70 Gb/s NRZ using raised
cosine signals with a bit error rate (BER) below KP4-forward error
correction (FEC) after equalization of the high-speed modulator
input (AWG + cables + electrical pre-amplification). Figure 5(b)
shows the different error rates as a function of modulation speed.
The electrical back-to-back measurement and eyes of the 56 and
70 Gb/s points are also included. Using the low speed measurements,
we estimate that the 4.4 V peak-to-peak input signal at 56 Gb/s
will result in an approximate extinction ratio of 3.7 dB between the
1 and 0 levels at the output of the chip. The measurement could be
improved by using better grating couplers or horizontal coupling.
The EDFA is needed in these measurements due to a loss of around
18 dB from both gratings combined, on top of the insertion loss of
the device. The noise from unmodulated light that has gone through
the EDFA increases from 24 mV on the sampling scope (PD thermal
noise) to 64 mV (PD thermal noise+ EDFA noise), severely reducing
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FIG. 4. (a) Schematic overview of the measurement setup used to perform the frequency domain measurements. (PM = Power Meter, EDFA = Erbium Doped Fiber Amplifier,
OTF = Optical Tunable Filter, PD = Photodiode, VNA = Vector Network Analyzer, DUT = Device Under Test) (b) Measured ∣S21∣ as a function of the modulation frequency,
obtained by using the setup in (a). The measurement hits the noise floor around 55 GHz.

FIG. 5. (a) Schematic overview of the measurement setup used to perform the time domain measurements. (AWG = Arbitrary Waveform Generator, SO = Sampling
Oscilloscope, LNA = Low Noise Amplifier, PM = Power Meter, EDFA = Erbium Doped Fiber Amplifier, OTF = Optical Tunable Filter, PD = Photodiode, and DUT = Device
Under Test) (b) Bit error rate measured by using the setup in (a) as a function of the bitrate. KR4-FEC, KP4-FEC, and HD-FEC are included as references. (c) Electrical
back-to-back and resulting electro-optically generated eye diagrams for 56 and 70 Gb/s. The electrical back-to-back eyes were attenuated by 20 dB before entering the
sampling oscilloscope. The Q factors of these eyes are from left to right: 12.18, 5.13, 6.85, and 3.60.

the quality of the eye diagrams. Furthermore, the electrical ampli-
fiers, AWG, and sampling scope are also reaching their speed limit
at the highest bit rates, as seen from the reduced input eye quality at
70 Gb/s in Fig. 5(c).

V. CONCLUSIONS AND FUTURE OUTLOOK
In this paper, we demonstrate the first high-speed modulator

using hybrid LN-on-SiN waveguides fabricated with micro-transfer
printing. The device shows an insertion loss of 3.3 dB, an extinction
ratio of 39 dB, and a Vπ of 14.8 V. Operation up to at least 50 GHz
has been demonstrated with the generation of eye diagrams up to
70 Gb/s. The most obvious way of improving the device is by
increasing the length of the device, and we are confident coupons

up to at least 1 cm can be printed, which would strongly reduce
the Vπ . At that point, the ohmic losses are also best addressed by
using a high-resistivity substrate. Furthermore, higher quality fab-
rication of the grating couplers, MMIs, and electrodes can improve
the device and make it easier to characterize at speeds larger than
55 GHz. Additionally, adding heaters for thermal tuning of the
bias point and using a symmetric MZI design would decouple the
working point from the wavelength choice. Finally, state-of-the-
art etching of the LN in order to create better tapers and even
define a rib waveguide in the LN coupon, to increase the confine-
ment in the LN, would increase the performance of the device by
reducing the VπL in simulation from 6.0 V cm in our hybrid LN-on-
SiN waveguides to values similar to those achieved in pure LN rib
waveguides.
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SUPPLEMENTARY MATERIAL

The supplementary material contains three sections. The first
section concerns a piezo-electric resonance that clarifies the kink
around 12 GHz in Fig. 4(b). The second section shows some more
measurements and a simulation to explain the unexpected behavior
of the RF attenuation from Fig. 3(c). The third goes a bit deeper into
the taper design, taking into account the transfer printing alignment
accuracy.
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