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The development of ultralow-loss silicon-nitride-based waveguide platforms has enabled the realization of integrated
optical filters with unprecedented performance. Such passive circuits, when combined with phase modulators and
low-noise lasers, have the potential to improve the current state of the art of the most critical components in coherent
communications, beam steering, and microwave photonics applications. However, the large refractive index difference
between silicon nitride and common I11-V gain materials in the telecom wavelength range hampers the integration of
electrically pumped 111-V semiconductor lasers on a silicon nitride waveguide chip. Here, we present an approach to
overcome this refractive index mismatch by using an intermediate layer of hydrogenated amorphous silicon, followed
by the microtransfer printing of a prefabricated I11-V semiconductor optical amplifier. Following this approach, we
demonstrate a heterogeneously integrated semiconductor optical amplifier on a silicon nitride waveguide circuit with
up to 14 dB gain and a saturation power of 8 mW. We further demonstrate a heterogeneously integrated ring laser on
a silicon nitride circuit operating around 1550 nm. This heterogeneous integration approach would not be limited to
silicon-nitride-based platforms: it can be used advantageously for any waveguide platform with low-refractive-index

waveguide materials such as lithium niobate.
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1. INTRODUCTION

Owing to its wide optical transparency range, silicon nitride
(SizN4) has been recognized several decades ago as a suitable
candidate for photonic integrated circuits (PICs). Originally, it
was used in sensing applications at visible wavelengths. Later on,
interest also spiked for applications in the near-infrared. Silicon
nitride holds a number of advantages over silicon in this wave-
length range. The first is the absence of nonlinear losses such as
two-photon absorption and the associated free-carrier absorption.
This gives silicon-nitride-based PICs the ability to handle much
higher on-chip optical intensities. When proper care is taken to
reduce scattering and impurities in the core and cladding, silicon
nitride waveguides are capable of carrying several watts of optical
power without suffering damage [1]. The second advantage is
the lower sensitivity to fabrication errors, due to the lower index
contrast as compared to silicon photonic circuits, enabling high-
performance passive filters. Thirdly, ultralow waveguide losses can
be achieved. Nowadays losses below 10 dB/m around 1550 hm
are measured [1-5]. However, the integration of active devices
on silicon nitride waveguides remains challenging. Phase modu-
lators on silicon nitride have been demonstrated using materials
with closely matched refractive indices such as lithium niobate
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(LN, n * 2.2 at 1550 nm) [6] and lead zirconate titanate (PZT,
n 7 2.3 at 1550 nm) [7]. The integration of 111-VV materials with
higher refractive indices is essential to include photodetection
and light sources or light amplification on the platform. The large
refractive index difference between SizN4 and indium phosphide
(InP)-based materials (In 1.3 1.5) makes it challenging
to make use of the adiabatic coupling schemes that were devel-
oped for the heterogeneous integration of 111-V components on
the silicon-on-insulator (SOI) platform [8,9]. As such, in device
demonstrations with ultralow loss SizNg, light is typically cou-
pled to and from the SizN4 waveguide through edge-coupling.
Hybrid single-mode lasers with sub-kilohertz intrinsic Lorentzian
linewidths have been demonstrated with edge-coupling, enabling
integrated light sources with unprecedented purity [10-12]. In
order to increase the functionality of a single photonic chip, multi-
ple active devices need to be interfaced with the passive circuit.
Since the edge-coupling method does not allow densely integrated
active components, there is a need for alternative schemes such
as flip-chip or heterogeneous integration. Recently, the flip-chip
integration of an InP semiconductor optical amplifier (SOA)
on a low-loss SizN4 platform was demonstrated [13]. Another
promising approach is to cointegrate a silicon nitride waveguide
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