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Abstract We present a LiNbO3 photonic platform that heterogeneously integrates thin-film LiNbO3

with Si3N4 photonic circuits via wafer-scale bonding. The platform achieves low propagation loss
(<0.1 dB/cm) and efficient fiber-to-chip coupling (<2.5 dB per facet), enabling complex integrated pho-
tonic components with precise lithographic control. ©2023 The Author(s)

Introduction
Despite the recent advances in lithium niobate on
insulator (LNOI) integration[1]–[4], LiNbO3 photon-
ics faces challenges that prevent its widespread
adoption. First, the current fabrication of LNOI-
based devices requires specific ion-beam etch-
ing that complicates the establishment of a reli-
able process design kit. Second, edge coupling
between fibers and chips is challenging due to
significant coupling loss unless more complicated
double-etching techniques are used[5],[6]. Third,
while record resonance quality factors have been
reported in LNOI microresonators[2], losses are
typically one order of magnitude higher in other
reported works that provide statistical analysis.
Hybrid platforms combining thin-film LiNbO3 with
waveguides made of Si, Si3N4, or Ta2O5 have
been developed as an alternative[7]–[9], achieving
electro-optic performance comparable to that of
all-LNOI platforms. However, wafer-level bond-
ing has not been demonstrated, and previous ap-
proaches aimed at specific device applications
could not reveal the numerous benefits of het-
erogeneous integration. In this work, we demon-
strate a high-yield, low-loss, integrated LiNbO3-
Si3N4 photonic platform that solves multiple is-
sues of LNOI integrated photonics, achieved
by wafer-scale heterogeneous integration of an
LNOI wafer onto a patterned and planarized ultra-
low-loss Si3N4 substrate.

Wafer-level integration approach
The process starts with the fabrication of Si3N4
waveguide structures using the photonic Dama-
scene process[10]. The Si3N4 photonic Dama-
scene process is free of crack formation in the
highly tensile LPCVD Si3N4 film and provides
high fabrication yield and ultra-low propagation

loss. Direct wafer bonding is performed to the
Si3N4 photonic integrated circuit using an addi-
tional SiO2 interlayer deposited on the surface.
The critical constraints for achieving high bonding
yield, the surface roughness, and topography are
measured before bonding. Both donor and ac-
ceptor wafers are coated by atomic layer deposi-
tion with a few nanometers of alumina (Al2O3). Af-
ter optimization of the CMP treatment, the wafers
are bonded and annealed at 250◦C to enhance
bonding strength. This way, the hybrid platform
has high lithographic precision and yield, mak-
ing the processing efficient for the future large-
scale LNOI integration with higher throughput
compared to the state-of-the-art heterogeneous
die-level lithium niobate bonding approaches.

Efficient input coupling from optical fibers to
photonic chips is crucial for various applications.
Some recent research demonstrated the use of
embedded silicon edge-couplers to overcome this
issue, but in this case, the geometrical mode pro-
file mismatch would still lead to significant cou-
pling loss if the LiNbO3 layer remained on top
of underlying Si3N4 inverse tapers. To solve this
issue, the we remove the LiNbO3 slab from the
coupling regions and use standard Damascene
Si3N4 inverse tapers for efficient input coupling.
However, there remains a challenge of transition-
ing between the regions with and without LiNbO3

which is solved by implementing adiabatic tapers
in the LiNbO3 layer using argon ion-beam etching
with a photoresist etch mask, which only affected
the mode transition regions and did not impact
the functional photonic components. By keeping
the LiNbO3 layer unprocessed for all the photonic
components, we are able to achieve low optical
losses through both roughness and precise align-



Fig. 1: (a) The hybrid approach presented in this work, involving wafer-level heterogeneous integration of thin-film LiNbO3 onto
Si3N4 integrated photonic circuits. (b) False-colored scanning electron micrograph of a cross-section of the hybrid structure. (c)

Broadband spectroscopy scan of a microresonator. (d) Resonance linewidth values (red - full linewidth, green - intrinsic loss rate,
blue - coupling rate) (e) Extracted dispersion example of the hybrid microresonators. Inset shows a single resonance linewidth
measurement with a sideband approach. (f) Histograms of intrinsic linewidth measurements of 2 different microring devices.

ment.

Platform performance
To analyze the optical loss, coupling properties,
and group velocity dispersion (GVD) of hybrid
structures, broadband frequency-comb-assisted
spectroscopy is performed on multiple microres-
onators covering wavelength range of 1260-
1630 nm (see Figure 1(c-f)). Individual micror-
ing resonators have quality factors up to 3 × 106,
while photonic dimers exhibit quality factors up to
4.5 × 106. We associate the absorption peak at
1420 nm with an overtone of OH bonds in LiNbO3.
Optical losses increase with frequency due to in-
creased radiation loss. Evanescent coupling is
uniform over a span of 55 THz, and the dispersion
can be adjusted by changing waveguide geome-
try or LiNbO3 thickness. The presented design
demonstrates uniform coupling over a broad fre-
quency range and flat integrated dispersion.

To measure adiabatic transition efficiency and
remove ambiguity from fiber-chip coupling loss,
we designed an experiment with multiple break-
outs on straight waveguides. Waveguides with
2, 4, 6, and 10 transitions were fabricated, and
the increase in loss due to each transition was
determined. As shown in Figure 2(d), each
straight transition leads to approximately 1 dB
loss, whereas the tapered input/output behaves

as a virtually lossless transition. The authors ob-
served an additional loss of approximately 0.8 dB
for ten interfaces in the case of tapered transi-
tions. Considering the statistical uncertainty, a
transition loss of less than 0.1 dB per taper was
deduced.

The precise lithography capabilities of the
Si3N4 photonic circuit layer enable our heteroge-
neous integration approach to be versatile and
robust. This is demonstrated by the implemen-
tation of a W-shaped 3-dB splitter/coupler that
uses the hybrid Si3N4-LiNbO3 mode, but is de-
fined solely by underlying Si3N4 inverse tapers.
Due to the presence of the LiNbO3 slab and the
single-mode nature of our hybrid waveguides, the
optical mode is adiabatically transferred from the
input arm to the output arms. The tapered sec-
tions are 100 µm long, ensuring a small footprint
for integrated components exploiting this design.
Transmission measurements of the device reveal
a flat response, with power asymmetry between
the two arms not exceeding 1.7 dB and on-chip in-
sertion loss not exceeding 1 dB in the 1500-1620
nm wavelength range (Fig.2(f)).

Figure 2(h) shows the performance of a phase
modulator, with a length of 4 mm (device im-
age in Fig. 2(g)) and a confinement of 38%.
Measuring the phase shift with the use of Mach-
Zehnder interferometer we extract a Vπ value of



Fig. 2: (a) SEM image of an adiabatic tapered transition. (b) Microscope image of the text structures used to determine insertion
losses of the platform. (c) Schematics of the coupling region. (d) Broadband transmission measurements of the test structures.

(e) Schematics and simulations of a 3-dB splitter. (f) Transmission measurements of the fabricated 3-dB splitter. (g) Optical
microscope image of a phase shifter used to determine the electro-optic performance. (h) Mach-Zehnder interferometer

measurements of electro-optic response of the phase shifters. (i) Numerical simulations of the half-wave voltage of the platform.

22 V, which corresponds to the VπL product of
approximately 8.8 V·cm (blue line). By reducing
the Si3N4 waveguide width (therefore increasing
the mode participation in the LiNbO3 layer up to
52%) and decreasing the distance between elec-
trodes down to 5.5 µm, we improve the electro-
optic performance even further and achieve a
VπL ∼ 6 V·cm (red line), however at the expense
of optical losses.

Conclusions
In summary, we have developed a hybrid Si3N4-
LiNbO3 platform for photonic integrated circuits
using direct wafer-scale bonding. This approach
combines the low-loss Si3N4 technology with
the second-order nonlinearity of LiNbO3. We
have also demonstrated a design for low-loss
transitions from Si3N4 waveguides to hybrid
Si3N4-LiNbO3 waveguides. The achieved electro-
optic performance is comparable to that of ridge
waveguide structures, while keeping propagation
losses independent of the quality of the LiNbO3

etching. The platform’s VπL product value for
phase modulators is approximately 8.8 V·cm. Our
platform offers a range of applications, including
photonic switching networks for neuromorphic or

quantum computing, integrated electro-optic fre-
quency comb sources, and on-chip generation of
second-harmonic and squeezed light. This is the
first time a heterogeneously integrated LiNbO3

photonic platform combines all the beneficial fea-
tures of Si3N4 PICs at wafer scale.
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