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Abstract: Photonic chip-based soliton microcombs have shown rapid progress and have already
been used in many system-level applications. There has been substantial progress in realizing
soliton microcombs that rely on compact laser sources, culminating in devices that only utilize a
semiconductor gain chip or a self-injection-locked laser diode as the pump source. However,
generating single solitons with electronically detectable repetition rates from a compact laser
module has remained challenging. Here we demonstrate a current-initiated, Si3N4 chip-based,
99-GHz soliton microcomb driven directly by a compact, semiconductor-based laser. This
approach does not require any complex soliton tuning techniques, and single solitons can be
accessed by tuning the laser current. Further, we demonstrate a generic, simple, yet reliable,
packaging technique to facilitate the fiber-chip interface, which allows building a compact soliton
microcomb package that can benefit from the fiber systems operating at high power (> 100 mW).
Both techniques can exert immediate impact on chip-based nonlinear photonic applications that
require high input power, high output power, and interfacing chip-based devices to mature fiber
systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical frequency combs have made significant scientific and technological advancements
in the field of frequency metrology and spectroscopy [1]. Microcombs [2] allow frequency
combs generated in optical microresonators with broad bandwidth, low power consumption,
and repetition rates in the GHz to THz range. These microcombs have developed into an
active interdisciplinary area covering frequency metrology, integrated photonics, and nonlinear
soliton dynamics, and are compatible with wafer-scale manufacture and on-chip applications.
Dissipative Kerr solitons (DKS), which constitute of continuously circulating ultrashort pulses
in a microresonator, offer broadband and fully coherent microcombs [3]. Applications such as
coherent communication [4], dual-comb spectroscopy [5], astrophysical spectrometer calibration
[6,7], ultrafast distance measurement [8,9], and low-noise microwave synthesis [10,11], have
been demonstrated utilizing DKS. One challenge to realize a fully integrated soliton microcomb
is to combine a high-Q integrated microresonator (e.g. Si3N4) and a high-power laser, in order
to avoid the use of external amplifiers to meet the power requirements for soliton generation.
Moreover, complex soliton tuning mechanisms [12–14] to overcome the thermal effects should
be avoided.
Recently, electrically driven soliton microcombs using chip-based Si3N4 microresonators

have been demonstrated [15,16]. Despite the compact form, the lasers used in those works
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have limited output power below 50 mW (single-mode). Nevertheless, benefitting from the
advances of ultralow-loss Si3N4 waveguide fabrication process [17] and state-of-art high-Q
Si3N4 microresonators [18], single soliton states with repetition rates exceeding 100 GHz were
successfully demonstrated. It should be noted that, for practical applications using soliton
microcombs, soliton pulses at electronically detectable repetition rates, with average pulse power
more than 1 mW, are still preferred, while the aforementioned approaches suffer from limited
input power from the chip laser, and the resulting low comb tooth power and high soliton
repetition rate beyond what common electronic devices can detect and process. At the same
time, recent reports show that packaged, semiconductor-based, fiber-coupled lasers [19] can
provide sufficient output power and frequency stability for soliton microcomb generation in
silica microdisks [20]. Though fragile tapered fibers to couple the silica microdisks are still
required, the hybrid semiconductor lasers with high output power (∼100 mW) are a promising
component to build compact, portable soliton microcomb devices for practical applications that
require high soliton power. In addition, this hybrid semiconductor laser features excellent noise
properties, with low relative intensity noise and narrow linewidth [19]. Considering the recent
demonstration of integrated Si3N4 soliton microcombs operating in the microwave K- and X-band
at an on-chip optical power of ∼ 38 mW [11], which require low-noise pump laser for low phase
noise, soliton-based microwave synthesis, semiconductor lasers can potentially be a key building
block for integrated soliton-based microwave photonics.

Here, we implement two solutions for compact, portable chip-based soliton microcomb devices
for practical applications that require high soliton comb power per line (>15 µW) needed to
amplify light while maintaining OSNR [4]. The first solution uses a commercially available
hybrid semiconductor-based laser [19] to drive the Si3N4 chips and generate soliton microcombs
of 99 GHz repetition rate. The high laser output power ∼ 100 mW enables average soliton
power exceeding 600 µW in the bus waveguide. Further beyond the power level of this hybrid
laser, we propose an alternative solution of photonic packaging, which allows integration of
chip devices into standard fiber systems operating with high power above 1 W, with significantly
reduced complexity in terms of interfacing chip devices with fibers. Despite the recent advances
on integrated silicon-based lasers [21] as well as the hybrid lasers used in this work, Si3N4
soliton microcomb chip devices still prefer to work with high input power (>100 mW), which
allows, e.g. accessing integrated soliton pulses at microwave repetition rates for K- and X-band
microwave synthesis [11]. Such high power currently can be offered easily by fiber laser systems
with optical amplifiers (e.g. EDFA), therefore our packaging solution allows interfacing the
chip devices to fiber systems. Furthermore, this packaging technique can also be applied for
other integrated platforms such as AlN and LiNbO3, which typically require high input power for
targeted photonic applications.

2. Experiment and chip design

The Si3N4 microresonator chips used in this work were fabricated using the photonic Damascene
reflow process [22], and feature microresonator Q-factors exceeding 1.5 × 107 across the telecom
C- and L-band [18]. Key steps to achieve such high-Q include waveguide preform reflow to
reduce scattering losses [23], and thorough thermal annealing to reduce hydrogen absorption
losses [18]. On the Si3N4 chip, the microresonator is coupled to a bus waveguide, and both
waveguides are 1.50 µm wide and 700 nm high, to achieve high coupling ideality [24]. Light is
coupled into and out of the Si3N4 bus waveguide via double-inverse tapers on the chip facets
[25], with >25% total coupling efficiently (fiber-chip-fiber). A polarization controller is used
to align the polarization of incoming light to the transverse-electric (TE) mode. The Si3N4
chips were characterized using a diode laser spectroscopy technique [26,27] calibrated by a fully
stabilized commercial optical frequency comb system. Each resonance was fitted [28] to extract
the intrinsic linewidth κ0/2π, coupling strength κex/2π, and backscattering rate γ/2π.
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First, we use the semiconductor laser to directly couple to the Si3N4 chip, as shown in Fig. 1,
without using an EDFA. The laser shown in Fig. 1(b), consists of two parts. The first part is
a semiconductor-based gain chip which facilitates high power operation. It features a highly
reflective facet on one side and an angled facet on the other side for out-coupling [19]. The
second part is a customized fiber Bragg grating (FBG) that supports single frequency and
narrow linewidth operation. The light from the gain chip is coupled efficiently to the FBG via a
polarization-maintaining (PM) lensed fiber. The laser power and frequency can be tuned via
current control applied on the gain chip, and temperature control applied either on the gain chip or
on the FBG. The maximum laser output power is around 100 mW. The laser center frequency is
approximately 193.4 THz and has a tuning range of ∼ 100 GHz. An isolator is used at laser output
to avoid back reflection into the laser. Light coupling to the Si3N4 bus waveguide via optical fibers
impacts the phase-difference between the pumped and the back-reflected (feedback due to intrinsic
scattering) light, and leads to unstable operation. This resonant feedback has been recently
used in chip-based microcomb systems to access the soliton [15,16,29]. Moreover, a single
soliton generation requires a large detuning from the pump laser, which is difficult to achieve,
and critically depends on the backscattered light and phase difference [30]. While the current
method does not require precise control and a single soliton can be accessed deterministically via
current tuning.

Fig. 1. Experimental setup for soliton microcomb generation using the semiconductor laser.
(a) The semiconductor laser is coupled to a Si3N4 microresonator chip. The laser is operated
via a current and a temperature controller (C.C. and T.C.). An arbitrary waveform generator
(AWG) is used to scan the laser frequency over the resonance by directly modulating the
laser current. The generated soliton microcomb spectrum is analysed by an optical spectrum
analyser (OSA) and an electrical spectrum analyser (ESA), respectively. OSC: Oscilloscope.
FPC: Fiber polarization controller. (b) A butterfly packaged semiconductor laser (bottom
panel). The semiconductor laser consists of a gain chip, a FBG, and an external fiber
cavity (top panel). AR: Anti-reflective coating. HR: Highly reflective coating. TEC:
Thermoelectric cooler. (c) A microscope image showing a Si3N4 integrated microresonator,
with the coupling section highlighted. The bus waveguide and microresonator are red-shaded.

The laser frequency is tuned into a microresonator resonance, by controlling the FBG
temperature in small steps, until a full resonance profile is observed on the microresonator
transmission spectrum. Then, the laser power is increased by actuating the current (∼ 300 mA )
applied on the gain chip, until a step-like pattern, signalling the soliton formation, is observed in
the transmission signal. As the laser frequency changes simultaneously with the output power
change due to the current increase, the FBG temperature is controlled accordingly for the laser
frequency to remain on resonance. Benefit from the high microresonator Q and reduced thermal
effect in Si3N4, the single soliton state is initiated deterministically via current tuning of the
gain chip, which significantly reduces the system complexity compared with other soliton tuning
techniques using “power kicking” [12], single sideband modulator [13] and dual lasers [14]. In
the present work, the soliton state is generated by the simpler forward laser frequency tuning
method [3]. Conventionally, a triangular shape voltage signal is applied to the laser piezo to scan
over the resonance. However, laser frequency tuning is limited by the piezo scan speed. Here,
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we directly modulate the current applied to the gain chip, allowing fast scan over resonance at
kHz rate, which in turn modulates the laser frequency and power for soliton tuning and needed
switching. The soliton existence range is sufficiently long, as shown in Fig. 2(d), due to the high
Q-factor and the reduced thermal effects, therefore simultaneous modulation of laser frequency
and power does not add extra complexity to soliton tuning. The reason is that, as the soliton
exists on the effectively red-detuned side, current increase applied to the gain chip leads to an
increase in the laser wavelength as well as the optical power, while the input power increase
can increase the soliton existence range. A baseband radio-frequency (RF) spectrum, shown
in Fig. 2(a) inset, is recorded to verify the coherence of different comb states. A modulation
instability (MI) comb state is generated initially by adjusting the end point of the voltage scan
signal which modulates the laser current. Then, a multi-soliton state is initiated by increasing
the current and performing a scan over resonance from the blue-detuned to the red-detuned
side. A low intensity noise is observed on the electrical spectrum analyser (ESA), indicating the
coherent nature of the soliton state. Once all parameters are known such as the current applied
to the gain chip, and the temperatures of the gain chip and the FBG, a soliton can be generated
deterministically by performing an optimized current scan, which significantly simplifies the
soliton initiation process. Heterodyne beatnote measurements are carried out to further confirm
the intrinsic coherence of the soliton state. A narrow-linewidth (∼ 10 kHz) reference laser is used
to generate a beatnote with a comb tooth. The measured beatnote is fitted with a Voigt profile,
and shows a Lorentzian linewidth of 9 kHz and a Gaussian linewidth of 61 kHz, as shown in
Fig. 2(e). The linewidth is likely limited by the current and the temperature fluctuations of the
laser driver as the main contribution in beatnote comes from Gaussian lineshape (flicker noise).
The single soliton spectrum is fitted with a hyperbolic secant squared (sech2) function, showing a
pulse duration of 131-fs and a 3-dB bandwidth of 19 nm.

Fig. 2. Different microcomb states of 99 GHz repetition rate in a Si3N4 microresonator
driven by the semiconductor laser. (a) An MI comb is generated by modulating the current
applied to the laser gain chip. By optimizing the scan end point, a low-noise multi-soliton
state (b) and a single soliton state (c) are generated. A low RF spectrum is recorded to access
the coherence properties of different comb states (inset (a) and (b)). The single soliton state
(iii) with a characteristic sech2(f) profile, features a 3-dB bandwidth of 19 nm and a pulse
duration of 131-fs. (d) Microresonator transmission signal shows a typical soliton step. The
soliton is initiated by scanning the laser frequency over a microresonator resonance from the
effective blue-detuned side to the red-detuned side. (e) Heterodyne beatnote signal fitted
with a Voigt profile is showing a Lorentzian linewidth of 9 kHz and a Gaussian linewidth of
61 kHz.
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3. Optical packaging

Silicon nitride microresonators fabricated using other processes which do not feature high-Q as
the ones shown here, or high-Q microresonators with lower FSR, may still require high input
power well above 100 mW. Meanwhile, waveguides and microresonators based on other material
platforms such as LiNbO3 [31,32] and AlN [33] show rich nonlinear physics and can be used
to build integrated electro-optic modulators [34], which is challenging to achieve on Si3N4 due
to the absence of effective χ2 nonlinearity. However, compared with Si3N4, these waveguide
platforms typically have much higher loss (lower microresonator Q) due to the fabrication
constraint, thus again high power is needed to induce prominent nonlinear processes based on
these platforms. Here, in addition to the previous solution of using the high-power semiconductor
laser, we also implement a generic, robust packaging technique to build a compact module for
chip-based nonlinear photonics e.g. soliton microcombs. The critical feature that distinguishes
our packaging technique from other solutions is the high-power handling capability, which is
central for soliton microcomb generation. To the best of our knowledge, such a high-power
packaging solution or similar ones has been largely unexplored in the past, due to the strict
misalignment tolerance (< 1 µm) and high-power operation (> 150 mW) [35]. Again, here
we demonstrate with Si3N4 chips as an example. A 2-cm-long ultrahigh-numerical-aperture
(UHNA) fiber of ∼ 4.1 µm mode field diameter is used to mode-match the fiber mode to the
inverse taper’s mode on the Si3N4 chip facet, and is spliced with an SMF-28 fiber with ∼ 1 dB
splicing loss (Fig. 3(a), top inset) [36]. Fiber-chip-fiber through coupling efficiency of 15% is
achieved using the UHNA fiber (including the splicing loss). The splicing loss is minimized by
performing a multiple arc discharge which allows the UHNA fiber core to expand for adiabatic
mode conversion. The fiber is aligned to the chip input facet mechanically, and then a drop of
epoxy is dispensed on the fiber-chip interface using an accurate pneumatic valve. One important
aspect of the packaging is to keep the initial drop size as small as possible (Fig. 3(a), inset), to
avoid extra loss due to dimensional changes which occur during the glue curing. After dispensing
the glue, UV curing is performed in 3 steps with different UV light intensity for optimal curing
performance: 100 mW/cm2 for 0.5 - 1 min, 200 mW/cm2 for 1 - 3 min and 300 mW/cm2 for 3 -
5 min. After UV curing, the packaged device is tested for long-term stability with input laser
power below 1 mW. The coupling remains stable for more than 30 hours, showing the robustness
of the packaged device (Fig. 3(c)). Afterwards, the input power is increased in order to generate
a microcomb in the Si3N4 chip. Due to the higher coupling loss as compared to the case using
lensed fibers, only MI comb states can be generated in the packaged device when using the
semiconductor laser. The coupling losses can be reduced by packaging with lensed fibers or
optimizing the inverse taper for improved mode match [37].
To demonstrate the fact that the packaged device can generate a single soliton, a different

diode laser (Toptica CTL), along with an EDFA to amplify the power to overcome the coupling
and the splicing losses, is used. A single soliton state is accessed in the packaged 99-GHz-FSR
microresonator with an input power exceeding 150 mW (Fig. 3(d)). The packaged device can be
operated in the single soliton state for few hours without any active stabilization (Fig. 3(e)). The
performance of our packaging technique at high power is characterized by packaging UHNA
fibers to a straight Si3N4 waveguide with a coupling efficiency of 19 %. At an input power of
700 mW, the out coupled light from the packaged chip remains nearly unchanged for more than 6
hours (Fig. 3(b)), showing a good power handling capability and allowing direct interfacing of
chip devices to high-power fiber systems. Indeed, a similar packaged chip is used in a recent
experiment which demonstrates backward stimulated Brillouin scattering in Si3N4 waveguides
[38]. The input optical power is more than 230 mW, and no prominent fiber-chip coupling
degradation is observed through the entire experiment.
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Fig. 3. Compact photonic packaging technique and its demonstration on Si3N4 microres-
onator chips for soliton microcomb generation. (a) Photonic package of a Si3N4 chip using
an ultrahigh-numerical-aperture (UHNA) fiber spliced with an SMF-28 (top inset) inside
a butterfly package. Insets: Zoom-in view of the fiber-chip facet showing the epoxy drop
attach the fiber. A low-shrinkage and medium viscous epoxy has been used to minimize
losses (EPO-TEK OG154). (b) The packaged device shows good power coupling stability at
high power ∼ 700 mW for more than 6 hours, without any active stabilization. (c) Long-term
coupling performance of the packaged system. The slow increase in the output power during
the initial 5 to 7 hours may be associated with the epoxy curing, which usually takes 24
hours to settle down after UV curing. (d) Single soliton generation using the Toptica laser in
a packaged device. (e) A long-term stability test in the packaged system showing two lines
of a single soliton microcomb (spectrum in d). The soliton state was maintained for more
than one hour without any active temperature stabilization (i.e. fully free running). W. L.:
Wavelength.

4. Conclusion

In summary, we have demonstrated a soliton microcomb operating at 99 GHz repetition rate
directly driven by a hybrid semiconductor-based laser with high output power. The single soliton
state is initiated deterministically via laser current tuning. In addition, to benefit from the high
power operation of fiber systems, we demonstrate a generic photonic packaging approach which
can significantly simplify the fiber-chip interface connection, and facilitates the accommodation
and integration of chip-based devices into other photonic systems. We show that the packaging
technique can be used to build a compact, portable microcomb system and can sustain high power
operation. Also, a recent study shows that splicing loss can be minimized to less than 0.2 dB,
which will improve the coupling efficiency [39]. Both approaches presented in our work can be
utilized in microcomb applications requiring high power comb tooth and low soliton phase noise,
such as coherent communications [4] and on-chip low-noise microwave generation [11].
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