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ABSTRACT
We demonstrate the integration of a silicon nitride Damascene photonic platform with thin-film lithium

niobate on insulator (LNOI) via direct wafer bonding. This process enables fabrication of hybrid microresonators
exploiting second- and third-order nonlinearity with Q-factor of 1 million, as well as integrated travelling wave
EO modulators.
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INTRODUCTION

Electro-optic modulators are central to optical communications. To date, bulk modulators are primarily based
on lithium niobate (LN). Over the past decade, a variety of alternative chip-scale integrated modulators have
been developed. Examples include silicon modulators [1], InP modulators [2], plasmonic modulators [3], organic
hybrid modulators [4], modulators based on 2D materials [5], and others. Recently, advances in fabrication of
LN thin films and breakthroughs [REFS] in their processing have led to low-loss integrated LN modulators with
low switching voltage and high bandwidth. Alternatively, it is possible to avoid etching of LN all together by
combining a thin film of LN with a separate photonic platform providing strong confinement, such as integrated
silicon or surface-ridge silicon nitride waveguides. Excellent performance with VπL of 3 V·cm has been reported
in such hybrid devices [6], [7] – a value on par with etched thin-film LN modulators – despite having only
a portion of the optical mode confined in LN. Currently, these hybrid technologies still exhibit considerable
optical losses (more than 1dB/cm).
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Figure 1. Hybrid structure and characterization. (a) SEM image of Photonic Damascene circuits (b) Artist’s view on the hybrid
structure (c) FEM simulations of mode profile and confinement in LN (d) SEM image of the bonded structure (e) Optical resonance
linewidth characterization results



Our photonic Damascene process [8] enables the fabrication of ultralow-loss integrated photonic circuits
with tight optical confinement. A photonic Damascene wafer is prepared with a thin SiO2 dielectric interlayer
via low-temperature PECVD, and subsequent chemical mechanical polishing (CMP). After CMP, the short-
range rms roughness of the SiO2 layer is reduced to 130 pm. The wafer is then bonded to a commercial
LN-on-insulator wafer (NanoLN) using a thin Al2O3 interface layer. The LN substrate is then removed using
a combination of mechanical lapping and wet etching of the silicon substrate. The buried oxide on top of the
LN layer is subsequently removed with buffered hydrofluoric acid.

In order to confirm the low optical losses of the hybrid structure, one microresonator was characterized at
an optical wavelength of 1550 nm (figure 1e). The ring resonator has radius of 225 µm, which corresponds to a
free spectral range of approximately 100 GHz. The measured intrinsic linewidth of the resonances is 200 MHz,
which corresponds to the Q-factor of 9.55×105 (≈ 0.335 dB/cm optical losses). Moreover, the losses decrease at
higher wavelength, opposite to the typical regime of pure Si3N4 microresonators. This dependency proves that
the mode is shared between Si3N4 waveguide and the LiNbO3 thin film. As depicted in Figure 1c, the optical
mode shifts into the Si3N4 waveguide at higher wavelengths, which leads to a decrease in whispering-gallery
losses in the LN thin film.

ELECTRO-OPTIC MODULATION

To demonstrate the electro-optical response of the bonded structure, Nb electrodes are fabricated on chip-
level using magnetron sputtering for the deposition of a 1 µm thick Nb film which is then patterned into
electrodes with reactive ion etching. The electrodes are placed with 11.5 µm gap distance, which was chosen to
prevent additional optical losses due to the mask misalignment. The total length of the fabricated travelling-wave
phase modulators is 4 mm.
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Figure 2. Phase modulator experiments (a) Nb electrode on-chip integration (b) OSA spectra for 20 GHz, 30 GHz, and 40 GHz
modulation tones driven at 23 dBm power (c) Phase shift as a function of applied voltage (d) ESA spectra of low-frequency modulation
sidebands for Vπ calculations

In order to estimate the Vπ value of the fabricated device, self-heterodyne measurements are performed
at 110 MHz, frequency shifted using an AOM. The resulting beatnote from the sidebands is analyzed using
an ESA (see figure 2c-d). By fitting the sideband amplitudes with a Bessel function expansion, Sn ∝ Jn(φ),
we are able to extract the amplitude of phase modulation φ. By measuring the phase modulation amplitude at
different driving voltages, we derive a Vπ value of 127 volts. We also observe direct modulation of the device
with high RF frequencies up to 40 GHz (figure 2b).

SUMMARY

In summary, we demonstrate just a few of the the potential benefits of combining an ultralow-loss photonic
platform and an integrated LN thin film for electro-optical conversion. Our direct wafer bonding retains the
low-loss optical propagation typical of Si3N4 integrated photonics, which is promising for future applications



in optical communications. The first phase modulator devices were fabricated and tested successfully at RF
frequencies up to 40 GHz.

ACKNOWLEDGMENT

We thank Ute Drechsler and Darius Urbonas for helpful discussions during fabrication. This work was
supported by funding from the European Union Horizon 2020 Programme for Research and Innovation under
grant agreement No. 722923 (Marie Curie ETN OMT), grant agreement No. 732894 (FET Proactive HOT),
grant agreement No. 812818 (Marie Curie ETN MICROCOMB), and grant agreement No. 846737 (Marie Curie
IF – CoSiLiS). This work was also supported by the Swiss National Science Foundation under grant agreement
No. 176563 (BRIDGE).

REFERENCES

[1] Xu, Q. et al., ”Micrometre-scale silicon electro-optic modulator” Nature 435, 325-327 (2005)

[2] Ogyso, Y.et al., ”Over 67 GHz Bandwidth and 1.5 V Vpi InP-Based Optical IQ Modulator With n-i-p-n Heterostructure” J. Light.
Technol. 35, 1450–1455 (2017).

[3] Haffner, C. et al., ”All-plasmonic Mach–Zehnder modulator enabling optical high-speed communication at the microscale” Nat.
Photonics. 9, 525–528 (2015).

[4] Alloatti, L. et al., ”100 GHz silicon–organic hybrid modulator” Light Sci. Appl. 3, e173–e173 (2014).

[5] Liu, M. et al., ”A graphene-based broadband optical modulator,” Nature 474, 64–67 (2011).

[6] Jin, S. et al., ”LiNbO3 Thin-Film Modulators Using Silicon Nitride Surface Ridge Waveguides” IEEE Photonics Technol. Lett. 28,
736–739 (2016).

[7] Chen, L. et al., ”Hybrid silicon and lithium niobate electro-optical ring modulator” Optica 1, 112 (2014).

[8] Pfeiffer, M. H. P. et al., ”Photonic Damascene process for integrated high-Q microresonator based nonlinear photonics” Optica 3,
20–25 (2016).


	REFERENCES

