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ABSTRACT

On-chip integration of optical comb sources is crucial in enabling their widespread use. Integrated photonic devices that can be mass-
manufactured in semiconductor processing facilities offer a solution for the realization of miniaturized, robust, low-cost, and energy-efficient
comb sources. Here, we review the state of the art in on-chip comb sources, their applications, and anticipated developments.

© 2022 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/10.1063/5.0105164

I. INTRODUCTION

The application space of optical comb sources has expanded
rapidly over the past decades.’ Prominent applications include opti-
cal frequency metrology,” optical atomic clocks,’ light detection and
ranging (LiDAR)," telecommunication,” and spectroscopic sens-
ing. Many of the early demonstrations relied on solid-state (often
Ti:sapphire) or fiber-based mode-locked lasers as the comb source,
combined with discrete optical components. To enable widespread
use of optical comb technology, outside of a laboratory environment,
compact, robust, inexpensive, and power-efficient comb sources are
needed. Integrated photonic devices fabricated with well-developed
semiconductor processing technology can fulfill this need. The
development of integrated comb sources is a very active area of
research’'* with many groundbreaking demonstrations in recent
years, both on the device and system level.

Here, we give an overview of state-of-the-art on-chip optical
comb sources, their applications, and anticipated developments. We
start with a discussion of basic comb properties and comb generation
mechanisms (Sec. II). This is followed by a review of state-of-the-art
on-chip comb sources, where we dedicate a section to monolithic
III-V semiconductor comb sources (Sec. I1I), hybridly (Sec. I'V), and
heterogeneously integrated comb sources (Sec. V). Finally, we dis-
cuss the applications of on-chip comb sources (Sec. VI) and have
a look at what lies ahead (Sec. VII). For the review of on-chip
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comb sources (Secs. I11-V), we restrict ourselves to fully integrated
comb sources, i.e., comb sources for which all components are
integrated on-chip, except for the electrical power supply, possible
alternating current (AC) sources, and temperature control mod-
ules. The most well-developed electrically pumped on-chip light
sources are arguably those made out of direct bandgap III-V semi-
conductors. All of the demonstrated fully integrated comb sources
discussed here contain III-V semiconductor material to convert elec-
trical energy into optical energy. Through hybrid and heterogeneous
integration techniques,'” III-V semiconductors can be combined
with other material platforms, such as silicon nitride, silicon, or
lithium niobate photonic integrated circuits (PICs). As we will see
later, hybrid and heterogeneous integration of III-V semiconductors
with other material platforms can lead to significant performance
improvements for on-chip comb sources, primarily in terms of
noise.

Il. COMB PROPERTIES AND GENERATION
MECHANISMS

Before we discuss comb generation mechanisms, we briefly go
over some of the basic, general properties of comb sources. We
define an optical comb source as a source generating an optical spec-
trum that consists of a set of phase-locked lines with a constant
frequency spacing f, also known as the repetition rate or frequency.
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The frequencies of these lines can be expressed as v, = fo + nf , with
fo the carrier-envelope offset frequency (fo < fr) and n a whole
number.'”*’ The temporal profile of the electric field corresponding
to this comb depends on both the amplitude and phase spectrum.
For example, if the comb lines are all in phase, short pulses are
generated (with pulse repetition rate f), while a splay—phase rela-
tionship results in the generation of a frequency modulated wave
(with repetition frequency f,) with a quasi-constant intensity.”! In
general, the generated waveform is modulated both in amplitude
and frequency. In literature, one often makes the distinction between
amplitude modulated (AM) and frequency modulated (FM) comb

I Silicon nitride

Low-loss
Loop mirror  waveguide spiral . . -V
9.5 mm

Il Amorphous silicon

21,22

sources, where the former refers to a source that generates a
sequence of short pulses, while the latter emits a waveform with a
quasi-constant intensity. The distinction between AM and FM comb
sources is well illustrated in Ref. 21. As many comb sources have a
dominant AM or FM character, we will attempt to categorize them
accordingly.

Other basic comb properties that we will refer to are the cen-
ter emission wavelength A or frequency v., the optical bandwidth
AX or Av, the pulse duration 7, (only for AM combs), the average
optical output power Py, the radio frequency (RF) linewidth &f -
and optical linewidth §v. Unless mentioned otherwise, we will use
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FIG. 1. Examples of different comb generation mechanisms. (a) A heterogeneous IlI-V-on-silicon-nitride colliding-pulse mode-locked laser.'# The device consists of a
passive silicon nitride waveguide cavity with loop mirrors on either end. The active IIl-V section in the middle of the cavity provides the gain and saturable absorption for
mode-locking. An intermediate amorphous silicon waveguide layer is used to achieve low-loss coupling from the active to passive section. Insets: optical and electron
microscope images of various parts of the laser. (b) Schematic of the setup to generate a comb through gain-switching of a distributed feedback (DFB) laser diode. >
OSA: optical spectrum analyzer. (c) A Kerr comb generated by pumping a high-Q ring resonator with a single-frequency laser.! FWM: four-wave mixing. (d) Schematic
of ¥/ comb generation in a microresonator (with radius R) pumped by a single-frequency laser.!” A comb is generated at the pump and second-harmonic frequency with
a repetition rate equaling the nonlinear free spectral range (FSRy). (€) A common setup to generate wide, flat electro-optic combs: a single-frequency laser signal is sent
through a cascade of intensity and phase modulators.'® (a) Reproduced from Hermans et al., APL Photonics 6, 096102 (2021), with the permission of AIP Publishing. (b)
Reproduced with permission from Anandarajah et al., IEEE J. Sel. Top. Quantum Electron. 21, 1801609 (2015). Copyright 2015, IEEE. (c) Reproduced with permission from
Pu et al., Optica 3, 823 (2016). Copyright 2016, Optical Society of America. (d) Reproduced with permission from Szabados et al., Phys. Rev. Lett. 124, 203902 (2020).
Copyright 2020, American Physical Society. (e) Reproduced with permission from Lundberg et al., Appl. Sci. 8, 718 (2018). Copyright 2018, MDPI.
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the full width at half maximum (FWHM) values for the optical band-
width, pulse duration, RF, and optical linewidth. The average optical
output power refers to the total output power of the comb source
(not of a single line). We chose here to list the average optical power,
not the peak power, because the average power is what is measured

in most cases. If the pulse duration, repetition rate, and average
power are known, the peak power can be estimated. Yet without
knowledge of the exact pulse shape, this is only an estimate. The RF
linewidth or beat note linewidth refers to the width of the peak at
fr in the spectrum of the measured intensity (measured with a fast

TABLE . List of comb generator categories, the associated pump types, and pros and cons for each category.

Category Pump

Pros and cons

Mode-locked lasers

Active mode-locking Electrical” (DC and AC)

Passive mode-locking Electrical” (DC)

Hybrid mode-locking Electrical” (DC and AC)

(+) Repetition rate stabilized to external oscillator
(=) AC source needed
() Relatively long pulses

(+) No AC source needed
(+) Short pulses can be generated
(—) Repetition rate not stabilized

(+) Repetition rate stabilized to external oscillator
(+) Short pulses can be generated
(=) AC source needed

Gain-switched lasers Electrical” (DC and AC)

(+) Repetition rate stabilized to external oscillator
(+) Large repetition rate tunability

(=) AC source needed

(-) Limited optical bandwidth and long pulses

¥ or Kerr combs

Supercontinuum generation Optical (comb)

Kerr microresonator comb Optical (single-frequency)

(+) Octave-spanning combs can be generated
(-) Need optical pump with high pulse energies
and short pulse durations

(+) Low-noise comb states

(+) Octave-spanning combs can be generated
(-) but requires high-power optical pump
(-) Control complexity

1@ combs

Comb wavelength translation Optical (comb)

x® microresonator comb Optical (single-frequency)

(+) Combs can be generated in otherwise
hard to access wavelength ranges

(-) Need a pump comb source

(-) Many materials commonly used in PICs
have a vanishing y® nonlinearity

(+) Potentially higher pump-to-comb conversion
efficiency and lower threshold power compared to
Kerr combs

(-) Many materials commonly used in PICs

have a vanishing y® nonlinearity

(-) Optical pump needed

Electro-optic combs

(+) Repetition rate stabilized to external oscillator
Non-resonant Optical (single-frequency) and electrical (DC and AC) (+) Large repetition rate tunability
(-) Optical pump and high-power AC source needed
. . . (+) Repetition rate stabilized to external oscillator
Resonant Optical (single-frequency) and electrical (AC) (=) Optical pump and AC source needed

*These lasers can also be optically pumped, but we only consider electrically pumped lasers based on I1I-V semiconductor gain media here.
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photodetector). The optical linewidth refers to the width of a sin-
gle comb line. The RF and optical linewidth are a measure of the
RF and optical phase noise, respectively. There are several linewidth
characterization methods.”” >° In some cases, both the instantaneous
(or intrinsic) and integrated linewidth (influenced by technical noise
such as temperature and pump current fluctuations) are extracted. If
both are determined, the linewidth quoted here is the instantaneous
linewidth; otherwise, we quote whichever linewidth is measured in
the associated reference, and we encourage the reader to consult that
reference for details. Note that the optical linewidth can vary with the
mode number n.°° * If, in a certain reference, the optical linewidth
is measured for multiple mode numbers, we quote the minimum
linewidth here.

Next, we will cover how combs can be generated. The comb
generator categories discussed here are mode-locked lasers, gain-
switched lasers, y® or Kerr combs, y'? combs, and electro-optic
combs. Figure 1 shows examples of comb sources belonging to each

of these categories. Table I lists the comb generator categories, the
associated pump types, and pros and cons for each comb generation
approach. The history of on-chip optical comb sources is illustrated
in Fig. 2.

A. Mode-locked lasers

In their simplest form, mode-locked lasers are made up of a
cavity with a gain medium and a mode-locking element inside.*
This mode-locking element can be the gain medium itself. The
mode-locking element forces the laser to emit an optical spec-
trum consisting of lines with a constant frequency spacing, i.e., a
comb. This is different from the spectrum of a multimode laser
(with a single transverse mode), which consists of multiple non-
equidistant lines that are not phase-locked. Due to dispersion, the
longitudinal cavity modes are not naturally equidistant. While a
mode-locking element will try to enforce emission at a constant fre-

1985

Passive FM mode-locking in monolithic 1lI-V laser. ———— 1 1989

Monolithic l1I-V mode-locked laser (MLL) as light source in —11997
wavelength-division multiplexing fiber-optic communication
system.

2001
Kerr microresonator comb source (with off-chip pump). 12007
AM mode-locking in quantum cascade laser (QCL).——— 20091
FM mode-locking in QCL. 2012

2014
On-chip coherent supercontinuum generation (y®-based; —12015
with off-chip pump).
Heterogeneous epitaxially grown IlI-V-on-silicon MLL. :l
Monolithic 111-V electro-optic comb source. +2018
Monolithic 11I-V MLLs with intracavity y® frequency —— 2019
conversion.

2021
Hybridly integrated gain-switched laser comb SEI—-ZOZZ

Dual-comb ranging with monolithic 111-V MLLs.

— Monolithic Ill-V mode-locked laser (passive and hybrid
mode-locking).

-— Active mode-locking in monolithic IlI-V laser.

-— Monolithic I1I-V quantum dot MLL.

— Heterogeneously integrated IlI-V-on-silicon MLL (fabricated
through bonding).

— Monolithic 11I-V gain-switched laser comb source.

— Dual-comb spectroscopy with QCL combs.

J: Kerr comb source with hybridly integrated pump.

Chip-based y® waveguide resonator comb source (with
off-chip pump).

Hybridly integrated MLLs.

— Heterogeneously integrated Kerr comb source.

— Heterogeneously integrated electro-optic comb source.

FIG. 2. History of on-chip optical comb sources. 1985: Ref. 29; 1989: Refs. 30 and 31; 1997: Ref. 5; 2001: Ref. 32; 2007: Refs. 33 and 34; 2009: Refs. 35 and 36; 2012:
Ref. 37; 2014: Ref. 38; 2015: Refs. 39 and 40; 2018: Refs. 41-44; 2019: Refs. 45-48; 2021: Ref. 49; and 2022: Refs. 50-52.
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quency spacing, this will become increasingly hard the more the
cavity modes deviate from equidistant spacing. This ultimately lim-
its the comb’s optical bandwidth, along with other mechanisms
such as the gain bandwidth, the bandwidth of the cavity mirrors,
and the speed of the mode-locking element. The repetition rate
fr of a mode-locked laser corresponds to the inverse of the cavity
round trip time (~cavity mode spacing), for fundamental mode-
locking, or a multiple of it, for harmonic mode-locking. Mode-
locked lasers can emit both AM and FM combs.”"*>’**** The
term “mode-locking” is sometimes used exclusively for AM, pulsed
mode-locking, but here we will use it to refer to both AM and FM
mode-locking.

Mode-locking mechanisms can be categorized into passive,
active, and hybrid mode-locking. In an actively mode-locked laser,
mode-locking is achieved by periodically modulating the round-trip
gain, loss, or phase shift. This is done using an AC pump signal,
an intracavity intensity or phase modulator. One typically uses a
drive signal with a frequency that equals the inverse of the cav-
ity round-trip time (for fundamental mode-locking) or an integer
multiple of it (for harmonic mode-locking). Within the category
of actively mode-locked lasers, the terms “AM” and “FM mode-
locked lasers” are sometimes used as well, but to refer to the use
of an intracavity intensity or phase modulator as a mode-locking
element, respectively.” Yet, these FM-type actively mode-locked
lasers can produce a pulsed output. We will refrain from using this
terminology here.

In a passively mode-locked laser, no external AC signals are
applied for mode-locking. Instead, one generally uses a saturable
absorber. This is a component for which the absorption is reduced at
high light intensities, which promotes the formation of short pulses
in the cavity. Free-space and fiber-based mode-locked lasers often
use semiconductor saturable absorber mirrors (SESAMs), which
combine a mirror and saturable absorber material in a single compo-
nent.”” Saturable absorbers based on Kerr lensing combined with an
aperture are frequently used for ultrashort pulse generation in free-
space lasers (referred to as Kerr lens mode-locking).” In integrated
mode-locked lasers based on III-V semiconductors, one typically
constructs a saturable absorber by not pumping a short part of the
gain section or even applying a reverse bias, to reduce the absorber’s
recovery time.”® In addition, integrated saturable absorbers based on
the Kerr effect in an interferometer have been explored®” but have
so far not been demonstrated in on-chip III-V-based mode-locked
lasers. Even without saturable absorber, passive mode-locking has
been observed in on-chip lasers, relying on four-wave mixing for
mode-locking,”"’ Passive mode-locking without saturable absorber
is sometimes referred to as self-mode-locking,”’* although in
the past this term has been used in other contexts as well.”*
In addition, Kerr nonlinear microresonators can serve as mode-
locking elements.®® Passive mode-locking has the advantage that
it does not require an external AC signal generator and allows
for shorter pulses. For high repetition frequencies (on-chip pas-
sively mode-locked lasers with terahertz repetition rates have been
demonstrated””**), compact and low-cost AC signal generators are
not readily available.

In hybrid mode-locking, an external AC signal at the repetition
frequency f: is applied to a passively mode-locked laser, commonly
to the saturable absorber or gain section. This can be useful if

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
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one wants to stabilize the repetition rate or synchronize it with an
external clock, while still having the short pulses and wide optical
bandwidths than can be achieved in a passively mode-locked laser
with a fast mode-locking element.

There have been a lot of demonstrations of on-chip mode-
locked lasers, with emission frequencies ranging from visible to
terahertz frequencies. Monolithic III-V mode-locked lasers, as well
as hybridly and heterogeneously integrated mode-locked lasers, have
been realized (see Secs. [11-V).

B. Gain-switched lasers

Gain-switching is a method of generating pulses by modulat-
ing the pump power of a laser, so as to switch between a state below
and above the lasing threshold.®” In contrast to mode-locking, the
modulation frequency does not correspond to the inverse of the
cavity round-trip time or a multiple of it. Although large timing
jitter and loss of coherence between subsequent pulses may wash
out any discernible lines in the optical spectrum, it has been
shown that under appropriate operating conditions, gain-switched
single-mode semiconductor lasers can generate combs.”® Modula-
tion frequencies close to the relaxation oscillation frequency have
been found to be optimal.'> However, significantly lower repeti-
tion rates can also be achieved utilizing optical injection to avoid
loss of coherence during the long off periods between pulses.”’
As the repetition rate is not directly linked to the cavity round-
trip time, it can be tuned continuously over a large range.”
Yet, the comb bandwidths of gain-switched lasers are relatively
small.

Several monolithic III-V gain-switched comb sources have
been demonstrated (see Sec. I1I) as well as a hybrid gain-switched
comb source (see Sec. V).

C. ¥*®) or Kerr combs

Four-wave mixing processes enabled by the X(s) or Kerr non-
linearity of materials can be used for comb generation. Two schemes
are commonly utilized: supercontinuum generation and Kerr comb
generation.”

In supercontinuum generation, short pulses with high peak
powers are spectrally broadened by sending them through a non-
linear medium. Generating a broadband coherent comb through
supercontinuum generation requires careful control of the exper-
imental parameters and usually leans on the use of an AM comb
source generating short pulses with high peak powers that are
sent through a dispersion-engineered nonlinear waveguide. On-
chip coherent supercontinuum generation with integrated comb
sources has not yet been demonstrated, but there have been a lot of
demonstrations of coherent supercontinuum generation in on-chip
waveguides with an off-chip pump.*”’*”” The generation of on-chip
octave-spanning coherent supercontinua typically starts from pump
pulses with a pulse duration on the order of 100 fs and pulse energies
of several p]J to over 100 pJ, depending on the strength of the non-
linearity and the waveguide loss, i.e., its effective length. While these
numbers are getting within reach of on-chip mode-locked lasers, it is
an outstanding challenge to integrate all the required materials and
devices.

7,100901-5
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In Kerr comb generation, a high-quality-factor (high-Q) cavity
with a nonlinear medium inside is pumped with a continuous-
wave (CW), single-frequency laser.”® The pumped Kerr nonlinear
medium provides parametric gain that can result in parametric
oscillation if the threshold is surpassed. This process bears simi-
larities with a laser, but here the gain is provided by a parametric
nonlinear process. Cascaded four-wave mixing in a resonator can
lead to the formation of a comb with equidistant spectral lines.
Similar to mode-locked lasers, the cavity modes are not naturally
equidistant, which leads to a finite comb bandwidth. Kerr comb
generation in chip-based microresonators has been around since
the 2000s.”” Kerr comb generators have long relied on off-chip,
high-power, narrow-linewidth, tunable pump lasers, and complex
tuning mechanisms. Only recently, have Kerr comb sources with
integrated CW pump lasers been realized*’ and has turnkey oper-
ation been demonstrated.””"’ Multiple hybrid Kerr comb sources
have been reported and also a heterogeneously integrated Kerr comb
source has been demonstrated (see Secs. IV and V). The generation
of low-noise, coherent Kerr combs requires careful control of the
experimental conditions. Most demonstrations focus on the genera-
tion of temporal dissipative Kerr solitons in the anomalous group
velocity dispersion regime.®’ These solitons correspond to highly
coherent combs in the frequency domain. Generally, the solitons
are superimposed on a CW background with only a small per-
centage of the pump power being converted into comb power.”
The conversion efficiency decreases with decreasing repetition rate,
as the overlap between the solitons and the background pump
radiation decreases.”"”*’ Generating combs in the normal group
velocity dispersion regime”** or making use of coupled resonators
can increase the conversion efficiency.” " Several integrated Kerr
comb sources operating in the normal group velocity dispersion
regime have already been demonstrated (see also Sec. 1V).*"" Wide,
octave-spanning soliton combs have been demonstrated in on-chip
microresonators,””*® but these demonstrations still relied on high-
power, off-chip pump lasers (> 100 mW pump power to access
1 THz-repetition-rate single-soliton states).

Recently, a x®-based comb generation scheme has been
reported, which can be considered a combination between conven-
tional supercontinuum generation and Kerr comb generation, as a
microresonator is pumped with a pulsed input.”” " This scheme
boosts the efficiency of Kerr soliton combs and enables supercontin-
uum generation with lower peak powers compared to conventional
non-resonant supercontinuum generation. Yet, so far only off-chip
pump sources have been used.

D. y**) combs

While the y®-based comb sources generate a comb around the
pump wavelength, X(Z) or three-wave mixing processes can enable
the generation of combs at wavelengths that are far away from the
pump wavelength(s). y'*-based comb sources can be divided into
two major categories. First, y* nonlinear processes can be used
to translate combs (e.g., Kerr combs, mode-locked laser combs)
to another wavelength range, e.g., by sum or difference frequency
generation”**”* """ or pumping an optical parametric oscillator
(OPO) with a comb source.'’* The up- or down-conversion can hap-
pen in the same cavity or medium as the base comb generation or
in a separate device. Second, combs can be generated directly by

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
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cascaded y® processes in a cavity with a ¥® nonlinear medium
pumped by a CW laser, akin to Kerr comb generation.'”” "’ This
approach has the potential to lead to higher pump-to-comb conver-
sion efficiencies and lower threshold powers compared to the Kerr-
based approach. In addition, supercontinuum generation based on
cascaded y processes has been demonstrated.'’*'"”

x?-based comb sources have received less attention compared
to their y®-based counterparts. Many of the materials often used
in y®-based comb sources and integrated photonics have a van-
ishing y® nonlinearity due to their centrosymmetric nature (e.g.,
amorphous silicon nitride and silicon dioxide, crystalline silicon).''
Yet, silicon nitride thin films have been shown to have a non-zero
¥ nonlinearity as-deposited, with the magnitude depending on the
deposition conditions.'' """ A ¥® nonlinearity can also be induced
optically via the photogalvanic effect,'”''” by permanently applying
an electric field,'' "' via thermal poling,''® strain,''” or symmetry
breaking at material interfaces.”” """ In recent years, multiple inte-
grated photonics platforms based on y® materials (e.g., LINbO3, >’
AIN,'>* SiC,'”* (Al)GaAs,'?* and (In)GaP’”'"”) have been developed,
with several demonstrations of y®-based comb generation (often
combined with y® effects),'*'0"10> 107107

Yet, so far the only reports of fully integrated comb sources
relying on three-wave mixing are monolithic III-V mode-locked
lasers with intracavity sum or difference frequency generation (see
also Sec. 111).*7%

E. Electro-optic combs

A final comb category we are briefly discussing here are the
electro-optic comb sources.'"** An electro-optic comb is generated
by sending a CW laser through one or more electro-optic modula-
tors. These modulators can modulate the phase, amplitude, and/or
polarization of the incident beam. As modulation leads to the gen-
eration of sidebands at (multiples of) the modulation frequency, one
can understand that modulators can be used for comb generation.
Various physical effects can be used to modulate the refractive index,
such as the Pockels effect (only in X(z) materials), the Kerr effect, the
plasma dispersion effect, and the quantum-confined Stark effect. To
generate wide combs, one often cascades multiple phase modula-
tors followed by an intensity modulator to flatten the spectrum.”
Another approach is to use resonant electro-optic comb sources,
where a phase modulator is placed in a cavity and driven at a fre-
quency that corresponds to an integer times the free spectral range.”®
The repetition frequency of non-resonant combs can easily be tuned
over a large range and low repetition frequencies can be achieved
without the need for long cavities.

Many chip-based electro-optic comb sources (e.g., based on III-
V semiconductors, silicon, or lithium niobate) have been realized,
but most use an off-chip laser.'! Still, there have been several demon-
strations of fully integrated electro-optic comb sources, monolithic
II-V,"*1%% as well as hybrid and heterogeneous III-V-LiNbO;
comb sources’"'” (see Secs. I11-V).

I1l. MONOLITHIC 111-V SEMICONDUCTOR COMB
SOURCES

In this section, we review the state-of-the-art monolithic III-V
semiconductor comb sources [see Figs. 3(a) and 3(b) for examples].
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FIG. 3. Examples of monolithic Ill-V comb sources, hybridly and heterogeneously integrated comb sources. (a) Simplified schematic of a two-section Fabry—Pérot quan-
tum dot (QD) mode-locked laser, grown on a GaAs substrate, with ridge width W = 5 um, gain section length L4, = 1.8 mm, and saturable absorber length Lapsormer
=0.30 mm.% (b) Microscope image of a mode-locked extended-cavity quantum well ring laser (2.3 mm by 1.75 mm) realized in passive-active InP photonic integrated
circuit technology.%> SOA: semiconductor optical amplifier; SA: saturable absorber; ISO: electrical isolation; ERM: electro-refractive modulator; MMI: multimode interference
coupler; and PWG: passive waveguides. (c) A chip-scale distributed feedback (DFB) laser butt-coupled to a silicon nitride (SiN) chip containing a microresonator where Kerr
solitons are generated and coupled off-chip with a lensed fiber.% AWG: arbitrary waveform generator; RR: ring radius; and RW: resonator waveguide width. (d) Microscope
image of a heterogeneous IlI-V-on-silicon mode-locked laser with a 1 GHz repetition rate, fabricated by bonding.? Insets: Scanning electron microscope images of various
parts of the laser. DBR: distributed Bragg reflector. (e) Schematic diagram of a Fabry—Pérot quantum dot mode-locked laser grown on silicon.® SA: saturable absorber. (f)
Artistic rendering of a heterogeneous extended-cavity ring mode-locked laser with two long SiN spirals and a transfer printed I1I-V amplifier with saturable absorber.”’ (a)
Reproduced from Rafailov et al., Appl. Phys. Lett. 87, 081107 (2005), with the permission of AIP Publishing. (b) Reproduced with permission from Latkowski et al., Opt. Lett.
40, 77 (2015). Copyright 2014, Optical Society of America. (c) Reproduced from Briles et al., APL Photonics 6, 026102 (2021), with the permission of AIP Publishing. (d)
Reproduced with permission from Wang et al., Light: Sci. Appl. 6, e16260 (2017). Copyright 2017, Springer Nature Limited. (e) Reproduced with permission from Liu et al.,
Optica 6, 128 (2019). Copyright 2019, Optical Society of America. (f) Reproduced with permission from Cuyvers et al., Laser Photonics Rev. 15, 2000485 (2021). Copyright
2017, John Wiley & Sons, Inc.

The term “monolithic” means that only a single substrate is used  A. Visible spectrum (400-750 nm)

in the fabrication of these comb sources. All the required materials There have been very few demonstrations of monolithic III-
are grown or deposited directly (as thin films) on this single III-V. v semiconductor comb sources emitting in the visible wavelength
substrate. Compared to the hybridly and heterogeneously integrated range compared to the other wavelength ranges discussed here. Pas-
comb sources discussed later [see Figs. 3(c)-3(f) for examples], sively mode-locked two-section Fabry-Pérot quantum well diode
the monolithic ITI-V semiconductor comb sources have a much  lasers emitting around 420'*" and 752 nm'’' have been reported.
longer history with many more demonstrations and center emission The violet-blue mode-locked lasers have InGaN quantum wells
frequencies spanning the visible to the terahertz spectrum. grown on GaN substrates and emit pulses as short as 3 ps with
APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164 7,100901-7
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peak powers up to 320 mW and a repetition rate in the range
of 40-93 GHz, when operated under pulsed driving conditions.
The red mode-locked lasers have AlGaAs quantum wells grown on
GaAs substrates and emit pulses as short as 3.5 ps at a repetition
rate of 19.37 GHz with an average optical power of 59 mW
and an optical bandwidth of 0.62 nm. The limited amount of comb
demonstrations in the visible wavelength range may be due to the
application perspectives (e.g., optical atomic clocks,'*” astronomi-
cal spectrograph calibration,'** and biological imaging;'** see also
Table II) being perceived less compelling or highly demanding in
terms of comb performance. In addition, gallium nitride mate-
rial technology has some peculiar features making mode-locking
challenging.'*

Table I1I lists the specifications for state-of-the-art monolithic
III-V comb sources in the visible wavelength range.

B. Near-infrared (750 nm to 2 um)

There is a large body of research focusing on near-infrared
monolithic III-V mode-locked (interband) diode lasers, primarily
at wavelengths of ~850 nm, ~1.3, and ~1.6 ym.””"*"*""'*" These
are the main wavelengths used in fiber-optic communications,
which has been one of the key drivers behind the development of
diode lasers and integrated optics.'*® For wavelengths of ~1.6 ym,
common gain media are InGaAsP and AlGalnAs quantum
wells, ©>10410019%170 and InAs quantum dots or dashes (i.e., elon-
gated quantum dots),’”'*>'”""'”* all grown on InP substrates. 1.3 um
lasers typically rely on InGaAsP or AlGalnAs quantum wells
grown on InP substrates'®”'”* or InAs quantum dots on GaAs
substrates.””'”>'"® For wavelengths of ~850 nm, GaAs quantum
wells grown on GaAs substrates are commonly used.”*'*>""

While research on near-infrared monolithic III-V comb
sources has focused primarily on conventional AM comb sources
based on passive, active, or hybrid mode-locking schemes, there
have been multiple reports of FM comb sources as well,”
both for quantum well”>"”""">""" 1% and quantum dot/dash
devices.”""*>17» 15181 EM mode-locking has mostly been observed
in single-section Fabry-Pérot devices without saturable absorber,
although it has also been reported in devices with saturable
absorber.”"**'7% In Ref. 21, it is shown that AM and FM combs can
be generated in the same device by switching the absorber voltage

between —3.8 and 0 V. The use of single-section Fabry-Pérot devices
without saturable absorber does not necessarily lead to FM comb
operation; it may also result in AM comb formation with short
optical pulses.””*""**!"11%2 EM comb sources based on Fabry-Pérot
lasers with an intracavity phase modulator have been demonstrated
as well.'”?

For near-infrared monolithic III-V quantum well mode-locked
lasers, optical bandwidths up to 14 nm have been observed,'** pulse
durations as short as 0.3 ps,””**'*’ average powers up to 489 mW
(associated pulse energies of 62 pJ),'*” RF linewidths down to 1 kHz
in a free-running single-section device'”” and <2 Hz in hybridly
mode-locked lasers,”””" and optical linewidths below 10 kHz (for a
free-running single-section FM comb source).'” Repetition rates as
low as 880 MHz have been demonstrated.'”’ Even a 55 MHz repeti-
tion rate has been realized by combining a 3.55 GHz III-V mode-
locked laser with an on-chip Mach-Zehnder modulator that acts
as a pulse selector.'*® Very high repetition rates, exceeding 1 THz,
have also been reported in harmonically mode-locked lasers.””** In
Ref. 67, the authors observed mode-locking at a 1.54 THz repetition
rate in a passively mode-locked laser with a fundamental repetition
rate of 39 GHz. One of the mirrors is a 120 ym long distributed
Bragg reflector that has peaks in its reflection spectrum spaced by
0.4 THz, causing the laser to operate at repetition rates of inte-
ger multiples of 0.4 THz (the repetition rate depends on the gain
current).

Many of the above-mentioned monolithic III-V quantum well
comb sources are not just all-active Fabry-Pérot devices with
cleaved facets as mirrors, but true photonic integrated circuits
(PICs) with multiple on-chip components (both passive and
active; e.g., mirrors, splitters/combiners, optical amplifiers, saturable
absorbers) connected by waveguides, fabricated on InP substrates
[see Fig. 3(b) for an example]. The InP photonic integration plat-
form is one of the main commercial PIC platforms. Typical (passive)
waveguide propagation losses are 2 dB/cm or less.'* InP PIC tech-
nology allows for the implemenation of more advanced laser archi-
tectures. Extended-cavity mode-locked lasers with low repetition
rates and narrow linewidths have been realized by combining active
sections with long passive waveguide cavities."””'*" Intracavity gain-
flattening filters have been used to generate wider, more uniform
comb spectra.'®> On-chip Mach-Zehnder modulators have been

TABLE . Possible applications of on-chip optical comb sources in different wavelength ranges.

Wavelength range Typical applications
.. . . 132,278 .
Visible Optical ~atomic  clocks, °  astronomical  spectrograph
calibration,"””*”” and biological imaging'****"*!
Near-IR Telecommunication,”* 7315282729
LiDAR,>*° **information processing,“}"w"““ optical atomic
132,278 . . . 279,301
clocks, astronomical  spectrograph  calibration,
. . : . 34,280,28 80,265,302-3
biological imaging,""******' and spectroscopy***>*"* "
i s 8,38,206,228,231,305-308
Mid-IR Spectroscopy of gases and biomolecules

218,308-310

Far-IR and THz Spectroscopy of gases and biomolecules”

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
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TABLE Ill. Overview of state-of-the-art monolithic I11-V semiconductor comb sources emitting in the visible and near-infrared wavelength range. MLL: mode-locked laser, GS:

gain-switched laser, and EO: electro-optic comb.

Ac (pym) v (THz) fr (GHz) Av (THz) AM/FM 7p (ps) Payg (mW) of . (kHz) év (MHz) Type References
0.42 7.10 x 10? 40.3 0.75° AM 7 ~100 MLL 130
0.752 399 19.37 0.33 AM 3.5 5.9 MLL 131
0.766 391 19.42 0.4 AM 5.7 113 MLL 135
0.836 359 126 1.0 AM 0.43 17.41 MLL 136
0.977 307 7.92 0.3 AM 16 489 MLL 137
1.26 238 21 2.6 AM 0.39 ~20 MLL 92
1.26 238 5 ~1.3 AM 5.1 ~30 MLL 138
1.26 238 10 AM 2.2 287.7 MLL 139
1.29 233 238 e AM 1.3 3.1 - MLL 140
1.29 233 10 0.27 AM 6 ~1 0.2 o MLL 141
1.53 196 15 0.5 AM 5-8 ~0.03 <400 ~600 MLL 142
1.53 196 46 ~0.9 FM e ~0.8 ~57 e MLL 143
1.54 195 21.5 1.8 AM ~0.35 <1 450 - MLL 144
1.54 195 345 1.5 AM 0.8 46 <10 0.850 MLL 145
1.54 195 92 15 AM 0.312 8.6 <20 . MLL 60
1.54 195 50 2.3 AM 0.295 ~40 MLL 146
1.54 194 429 0.72 AM 10 250 o - MLL 147
1.55 194 6.25 0.06 e 0.01 1.5 GS 71
1.55 193 0.055" 0.29 AM 154 ~1 MLL 148
1.55 193 50 ~0.9 AM 0.27 <0.15 e MLL 149
1.55 193 0.9 e AM ~500° e 71¢ . MLL 150
1.55 193 21.7 ~0.6 FM o ~1 116 ~1 MLL 151
1.55 193 48 1.9 FM 40 ~60 ~10 MLL 152
1.55 193 34.2 ~2 1.7 0.62 MLL 153
1.55 193 1 0.04 ~11 EO 128
1.56 193 1.54 x 10° e AM 0.26 16 e MLL 67
1.56 193 10 0.70 AM 1.06 <1 2 MLL 154
1.56 193 346 1.0 AM 0.56 4 e e MLL 155
1.56 192 100 1 FM . 19 <200 ~10 MLL 22
1.56 192 5 ~0.02 . . e - 0.350 GS 156
1.57 191 1.28 x 10° 1.1 AM 0.30 15.37 o MLL 68
1.58 190 2.5 0.4 AM 9.8 0.080 6.13° e MLL 93
1.58 190 1 0.6 AM 36 ~0.04 ~100 ~70 MLL 157
1.59 189 44 e FM <350 0.300 MLL 158
1.59 189 10 1.1 FM <420 ~0.8 o MLL 158
1.68 178 194 FM 8 1 <0.01 MLL 159
1.81 166 9.7 ~1.3 320x 1077 x? 45

*Bandwidth of the main mode cluster. There is a second, weak mode cluster that is only partially locked to the main cluster.
“Realized by combining a 3.55 GHz III-V mode-locked laser with an on-chip Mach-Zehnder modulator.
“For passive mode-locking. For hybrid mode-locking, the pulse duration goes down to 200 ps.
4For passive mode-locking. For hybrid mode-locking, the RF linewidth is reduced to <1 Hz.
“For passive mode-locking. For hybrid mode-locking, the RF linewidth is reduced to <2 Hz.

used as pulse selectors.'*® Integrated optical pulse shapers can be
constructed, e.g., to compress the pulses emitted by a mode-locked
laser.lﬁh,l&—

While monolithic quantum well mode-locked lasers have been
around for over three decades,'®’ the first monolithic III-V quan-
tum dot mode-locked laser was only demonstrated in 2001.*> The
large majority of quantum dot mode-locked lasers are all-active
Fabry-Pérot devices [see Fig. 3(a) for an example], yet a device

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
© Author(s) 2022

with an integrated passive section has also been reported recently.'*
The use of quantum dots instead of wells is expected to improve
the performance of mode-locked lasers. Quantum dot devices have
low absorption saturation energy, high gain saturation energy, short
absorption recovery times, wide inhomogeneously broadened gain
spectra, small linewidth enhancement factors, high gain, high tem-
peratur}e alnd1 fele(?black resilience, and high tolerance to growth
defeCtS. 65,175,176,189-195
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Near-infrared monolithic III-V quantum dot and dash mode-
locked lasers with repetition rates ranging from 4.6 to
346 GHz'> have already been realized. Optical bandwidths up to
17.9 nm have been reported,'*® pulse durations as short as 295 fs,'*¢
free-running RF linewidths down to 200 Hz,'*! and free-running
optical linewidths down to 620 kHz.'>> AM comb sources (passively
mode-locked two-section Fabry-Pérot devices) emitting average
optical powers up to 288 mW (corresponding to pulse energies
of 28.7 pJ)'*” and FM comb sources (single-section Fabry-Pérot
devices) emitting average powers as high as 417 mW have been
demonstrated.'*

Apart from mode-locked lasers, also gain-switched monolithic
III-V laser comb sources have been reported in the 1.5 to 1.6 ym
wavelength range. Comb generation based on gain-switching has
been observed in the discrete mode’®'” and distributed feedback
(DFB) lasers.'” Optical injection locking of gain-switched lasers
has been demonstrated as well, with the master (CW) and slave
(gain-switched) lasers integrated on the same chip.”"'"*'”"*"’ Opti-
cal injection locking has been shown to reduce the phase noise and
increase the comb bandwidth.”"""*"""*"" In contrast to mode-locked
lasers, the repetition rate of a gain-switched laser can easily be tuned
over a wide range by adjusting the frequency of the applied RF signal.
Yet, the optical bandwidth and pulse duration are limited. Repe-
tition rates from 4'°7 to 18 GHz'”> have been demonstrated, with
bandwidths up to 0.8 nm'° and pulse durations down to 15 ps.'”
Average optical powers up to 2 mW* and RF and optical linewidths
down to 10 Hz (corresponding to the resolution bandwidth of the
electrical spectrum analyzer)’! and ~350 kHz'°® have been reported,
respectively.

Monolithic III-V electro-optic comb cources have been demon-
strated as well.">'*”'*® The comb sources consist of a ~1.55 ym
distributed Bragg reflector (DBR) laser followed by a cascade of
optical modulators and a semiconductor optical amplifier (SOA),
all integrated on an InP PIC. Electro-optic comb sources allow for
easy tuning of the repetition rate (within the modulators’ electro-
optic bandwidth). In Refs. 43, 127, and 128, the authors demonstrate
repetition rates ranging from 1 to 10 GHz, with corresponding opti-
cal bandwidths of 0.4 and 0.6 nm. A linewidth down to 11 MHz is
reported for the DBR laser.'*

Yet another approach to generate near-infrared combs with a
monolithic ITI-V device is to make use of intracavity sum frequency
generation in mid-infrared comb sources. This has been demon-
strated in interband cascade lasers (ICLs), but with very low powers
in the near-infrared spectral range.”> In Ref. 45, an ICL emitting
10 mW of average optical power at 3.6 ym and sub-nanowatts of
power at 1.8 ym is reported (with a ~14 nm optical bandwidth).

A list of specifications for state-of-the-art monolithic III-V
comb sources in the near-infrared wavelength range is given in
Table ITI.

C. Mid-infrared (2 to 20 um)

Monolithic III-V semiconductor comb sources based on
conventional interband diode lasers,”’” interband cascade lasers
(ICLs),'" and quantum cascade lasers (QCLs)”" have been demon-
strated in the mid-infrared wavelength range.

There have been multiple demonstrations of Fabry-Pérot

quantum well diode lasers grown on GaSb substrates emitting combs

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
© Author(s) 2022
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in the 2.0 to 2.2 ym range. ° Both two-section passively AM
mode-locked lasers™"”""*** and single-section FM mode-locked
lasers”” have been reported. The passively AM mode-locked GaSb-
based lasers have repetition rates ranging from 9.6 to 18.5 GHz,
pulse durations down to ~2.4 ps,’** average optical output pow-
ers up to ~5 mW,”"! and RF linewidths down to 8.4 kHz.”"* The
19 GHz-repetition-rate FM comb source outputs 50 mW of optical
power, has an RF linewidth down to ~1.5 kHz, and a ~700 kHz opti-
cal comb linewidth (determined from a free-running RF dual-comb
spectrum).”’?

In recent years, several interband cascade laser (ICL) comb
sources have been developed, both type-1"">**" and type-II quan-
tum well cascade lasers.””"**""***"*’! The reported type-I quan-
tum well cascade lasers are passively AM mode-locked two-section
Fabry-Pérot devices on GaSb substrates emitting at wavelengths
between 2.7 and 3.3 ym.””>**” AM mode-locking has been observed
in these devices when applying a reverse bias to the absorber section
with ~10 ps pulses at a repetition rate of 13.2 GHz, an average
power exceeding 1 mW, an optical bandwidth of about 20 nm, and
an RF linewidth of 180 kHz.”> The demonstrated type-II quan-
tum well cascade comb lasers are processed on GaSb substrates
and emit in the 3.2 to 3.9 um wavelength range.”"**">***">’! Both
two-section'***""***" 1 and single-section’* Fabry-Pérot devices
have been reported. The two-section devices consist of a long gain
section and a short section that is typically optimized for a low
parasitic capacitance for efficient RF extraction and injection. The
short section’s DC bias can be tuned to alter the locking proper-
ties (by changing the dispersion and gain).”*’ To date, passive AM
mode-locking has not been observed in type-II ICL comb sources.
Instead these devices tend to generate FM combs. Yet, AM opera-
tion has been demonstrated in an actively mode-locked two-section
device where 32 dBm of RF power is injected in the short section.”’”
This actively mode-locked device emits 3.2 ps pulses at a repeti-
tion rate of 10.2 GHz and a wavelength of 3.9 yum with an average
power of 2.7 mW. For the other type-II ICL combs, average pow-
ers up to ~8 mW*>*"° and RF linewidths down to 350 Hz have been
reported.’’®

Research on mid-infrared comb generation in quantum cas-
cade lasers (QCLs) has been ongoing for over a decade.””” Com-
mon materials used in mid-infrared (mid-IR) QCL comb sources
are InGaAs quantum wells and AllnAs barriers grown on InP
substrates.””?'%7**"7*" Both AM™*'**"**** and FM"*"> mode-
locked comb operation have been demonstrated, with wavelengths
ranging from 4.5°%° to 9 ym”"® and repetition rates ranging from
7°% to 400 GHz (for a harmonic comb state).”’® AM comb forma-
tion in Fabry-Pérot QCLs has been challenging to achieve due to the
short gain recovery time (on the order of picoseconds) compared
to the cavity round-trip time (typically on the order of 100 ps).*>
Nevertheless, actively AM mode-locked mid-IR Fabry-Pérot QCLs
have been realized,”*"® in which a short section of the QCLs is
injected with an RF signal at the repetition rate. In Ref. 35, the
authors designed a QCL structure with a longer upper state lifetime
compared to convential QCL designs. At a temperature of 77 K,
this QCL emits ~3 ps pulses at a wavelength of 6 ym and a repeti-
tion rate of 17.9 GHz with an RF linewidth of ~3 kHz and a pulse
energy close to 0.5 pJ (average power of ~9 mW). In Ref. 213, the
authors designed a QCL structure with a larger modulation depth
compared to traditional designs to achieve stable AM mode-locking.
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At a temperature of 288 K (15 °C), this 12 GHz-repetition-rate QCL
emits 6.5 ps pulses at an average output power of 20 mW and
~12 ps pulses at an average power of 62 mW, all at a wavelength
of 8 ym. For other Fabry-Pérot QCL combs, average powers up to
1 W have been reported,”’”*'* RF linewidths below 10 Hz,”" and
optical linewidths as low as (292 + 79) Hz.”!' Apart from conven-
tional Fabry-Pérot QCLs, also electrically pumped ring cavity QCL
combs have been demonstrated recently.”'>”***** In Fabry-Pérot
QCLs, spatial hole burning is responsible for their multimode oper-
ation, a requirement for comb formation. However, in ring cavities,
spatial hole burning is expected to be negligible. Instead, their multi-
mode operation is thought to be caused by a phenomenon known as
phase turbulence.”** Bright dissipative Kerr solitons of ~3 ps dura-
tion have been observed in a ring QCL on top of a dispersive wave
background for a total output power of ~0.6 mW and at a wave-
length of 7.6 ym.”"” None of the demonstrated ring QCLs used a
bus waveguide to extract the generated light from the ring. Instead

the authors collected the light radiated tangentially to the ring. It
is expected that more power can be extracted by including a bus
waveguide. Yet, care must be taken to avoid perturbations that cause
backscattering.’'

Table IV lists some specifications for state-of-the-art mono-
lithic ITI-V comb sources in the mid-infrared spectral range.

D. Far-infrared and terahertz (20 ym to 1 mm)

Also in the far-infrared and terahertz spectral range, QCLs
offer a solution for chip-based comb generation.””” These QCLs
typically contain GaAs quantum wells and AlGaAs barriers grown
on GaAs substrates,”””"*"*"

)

222323723 although also InP-based terahertz
QCL combs have been realized that rely on down-converting a mid-
infrared comb through difference frequency generation.® Many
Fabry-Pérot QCL combs have been demonstrated in recent years,

both AM and FM combs,”"****>7** 2! with repetition rates rang-

TABLE IV. Overview of state-of-the-art monolithic 1lI-V semiconductor comb sources emitting in the mid-infrared to terahertz spectral range. MLL: mode-locked laser.

Ac (um) ve (THz) fr (GHz) Av(THz) AM/FM 7p (ps)  Payy (mW)  &f, (kHz) 6v(MHz) Type References
2.0 1.50 x 10° 18.5 0.26 AM ~1.5 30 MLL 201
2.1 1.50 x 10? 19 FM 50 1.5 0.7 MLL 202
2.1 1.40 x 10° 20.6 e e ~0.6 10 MLL 203
22 1.40 x 10 9.6 0.70 AM ~5 ~3 8.4 MLL 204
32 93 13.2 0.57 AM ~10 ~1 180 MLL 205
3.6 83 9.7 e e e ~8 0.350 MLL 206
3.9 78 10.2 ~0.44 AM 3.2 2.7 e MLL 207
4.5 67 400 e e e e MLL 208
4.7 64 7 60 0.3 0.5° MLL 209
5.0 60 9.2 e e e ~750 <0.5 MLL 210
6.3 48 17.9 ~0.2 AM ~3 ~9 ~3 e MLL 35
7.0 43 7.5 FM ~20 0.0088 <1.3 MLL 37
7.1 42 7.5 e FM 25 e 0.0003 MLL 211
7.6 39 239 ~0.2 AM/FM" 3 ~0.6 e MLL 212
7.9 38 12.3 ~0.07 AM 6.5 20 e MLL 213
8.2 37 9.8 e e 1050 ~0.3 MLL 214
8.9 34 11.1 FM ~200 3 e MLL 215
71 42 4.7 b ~1.5 3.6 <100 MLL 216
71 42 6.6 ~0.08 ~0.7 e e MLL 217
71 42 6.2 e ~1 <0.500 MLL 218
79 3.8 15.5 c ~5 e MLL 219
81 3.7 6.8 AM/FM* ~5 98° 1.8 MLL 220 and 221
97 3.1 19.5 e ~0.06 18 ~2.3 MLL 222
1.10 x 10° 2.8 245 e ~0.003 x? 46
1.10 x 10 2.7 13.3 ~0.2 ~0.03 980 MLL 223
1.20 x 102 26 12.9 0.15 AM 4 e MLL 224
1.20 x 10 2.5 13.3 ~0.05 AM ~10 ~17 ~0.1' MLL 225

* After phase-locking a single comb tooth to a reference laser, the linewidth can be reduced to 1-23 kHz.
There are two mode groups in the spectrum. One mode group corresponds to a frequency-modulated wave, while the other corresponds to an amplitude-modulated wave.

The authors filter out the FM wave with a bandpass filter.
“Simulations indicate high-contrast amplitude modulation.

4There are two lobes in the optical spectrum. One lobe corresponds to an AM comb with ~ 20 ps pulses, while the other lobe has an FM comb character.

©<2 Hz when the repetition rate is stabilized.
f<1 Hz when the repetition and carrier frequency are both locked.

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
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ing from 4.7*'° to 245 GHz* (harmonic comb state), emission
frequencies from 1.6°*" to 4.3 THz,*'® and average powers up to
~17 mW.?*> A free-running RF linewidth < 500 Hz*'® and a sta-
bilized beat note linewidth of 2 Hz?*" have been achieved. Optical
linewidths on the order of 100 kHz have been reported for an RF
injection-locked terahertz QCL comb, which decreased below 1 Hz
when the offset frequency is also locked (to a harmonic of the
repetition rate of a fiber-based femtosecond laser).””” Similar to mid-
infrared QCLs, the short gain recovery times make AM operation
with short optical pulses challenging in far-infrared and terahertz
QCLs.”**° While passive AM mode-locking has not yet been
achieved,”* there have been multiple reports of actively AM mode-
locked terahertz QCLs,”****>****** with pulse durations down to
4 ps.”** Apart from Fabry-Pérot QCL comb sources, also ring-type
terahertz QCL combs have been realized with emission frequencies
between 3.2 and 4.1 THz, a fundamental repetition rate of 15.5 GHz,
and average output powers of several milliwatts.”’? A disadvantage
of working with far-infrared and terahertz QCL comb sources is that
they generally require cryogenic temperatures for their operation,
as opposed to the majority of on-chip comb sources in the visi-
ble to mid-infrared wavelength range. Yet, also room-temperature
chip-based terahertz combs have been demonstrated relying on dif-
ference frequency generation in mid-infrared QCL comb sources.*®
The reported devices operate in a harmonic comb state with mode
spacings of 157 or 257 GHz and limited output powers of several
microwatts.

A list of specifications for state-of-the-art monolithic III-V
comb sources in the far-infrared and terahertz spectral range is given
in Table I'V.

IV. HYBRID COMB SOURCES

Hybrid comb sources have only started being explored very
recently. Research efforts have focused mostly on sources emit-
ting at telecom wavelengths (1.5-1.6 ym), but a 2 ym wavelength
device has also been reported.” Hybrid integration is a process
in which multiple fully processed chips are assembled into a single
package.'” The majority of demonstrated hybrid comb devices con-
sist of an active III-V chip butt-coupled to a passive silicon nitride
(SiN) PIC [sometimes with integrated heaters; see Fig. 3(c) for an
example], although silicon (Si) 8255 and lithium niobate (LiNbO3)'%*
PICs have been used as well. ITI-V chips that have been used in
hybrid comb sources are simple Fabry-Pérot lasers (emitting at
multiple longitudinal modes),”"”>** single-frequency distributed
feedback (DFB) lasers, 79808 1,94,129,250,252.254 L oflotive semiconduc-
tor optical amplifiers (RSOAs, i.e., SOA chips where one facet has
a highly reflective coating),””""****’! single-section quantum dash
mode-locked lasers,” GaSb-based mode-locked lasers,””” and InP
PICs (with active and passive components).l 18,253

One major category of hybrid devices that has been explored
are the hybrid Kerr comb sources. Kerr comb generators have
long relied on off-chip, high-power, narrow-linewidth, tunable
pump lasers, and complex tuning mechanisms for soliton gen-
eration. Hybrid integration of active III-V chips with high-Q
SiN microresonators has finally enabled electrically pumped, chip-
based Kerr comb sources.”’”"7402%42% Backscattering in the
high-Q ring resonators leads to a dramatic linewidth reduction
in the chip-based pump lasers through self-injection-locking. The

self-injection-locking mechanism has even allowed turnkey comb
generation.””"” Most hybrid Kerr comb demonstrations focus on
microresonators operating in the anomalous group velocity disper-
sion (GVD) regime, enabling the formation of well-studied bright,
temporal dissipative Kerr solitons (corresponding to highly coher-
ent combs in the frequency domain). Yet also in the normal GVD
regime, hybrid Kerr comb sources have been reported.””** Repe-
tition rates ranging from 5 GHz" to 2.04 THz (17-soliton crystal
state)’™* have been demonstrated. Comb powers up to 17 mW
(excluding the pump),”” temporal solitons with sub-picosecond
widths,”*" and optical linewidths below 10 Hz have been observed.®
RF linewidths have not been reported to our knowledge, but single-
sideband phase noise measurements at the repetition frequency
(5.4 GHz) have shown a phase noise of —114 dBc/Hz at an offset
frequency of 10 kHz and —140 dBc/Hz at 100 kHz.” Pump-to-comb
sideband conversion efficiencies of 40% have been measured for
bright solitons (anomalous GVD regime) with a 1 THz line spac-
ing.”>* For platicon pulses (normal GVD regime) with a 26.2 GHz
repetition rate, pump-to-platicon conversion efficiencies of 30%
have been estimated.®* This is a significant improvement compared
to the 0.4% pump-to-soliton efficiency previously reported for bright
solitons with a 20 GHz repetition rate.””’

Another class of hybrid devices that has been investigated
are hybrid InP-SiN mode-locked lasers. The InP chips provide
the gain and mode-locking element, while the low-loss SiN PICs
serve as extended cavities that increase the cavity photon life-
time and hence decrease the optical and RF linewidths.”**” By
doing so, low-noise, low-repetition-rate, chip-scale mode-locked
lasers can be made. Both devices with”***"" and without saturable
absorber'””****! have been studied. Repetition rates ranging from
360 MHz*! to 15.5 GHz,”** optical bandwidths up to 25 nm,** pulse
durations down to 3.1 ps,”>® average optical output powers up to
9 mW,” RF linewidths down to 31 Hz,” and optical linewidths
down to 34 kHz have been observed.”’

A hybrid gain-switched comb source has also been reported,
consisting of a DFB laser butt-coupled with a SiN high-Q micror-
ing reflector.” The self-injection-locking mechanism induced by the
microring reflector enhances the comb’s coherence, flatness, and
carrier-to-noise ratio (CNR). Compared to a solitary DFB laser, the
optical linewidth of the hybrid device decreases from 7.34 MHz to
615 kHz, the RF linewidth decreases from 100 to 50 Hz, the CNR
increases from 27 to 40 dB, and the number of lines in the 3 dB opti-
cal bandwidth increases from 5 to 8 (for a line spacing of 6.5 GHz).
The line spacing can be tuned from 5.55 to 8.7 GHz.

Si PICs have been used to provide optical feedback to III-V
mode-locked lasers and thereby reduce their phase noise."**” In
Ref. 48, the RF linewidth of a 1.5 ym wavelength quantum dash
mode-locked lasers is reduced from 15.01 kHz without feedback
circuit to 2.77 kHz with feedback. In Ref. 255, the minimum
RF linewidth of a 2 ym wavelength passively mode-locked GaSb-
based mode-locked lasers is reduced from ~9.1 kHz to ~900 Hz by
introducing the Si feedback circuit.

A hybrid III-V-LiNbOs electro-optic comb source has been
reported.'”” The authors butt-couple a DFB laser with a LiNbO;
PIC containing a non-resonant electro-optic amplitude modulator
followed by a phase modulator. The cascaded modulators convert
the single-frequency pump laser light into a comb. This approach
gives great flexibility in repetition rate and operating wavelength and
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TABLE V. Overview of state-of-the-art hybrid comb sources. MLL: mode-locked laser, GS: gain-switched laser, and EO: electro-optic comb.

Ac(um) v.(THz) f,(GHz) Av(THz) AM/FM 7, (ps) Pag (mW) 0f, (kHz) &v(MHz) Type Integration  References
1.53 195 5.5 e 2 18 0.034 MLL Butt-coupling 47
1.54 195 2 32 e 1.7 110 MLL Butt-coupling 248
1.54 194 2.2 AM/FM 9 xx MLL Butt-coupling 249
1.54 194 30 e e e e EO  Butt-coupling 129
1.55 194 30.6 0.58 AM* <1 1" 0.001 Kerr  Butt-coupling 250
1.55 193 0.360 0.06 e 1 e MLL Butt-coupling 251
1.55 193 1x10° x AM 17° . ~0.008  Kerr Butt-coupling 252
1.55 193 6.5 0.05 0.050 0.615 GS  Butt-coupling 50
1.56 193 5.4 ¢ e Kerr Butt-coupling 80
1.56 193 43.2 = <1x107° Kerr Butt-coupling 80
1.57 191 15.5 0.18 AM 3.1 ~0.3 ax e MLL Butt-coupling 253
1.57 191 2.18 0.5 AM 6.31 ~0.3 0.031 MLL Butt-coupling 253
1.58 190 2.04 x 10° AM 0.001 Kerr Butt-coupling 254
1.96 153 13.3 0.4 0.9 e MLL Butt-coupling 255

*Solitons on a CW background.

bSoliton power.

“Comb power excluding pump line; with pump line the power is 20 mW.
dSimulations indicate the formation of flat-top pulses.

results in comb power that scales linearly with pump power, along
with a flat spectrum. The authors show that the hybrid device can
generate a comb with a 30 GHz line spacing and a 10 dB optical
bandwidth of ~12 nm. After pulse compression in a single-mode
fiber, a pulse duration of 522 fs is measured. The pulse compression
stage can also be integrated on the PIC. An on-chip pump-to-comb
conversion efficiency of 25% is reported.

Table V gives an overview of the specifications of state-of-the-
art hybrid comb sources.

V. HETEROGENEOUS COMB SOURCES

Heterogeneously integrated comb sources have been investi-
gated for over a decade.” Demonstrated devices emit at wavelengths

TABLE VI. Overview of state-of-the-art heterogeneous comb sources. MLL: mode-locked laser and EO: electro-optic comb.

Ac (um) v (THz) f, (GHz) Av(THz) AM/FM 1, (ps) Pay (mW) &f, (kHz) J&v(MHz) Type Integration References
1.27 236 20 1.1 AM ~10 ~12 2.7 ~10.6 MLL Epitaxy 96
1.30 231 15 2.1 cee e e e MLL Bonding 258
1.31 229 19 e AM ~5 ~14 e MLL Bonding 259
1.31 229 19 e AM ~1.9 ~4 6 MLL Bonding 259
1.31 229 9.4 0.79 AM 3.2 0.64 0.400 MLL Epitaxy 260
1.31 228 9.1 0.62 AM 1.3 <1 80 MLL Epitaxy 261
1.32 228 102 1 e e e e e MLL Bonding 262
1.32 228 31 e AM 0.490 ~40 100 30 MLL Epitaxy 41
1.55 193 100 1.5 AM* 3x107*  Kerr Bonding 49
1.57 190 19 e e e e e EO  Transfer printing 51
1.58 190 0.93 0.01 AM ~200 ~0.1 <7 MLL Bonding 263
1.58 190 20 0.43 AM 0.890 e e e MLL Bonding 264
1.58 190 20 0.36 AM 0.900 1.83 1.6 . MLL Bonding 166
1.58 190 0.755 0.2 AM 7.5 ~0.1 0.001 <0.2 MLL Transfer printing 97
1.60 187 1 1 AM e 0.3 0.002 MLL Bonding 265
1.60 187 1 1 AM ~7 ~0.3 ~0.3 <0.4 MLL Bonding 95
1.61 186 3 0.2 AM ~8 ~6 0.4 <1 MLL Transfer printing 14
*Solitons on a CW background.
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of ~1.3 ym'"****” or ~1.6 um,"*"*”" and they rely on III-V quan-
tum dot'"**” or well**?"** material for gain and/or mode-locking.
Heterogeneous integration is a process in which multiple mate-
rial technologies (e.g., III-V semiconductors and Si photonics) are
combined on a single chip.'” Several heterogeneous integration
approaches have been explored for the fabrication of on-chip comb
sources, including bonding,”***’ epitaxial growth,"' and transfer
printing.*”" Heterogeneous integration is generally considered to
be more conducive to low-cost mass manufacturing compared to
hybrid integration.

One major class of heterogeneous comb sources are the mode-
locked lasers realized by bonding of III-V material with Si wave-
guide circuits [see Fig. 3(d) for an example].'">'”" After bonding,
the active III-V material is processed into SOAs and saturable
absorbers. Both bonding of quantum well material (for lasing
wavelengths of ~1.3%°® and ~1.6 ym’®*) and quantum dot mate-
rial (for a ~1.3 ym lasing wavelength’’") have been reported. The
Si PICs serve as extended low-loss cavities, thereby enabling low-
noise, low-repetition-rate mode-locked lasers. To achieve low-loss

transitions from the passive to the active sections, tapered wave-
guides are typically used.””"””* The Si PIC platform also allows
for the integration of additional components, both inside and out-
side the laser cavity. Feedback circuits outside the laser cavity have
been utilized for on-chip laser stabilization.””**" Intracavity fil-
ters have been used to realize low-noise mode-locked lasers with
a relatively high repetition rate.”’”> Narrower linewidths are typi-
cally achieved by increasing the cavity length, but this comes with a
decrease in repetition rate. If the application demands a high repeti-
tion rate but narrow linewidths, one can use a long cavity combined
with an intracavity filter (e.g., a ring resonator) that only passes
the frequencies with the desired spacing. Repetition rates from
930 MHz?* to 102 GHz’***"* have been reported for bonded III-V-
on-Si mode-locked lasers, with optical bandwidths up to 12 nm.***
Pulse durations as short as 890 fs,”** average optical output pow-
ers up to ~14 mW (on-chip),”’ free-running RF linewidths down to
2 Hz,’* and optical linewidths below 400 kHz have been observed.”
Passive,”"””" active,’®® and hybrid”‘z’»: mode-locking have been
demonstrated.

--
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FIG. 4. Example of on-chip optical comb sources used for fiber-optic communication in a wavelength-division multiplexing (WDM) transmitter and receiver.2%2 (a) Schematic
of a coherent wavelength-division multiplexing (WDM) link using combs as light sources in the transmitter (Tx) and receiver (Rx). The comb lines are demultiplexed (DEMUX)
in the transmitter and sent through separate in-phase/quadrature modulators (IQ mod.), after which they are multiplexed (MUX) again to form the WDM sigal. The WDM
signal is sent through a fiber link with an erbium-doped fiber amplifier (EDFA). The WDM signal is demultiplexed at the receiver side and sent to separate coherent receivers
(Coh. Rx) together with demultiplexed local oscillator (LO) comb lines. (b) Schematic of the quantum dash mode-locked lasers used in the demonstration of the WDM
link. The active region consists of three InAs quantum dash layers separated by InGaAsP barriers. Cleaved chip facets form a Fabry-Pérot laser cavity with a length of
1.71 mm, leading to a free spectral range (FSR) of 25 GHz. Top and bottom gold layers provide electrical contacts to the active region via p-doped and n-doped InP layers.
(c) Performance of the link using quantum dash mode-locked lasers in the transmitter and receiver. Upper left plot: measured error-vector magnitude (EVM) as a function
of the carrier frequency of the channels for both back-to-back (btb) transmission and transmission through 75 km of standard single mode fiber. Lower left plot: bit error
rate (BER) estimated from EVM. Right plot: example constellation diagrams for the signal carried by the comb line at 194.15 THz. Reproduced with permission from Kemal

et al., Opt. Express 27, 31164 (2019). Copyright 2019, Optical Society of America.

APL Photon. 7, 100901 (2022); doi: 10.1063/5.0105164
© Author(s) 2022

7,100901-14


https://scitation.org/journal/app

Another type of heterogeneous comb sources are the III-V
quantum dot lasers grown on Si substrates [see Fig. 3(e) for an
example].”’ Reported devices are all-active Fabry-Pérot lasers
emitting at a wavelength of ~1.3 um. Single-"""° and two-
section”**"*°*"" mode-locked lasers have been demonstrated. Rep-
etition rates ranging from 9°°' to 31 GHz,"' optical bandwidths up
to 6.1 nm,”® pulse durations down to 490 fs,*! average output pow-
ers up to 40 mW,*! RF linewidths as low as 400 Hz,**" and optical
linewidths down to 10.6 MHz have been reported.”®

Very recently, the first heterogeneous III-V-on-SiN mode-
locked lasers have been demonstrated [see Fig. 3(f) for an
example].'*”” These were fabricated by transfer printing III-V thin-
film devices (SOAs and saturable absorbers) on SiN PICs. Light is
coupled from the active device sections to the passive SiN wave-
guides through an intermediate Si waveguide layer, enabling a
high coupling efficiency. Low-loss SiN extended cavities allow for
low-repetition-rate lasers with narrow linewidths. Moreover, two-
photon absorption in SiN is negligible at telecom wavelengths, in
contrast to Si. This is particularly important for AM comb sources,
as their pulsed nature comes with relatively high light intensities.
The demonstrated III-V-on-SiN mode-locked lasers have pulse rep-
etition rates of 755 MHz”" and 3 GHz'* and emit at a wavelength
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of 1.6 um. Optical bandwidths up to 2 nm,'* pulse durations down
to 7.5 ps,”” and on-chip pulse energies up to ~2 pJ (corresponding
average power of ~6 mW) were reported,'* with free-running RF
and optical linewidths down to 1 Hz and <200 kHz, respectively.”

The first heterogeneously integrated soliton Kerr comb source
was also demonstrated recently.”’ This device consists of a hetero-
geneously integrated InP/Si DFB laser coupled with a SiN high-Q
ring resonator (with a Si thermo-optic phase tuner in between). It
was fabricated by sequential bonding of a Si-on-insulator wafer and
II-V quantum well material with a patterned SiN PIC. Tapered
waveguides are used for low-loss transitions from the DFB laser to
the thermo-optic phase tuner to the SiN ring resonator. Depend-
ing on the laser current, the authors observe a single-soliton state
(100 GHz repetition rate), a two-, three-, or four-soliton crystal state.
In the self-injection-locked single-soliton state, they measure a fun-
damental linewidth of ~25 Hz for the pump laser (at a wavelength of
1.55 ym) and around 200 to 300 Hz for the first pair of neighboring
comb lines.

Finally, a heterogeneous III-V-on-LiNbOj electro-optic comb
source has been reported.”’ The device consists of a LiNbO3 ring
resonator, for resonant electro-optic comb generation, and an on-
chip DFB pump laser. The DFB laser was fabricated by sequential

Wavelength (um)
3.66 3.65 3.64 3.63 3.62 3.61 3.6 3.59

g 100F" '
g 20.7°C 26.7°C
a 300 mA il | l 234 mA
E J il il
B 102 H | ‘\
a 10
o
o | ‘ |l
= ‘“IM Wl" N 'HU\HJ ‘“
2 10 Iyl i l ——SIG Comb m W‘
5 i ———LO Comb
= L L L
2730 2740 2750 2760 2770 2780 2790
Wavenumber (cm'l)
(b)
09 [tag=2ms NEA=1.5x10"3 Hz1/2]
c
(%)
w
5 0.6
= ® DCS data £ 20
0.5 1,1-Difluoroethane | {
5 - . - 3 |
,'% 50/0: /\/\/MJ\/\,\ 0=3.4%
859l J
2755 2760 2765 2770 2775
Wavenumber (cmt)
(d)

FIG. 5. Example of dual-comb spectroscopy (DCS) using on-chip comb sources.?*! (a) Schematic of a dual-comb spectroscopy setup using mid-IR ICL combs as sources.
(b) Optical spectra of the two comb sources (SIG: signal; LO: local oscillator) used in the experiment. The sources have repetition rates of ~ 9.7 GHz (4 mm device length),
and the difference in repetition rate between both devices is 23 MHz. (c) Free-running dual-comb RF spectrum obtained by interfering the two combs on an interband
cascade photodetector. This RF spectrum is the result of averaging 500 spectra, each spectrum acquired in 4 s. (d) Experimental (black dots) and simulated transmission
spectrum (red line) of 1,1-difluoroethane at atmospheric pressure. The standard deviation of the residual between the data and the model is 3.4%, corresponding to a
noise-equivalent absorption (NEA) of 1.5 x 10~ Hz~"2. Reproduced from Sterczewski et al., Appl. Phys. Lett. 116, 141102 (2020), with the permission of AIP Publishing.
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transfer printing of a Si grating and a III-V amplifier. The device
produces over 25 comb lines around a wavelength of 1.57 ym at a
19 GHz spacing.

The specifications of state-of-the-art heterogeneous comb
sources are summarized in Table V1.

VI. APPLICATIONS

On-chip, electrically pumped comb sources have

. : : 5,36,96,153,198,282-29

been used for optical communication, 36,96,153,198 !
38,180,206,218,228,231,265,303,305-307,310,311 . 52,29
spectroscopy, ' *?%° 71,205,303,305-307,310 and LiDAR.>*°

The majority of these optical communication demonstrations
uses combs as a source for wavelength-division multiplexing
(WDM) technology in fiber-optic communication systems. Comb
sources are a promising alternative to arrays of actively controlled
single-frequency laser diodes.”’” Not only is the comb approach
expected to reduce footprint, cost, and power consumption, the
phase coherence between the comb lines also enables mitigation
of nonlinear impairments in fibers’'® and joint phase processing
of multiple channels.’’* However, the reliability requirements on a
comb source will be more stringent compared to a single laser in an
array. Mostly monolithic III-V comb sources have been used, but
also heterogeneous combs have been reported as WDM sources.”
The line spacings typically lie in the 10-100 GHz range, in line
with the recommendations of the International Telecommunication
Union (ITU).*’® On-chip combs have not only been used as a
source in WDM systems but also as a local oscillator for coherent
detection schemes (see Fig. 4).”” Most demonstrations still use
multiple discrete components for light generation, modulation,
amplification, detection, and (de)multiplexing. Yet, there have
been significant efforts to move toward more integrated solu-
tions using Si PICs for modulation, detection, and/or (de)multi-
plexing, in some cases also with integrated driver and receiver
electronics.28(\2.\’8,3‘)(),2‘)l

The comb-based spectroscopic technique that has gained the
most interest is dual-comb spectroscopy.””'®""” This has also been
the technique of choice for the spectroscopy demonstrations with
fully integrated comb sources. In dual-comb spectroscopy, two
comb sources with a different repetition rate are interfered on a
fast photodetector (see Fig. 5). Provided there is a sufficient degree
of mutual coherence, the spectrum of the photocurrent will be a
comb in the RF domain, with the spacing given by the difference in
repetition rate between the comb sources. When one or both of the
combs are sent through a sample before reaching the detector, the
absorption spectrum of that sample can be recovered from the RF
spectrum (and also the phase response if only one of the combs inter-
rogates the sample).”'® Dual-comb spectroscopy is attractive because
broadband spectra can be measured in a very short time with
high resolution (determined by the repetition rate) using standard
electronics and a photodetector. Spectroscopic sensing is of partic-
ular interest in the mid-infrared to terahertz spectral range, where
many substances have strong vibrational and rotational transitions.
Multiple ICL and QCL dual-comb spectroscopy experiments have
been reported in this spectral range,”*?/*!%22%2 120530731031 ywrhije
the repetition rates of monolithic ICL and QCL combs are often
too large to resolve the absorption lines in gas-phase spectroscopy
(at standard temperature and pressure, many gases have absorption
line widths of several GHz'"*"'"7*"), they are sufficiently small for
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samples in the condensed phase.’’” To circumvent the resolution
issue, the comb teeth can also be swept, e.g., by tuning tempera-
ture or current,”*%?** though accurate and fast control of the comb
lines while also preserving the comb’s coherence can be challenging.

A high repetition rate does allow for very short acquisition times.®
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FIG. 6. Example of dual-comb ranging using on-chip comb sources.> (a) Vision
of a fully integrated dual-comb ranging system. A pair of mode-locked laser diodes
(MLLDs) on an InP substrate (A) is combined with a silicon photonic transmit-
ter/receiver circuit (B) and processing electronics (C) in a single package. In their
proof-of-concept demonstration, the authors used separate quantum dash MLLDs
and discrete optical components, not the single package shown here. LO: local
oscillator; Sl: signal; ASIC: application-specific integrated circuit; EA: electrical
amplifier; BDy: measurement balanced detector; and BDg: reference balanced
detector. (b) Surface profile measurements of an air-gun projectile (shown in bot-
tom image) flying at a speed of ~150 m/s, acquired with a dual-comb ranging
system based on quantum dash mode-locked laser diodes. For reference, the
result of an optical coherence tomography (OCT) measurement performed on the
static projectile is also shown. Reproduced with permission from P. Trocha et al.,
Sci. Rep. 12, 1076 (2022).
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QCL dual-comb spectroscopy of a condensed phase biological sam-
ple with sub-microsecond time resolution has been reported.”’” In
the near-infrared wavelength range, dual-comb spectroscopy with
I1I-V single-section quantum well diode lasers'®” and heterogeneous
I1I-V-on-Si mode-locked lasers has been demonstrated.”””"""*
With their 1 GHz repetition rate, the III-V-on-Si mode-locked
lasers can resolve the absorption lines of carbon monoxide
at 1.6 ym.

Akin to dual-comb spectroscopy, dual-comb ranging is a tech-
nique for high-precision, high-speed distance measurements relying
on the multi-heterodyne detection of a signal and local oscillator
comb with slightly different repetition rates (see Fig. 6).* While
this scheme has been successfully demonstrated with fiber-based
mode-locked lasers,"** electro-optic comb sources,’”” and chip-
based Kerr comb sources with off-chip pump lasers,””***” it is only
recently that dual-comb ranging with on-chip, electrically pumped
comb sources has been reported.”” In Ref. 52, the authors use
monolithic III-V single-section quantum dash mode-locked lasers
emitting at 1.5 ym with a repetition rate of 50 GHz. They demon-
strate measurement rates up to 500 MHz with a precision of 1.7 ym,
and a precision of 23 nm for a 10 kHz measurement rate. More-
over, they show reliable ranging with optical return powers of only
—40 dBm, corresponding to a total loss of 49 dB in the free-space
measurement path. Distance metrology with a 2.5 GHz-repetition-
rate InP-based mode-locked ring laser emitting at 1.6 ym has also
been reported.””® The authors determined the distance of a mir-
ror in the arm of a Michelson interferometer by measuring the
output spectrum of the interferometer. Another ranging technique
that has been demonstrated with chip-based Kerr comb sources is
masswely parallel frequency-modulated continuous-wave (FMCW)
LiDAR.”* In conventional FMCW LiDAR, a frequency-swept
CW laser is sent through a beamsplitter after which part of the light
goes straight to a photodetector (the local oscillator) and part of
the light is reflected of a target and subsequently interfered with
the local oscillator on the detector. The target distance and velocity
can be extracted from the measurement of the beat note frequency
vs time. Using a frequency-swept CW laser as a pump for a Kerr
comb source, the frequency sweep can be transferred to all the comb
lines, and therefore each line can be used as source for FWCW
LiDAR. The comb lines can be spatially dispersed with a diffractive
element for massively parallel FMCW LiDAR. So far, this tech-
nique has only been demonstrated using off-chip narrow-linewidth
tunable pump lasers.

While on-chip, electrically pumped comb sources have only
been used in a relatively limited array of applications, chip-based
Kerr comb sources with off-chip pump lasers have also been used in
optical frequency synthesizers,**® optical atomic clocks,”® RF pho-
tonic oscillators and signal processors,””*”” and photonic hardware
accelerators,””"" for astronomical spectrograph calibration,””"""
optical coherence tomography (OCT),”®' and other imaging
techniques.”®’

VIl. DISCUSSION AND OUTLOOK

Figure 7 gives an overview of the repetition rates and center
wavelengths of state-of-the-art on-chip comb sources. Many on-chip
comb sources have emission wavelengths in the telecom wavelength
range. There is a clear gap in the 10 to 70 ym wavelength range, a
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. . . . 308,309 .
region of interest for spectroscopic sensing,”’””"” and data points

in the visible wavelength range are sparse. QCLs cover a large part
of the mid-infrared and terahertz spectral range, but lasing in the
10 to 70 ym wavelength range is challenging due to light cou-
pling strongly with lattice vibrations. Yet, there have already been
demonstrations of QCLs emitting in this wavelength range.””” In
the visible wavelength range, we expect to see more demonstrations
of on-chip comb sources in the near future given the apphcatlon
potential of this spectral region (e.g., for optlcal atomic clocks, ">
astronomical spectrograph calibration,'** and biological imaging'**)
and the maturing III-V and PIC technologies (primarily SiN and
LiNbO3 PICS).%l‘\ *0" Anomalous GVD is hard to achieve in the
visible wavelength range but is typically used for Kerr comb gen-
eration at near-infrared wavelengths. Recent investigations of fully
integrated self-injection-locked Kerr comb sources operating in the
normal GVD regime at a wavelength of 1.6 um®”** may be helpful in
this context.

Outside of the telecom wavelength range—where the major-
ity of demonstrated on-chip comb sources are monolithic III-V
Fabry-Pérot devices—repetition rates do not go much below
~10 GHz. In the mid-infrared to terahertz spectral range, it would
be particularly useful to have low-repetition-rate, narrow-linewidth
sources for high-resolution gas-phase spectroscopy. To fabricate
these low-repetition-rate, narrow-linewidth sources, integration of
QCLs with low-loss silicon or germanium waveguide circuits is
an interesting approach and another area where we expect to see
developments in the future.””'**

Figure 8(a) shows the RF linewidth vs repetition rate for state-
of-the-art monolithic III-V, hybrid, and heterogeneous passively
mode-locked lasers emitting at 1.6 yum (we only look at a single
wavelength to avoid complicating the comparison; we choose
1.6 ym as many different types of comb sources have been demon-
strated at this wavelength). We include only sources for which the
repetition rate is not stabilized to an external RF oscillator for a
fair comparison. No Kerr comb sources are included as no RF
linewidths have been reported for on-chip Kerr comb sources to
our knowledge. Figure 8(a) illustrates that the RF linewidth tends
to decrease with decreasing repetition rates (i.e., increasing cavity
length), as expected. 166.266.275 11y addition, for similar repetition rates,
the RF linewidth tends to be lower for the hybridly and hetero-
geneously integrated lasers, where the III-V material is integrated
with low-loss PICs. The lowest RF linewidth has been achieved for a
755 MHz-repetition-rate III-V-on-SiN mode-locked laser with a SIN
waveguide loss of 5 dB/m.” SiN waveguide losses below 0.1 dB/m
have been reported for low-confinement waveguides®*® and losses
as low as 1 dB/m for wafer-scale fabricated thick, high-confinement
waveguides,’*® so even lower RF linewidths can be expected in future
devices.”®

The majority of applications benefit from having highly sta-
ble, low-noise combs. True metrological applications (e.g., optical
frequency metrology and synthesis, optical atomic clocks, and astro-
nomical spectrograph calibration) generally require measuring and
stabilizing the carrier-envelope offset frequency f; and the repeti-
tion rate f. The repetition rate can be measured with a sufficiently
fast photodetector (which can be problematic for repetition rates
of 100s of GHz). The carrier-envelope offset frequency is more
challenging to measure. The simplest method is to use an f 2 f
interferometer, but this requires an octave-spanning comb.”””"

7,100901-17


https://scitation.org/journal/app

1o - 8
L]
Lol ¥ L]
— 2 Lol
E v
10 ]
Q &
2 [-] 4 L )
= 10" 5 XEEL Yoo o MR
c [+] &=
2 ey % ¥ g
@
Q
4 0
T 10 3 L ]
o & Monolithic 1lI-V comb sources
-1 O  Hybrid comb sources
10 o VvV Heterogeneous comb sources
T T T
100 101 102

Center wavelength (um)

FIG. 7. Repetition rate vs center wavelength for on-chip comb sources. The data plotted in this figure correspond to all the comb sources listed in Table IlI-Table V1.

Fortunately you do not need a FWHM of an octave; the power
in the comb lines separated by an octave can be much below the
power at the center of the comb.”® A frequency comb can be
fully stabilized by locking fo and f, to the microwave output of
a caesium atomic clock or another frequency standard. For most
chip-based comb sources, varying the operating conditions affects
both fy and f;, and it is challenging to tune f, and f, indepen-
dently. In semiconductor mode-locked lasers, one can, for instance,
vary the pump current, saturable absorber bias, intracavity phase
shifter current, and temperature to tune fy and fr.‘;“"“;l() For cer-
tain bias points, fo and f; may be tuned quasi-independently. In
Kerr microresonator combs, full stabilization has been achieved
by using the pump laser frequency to control f, and the pump
power to control fo.*'! The amount of crosstalk between f, and
fo control was observed to depend on the coupling conditions.
Realizing octave-spanning combs with on-chip, electrically pumped
sources is still very challenging,”""*” though octave-spanning spectra
have been reported for terahertz QCLs.”>’ Octave-spanning soliton
combs in SiN microresonators have been demonstrated with off-
chip pump lasers, but > 100 mW of pump power was required to
access 1 THz-repetition-rate single-soliton states.”"" Substantially
lower, electronically detectable repetition rates are desired for many
applications. Decreasing repetition rates come with an increase in
required pump power.””””” Carrier—envelope offset frequency detec-
tion has been realized via simultaneous on-chip octave-spanning
coherent supercontinuum generation and second-harmonic genera-
tion in SiN*** and LiNbO3 waveguides.”” Yet, these demonstrations
relied on ~ 200 fs input pulses with energies of 10s to >100 p]J
provided by off-chip sources. Using highly nonlinear III-V materi-
als, such as InGaP’? and AlGaAs,”” octave-spanning supercontinua
have been generated from pJ-level pulses with ~ 100 fs durations.
Via resonant supercontinuum generation in a SiN microresonator,
broadband combs (up to ~2/3 of an octave) with a 28 GHz rep-
etition rate have been generated from pJ-level input pulses with
>1 ps durations supplied by an off-chip source.”’ These numbers
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are attainable with on-chip mode-locked lasers. (Resonant) super-
continuum generation combined with on-chip pump sources may
eventually lead to octave-spanning on-chip comb sources with an
electronically detectable repetition rate.

Figure 8(b) shows the optical bandwidth vs repetition rate for
state-of-the-art on-chip, electrically pumped comb sources. For the
lower repetition rates, we observe more data points with smaller
bandwidths compared to the higher repetition rates, suggesting that
it is more challenging to get large bandwidths for smaller repetition
rates. We also note that the demonstrated gain-switched laser combs
have limited bandwidths compared to, for instance, mode-locked
lasers and Kerr combs. The bandwidth demonstrated for monolithic
III-V electro-optic combs is relatively small, but we expect the band-
width of on-chip electro-optic comb sources to increase significantly
with the advent of low-loss, high-bandwidth, low-voltage, thin-film
LiNbO3; modulators.'*

Apart from narrow linewidths and large bandwidths, high
optical output powers are often desired for comb sources. Higher
optical output powers and pulse energies have been demonstrated
for monolithic III-V comb sources compared to hybrid and het-
erogeneous comb sources [see Fig. 8(c)]. III-V waveguides can be
designed for high-power operation, for example, by using tapered
amplifiers'** or slab-coupled waveguide amplifiers.””'*" Hybrid
integration of such high-power III-V devices with low-loss PICs***
may enable high-power, narrow-linewidth hybrid comb sources,
and octave-spanning hybrid Kerr comb sources. These high-power
III-V waveguide designs may be more challenging to implement for
heterogeneously integrated devices relying on evanescent coupling
between a ITI-V waveguide and an underlying Si waveguide. In addi-
tion, the presence of the oxide cladding in between the Si waveguide
and substrate is detrimental for high-power operation because of the
oxide’s poor thermal conductivity. Transfer printing the ITI-V device
directly on the Si substrate and edge coupling to the silicon (nitride)
waveguide can alleviate these issues in heterogeneously integrated
comb sources.”*”"*°
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FIG. 8. (a) RF linewidth vs repetition rate for on-chip passively mode-locked lasers emitting at a wavelength of 1.6 um. The references corresponding to the data points are
indicated in the figure. (b) Optical bandwidth vs repetition rate for the on-chip optical comb sources listed in Tables III-V/!. (c) Average optical output power vs repetition rate

for the on-chip optical comb sources listed in Tables IlI-VI.

Whether on-chip comb sources will find widespread commer-
cial adoption remains an open question and will largely depend on
the price and performance metrics chip-scale comb systems will be
able to offer compared to other solutions. We would expect the
first commercial applications of on-chip, electrically pumped comb
sources to be in telecommunication, spectroscopic sensing, and/or
LiDAR, rather than in highly demanding metrological applications
requiring fully stabilized, octave-spanning frequency combs. In fact,
dual-comb spectrometers based on QCL comb sources are already
commercially available,**” and a start-up is developing chip-based
comb sources for extreme-bandwidth data transmission.”**

While there has already been a lot of research on on-chip
optical comb sources, we foresee that on-chip comb sources will
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continue to be a topic of interest, given their vast application space.
We believe that hybrid and heterogeneous integration approaches
will play an increasingly important role given their ability to com-
bine the best of all worlds. We expect to see more system-level
demonstrations in the coming years where the majority of required
components are integrated on a chip. These demonstrations may
form the basis for future commercial products.
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