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1 Introduction

1.1 Narrow-linewidth integrated lasers

Light is an excellent medium for encoding, processing, and transporting infor-
mation, due to its speed, coherence, low-loss propagation, and the large band-
width available at optical frequencies. Owing to these properties that are central
in photonics, light is applied in many fields, such as high speed telecommu-
nication [1], microwave photonics [2], metrology [3], microscopy and LIDAR
imaging [4, 5], and quantum metrology and processing [6–8].

The field of photonics started out with large devices based on free-space optics
and optical fibers. However, over the past decades there have been strong ef-
forts to realize fully integrated, chip-sized devices based on integrated waveg-
uide circuits. Integration results in deep sub-wavelength (nanoscale) stability of
optical path lengths for maximum suppression of mechanical and temperature
fluctuations, and enables low-weight and compact devices, e.g., for use in ve-
hicles and satellites. The named stability is also key to scalability of photonic
devices and systems. For instance, to boost functionality, one can build complex
systems with large numbers of components without losing stability, if all com-
ponents are integrated on chips as photonic integrated circuits (PICs). Examples
are microwave photonic processors [2] or quantum processors that are progress-
ing toward larger numbers of qubits [9, 10] and where meanwhile thousands of
optical parameters (phase shifts and amplitude ratios) are to be controlled.

Laser sources, which are under investigation in this thesis, are an essential com-
ponent for photonic integrated devices and require the use of active materials,
which can generate and amplify light. Diode lasers, i.e., based on semicon-
ductor junctions, have become the most dominant light source, because they
are already integrated on chips and thus compact and scalable. They also
provide large gain, and can be efficiently and directly pumped by an elec-
tric current. Among the wide range of III-V semiconductor laser compounds,
InP/InGaAsP [11] has emerged as the material of choice at telecommunication
wavelengths (around 1.55 µm). We note that although this thesis is making
use of that wavelength range only, there are numerous types of semiconduc-
tor gain materials in other wavelength ranges where the concepts in this thesis
would be applicable as well. For instance, diode lasers are available over a wide
range from the near-ultraviolet (e.g., based on GaN [12]) to the mid-infrared
(e.g., based on GaSb [13]). In the mid-infrared and far-infrared, another class
of semiconductor lasers has become popular, namely quantum cascade lasers,
which work on intraband transitions rather than interband transitions.

Next to amplification via interband and intraband stimulated emission, there
are also options that provide amplification via nonlinear gain processes such
as Kerr comb generation [14], stimulated Raman scattering [15], and Brillouin
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scattering [16]. However, ultimately these methods to provide gain may not be
comparable with the concepts presented in this thesis. For instance, Brillouin
gain is extremely narrowband, whereas the lasers in this thesis exploit broad-
band gain for the generation of multiple frequencies.

In addition to active materials, photonic devices strongly benefit from the use
of passive materials. The term "passive" expresses that these materials do not
provide amplification, but excel at transporting and controlling the light, e.g.,
using spirals, directional couplers, and spectral filters. These materials have
a wider bandgap selected to be much bigger than the photon energy of the
involved optical frequencies, to enable low propagation loss and wide trans-
parency ranges. Examples are silicon-on-insulator for wavelengths longer than
1.3 µm [17], silicon nitride for the range between 2.35 µm and 400 nm [18], alu-
minum nitride [19], and aluminum oxide [20]. The latter two materials offer a
large transparency window down to the ultraviolet [21], and can also be doped
with rare-earth ions for active functionality [22, 23].

The spectral quality of a diode laser source depends on numerous technolog-
ical factors, such as temperature stability, mechanical stability, or the stability
of the electric current that provides the laser’s light amplification. While these
parameters can be controlled with enormous precision with advanced electronic
feedback methods, the ultimate limit in spectral quality is imposed by quan-
tum fluctuations. This refers to randomly generated spontaneous emission, re-
sulting in a finite spectral linewidth of the laser frequency given by the fun-
damental Schawlow-Townes limit [24]. It is well known that this limit can be
improved, i.e., the spectral width can be decreased, by extending the lifetime
of photons in the cavity. However, the problem with integrated lasers based on
only active materials such as semiconductors is that the cavity photon lifetime is
short. Essentially, the reason is that hidden under the huge gain coefficients pro-
vided by semiconductors there are also intrinsic propagation losses, with high
loss coefficients in the order of 1000/m and more [25]. For diode lasers, this
leads to a broad spectral linewidth of the laser frequency, typically in the MHz
range [26–28].

The linewidth of diode lasers had been narrowed for the first time by increasing
the photon lifetime with bulk (non-integrated) cavities [29]. The reason why
bulk cavity extension is very effective for linewidth narrowing is that the ex-
tension is usually done with propagation through air, where propagation loss
is negligible within the typically tens of centimeters extra propagation length.
Combined with advanced electronic stabilization, this technique can provide
sub-Hertz linewidth levels, such as required for ultra-high precision measure-
ments, e.g., for optical atomic clocks [30] and gravitational wave detection [31].
However, such bulk cavity lasers are not suitable for photonic integration.

One might conclude that the central property of lasers, a narrow linewidth, and
integrated photonics with small-sized chip-integrated lasers, exclude each other.
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However, this picture completely changed in 2009 [32] and 2010 [33], with the
demonstration of narrow-linewidth lasers with a fully integrated low-loss ex-
tended cavity. These integrated extended cavities were realized by longitudinally
coupling a semiconductor amplifier (i.e., via butt-coupling or facet coupling) to
a low-loss feedback circuit [32, 33]. This technique to integrate active and pas-
sive materials in a single device is known as hybrid integration. An interesting
alternative is heterogeneous integration, where active and passive material lay-
ers are combined in the transverse direction, using evanescent coupling between
vertically stacked waveguide layers, fabricated for instance via direct epitaxial
growth, wafer-to-wafer or die-to-wafer bonding, and microtransfer printing [34].

The introduction of hybrid and heterogeneous integrated extended cavity lasers
has enabled a dramatic reduction of the linewidths of single-frequency, chip-
based lasers, below the 200 Hz level [35, 36]. For instance, a linewidth of 140 Hz
was realized using heterogeneous Si/III-V lasers [35]. Even lower linewidths
can be realized by using dielectric feedback waveguides, such as silicon ni-
tride (Si3N4) waveguides as described in this thesis. Due to the wide bandgap
of silicon nitride compared to silicon, even nonlinear losses, specifically, two-
photon absorption [37] and subsequent free-carrier absorption can typically be
neglected, resulting in a narrower Schawlow-Townes limit [38]. By exploiting
low-loss dielectric silicon nitride waveguides, we realized the lowest intrinsic
linewidth of a fully-integrated single-frequency diode laser so far (40 Hz, [36]).

When solely comparing linewidths, it is important to note that a record-low
linewidth of 1.2 Hz has been achieved with self-injection locking using microres-
onators with ultra-high quality factors of over 260 million [39]. That laser is not
fully integrated because the feedback chip is held on a separate mount, adjusted
for stable laser operation. The self-injection approach is, however, of interest be-
cause it is more general in the sense that it does not require a reflective amplifier
chip, but can be applied to any ready-made laser (e.g., commercially available
DFB, DBR or Fabry-Perot lasers). The drawback of this approach is that the
proper working of self-injection locking is highly sensitive to phase shifts in
the feedback path, and that self-injection locking is rather restricted in terms of
tunability. There are also waveguide resonator based Brillouin-lasers with even
narrower linewidths, in the sub-Hz-range [40]. However, the full integration
of these lasers requires an on-chip optical pump source at a wavelength that is
almost identical with what is to be generated.

When comparing the wavelength coverage and tuning range of narrow-linewidth
integrated diode lasers, which determine the number and types of applications,
the present development of these lasers is expanding to also cover other wave-
length ranges. Having begun in the telecom range, around 1.55 µm wavelength,
hybrid and heterogeneously integrated lasers are presently conquering further
regions in the near-infrared [41] and the visible range [42, 43].
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1.2 Dual-frequency and comb lasers

Encouraged and inspired by the potential of integrated, extended cavity lasers
based on dielectric waveguides for generating highly coherent light [36], this
thesis investigates the extension of such light sources beyond the generation of
only a single output frequency. Specifically, we focus on dual-frequency oscilla-
tion and the generation of multiple, equidistantly spaced frequencies (frequency
combs). These steps are important because the controlled generation of multiple,
closely frequency-spaced light fields opens the path to additional applications
that connect photonics to other frequency ranges, in particular the mature radio
and microwave frequency ranges.

For instance, dual-frequency and frequency comb sources provide a way to
photonically realize narrow-linewidth chip-based microwave sources, which are
important in many fields, such as microwave photonics [2], microwave optical
clocks [44], and radar sensing [45]. These sources can also be applied for pho-
tonic frequency synthesis in future GPS systems [46]. Microwave radiation can
be generated by mixing the frequency lines on a photodetector, which produces
a beat signal at the difference frequency of the optical modes.

Dual and multi-frequency sources are also a key component for retrieving in-
trinsically optical information by coherently transferring it into the RF domain,
where information can be easily detected, analyzed, and stored via standard
electronics. Frequency combs enable, for instance, the counting of cycles at op-
tical frequencies for optical atomic clocks, which is challenging because optical
frequencies oscillate about 100.000 times faster than the frequencies used in mi-
crowave atomic clocks. An optical frequency comb enables the measurement
of these frequencies, in essence because the comb provides a "ruler" of optical
frequencies, such that the unknown frequency can be determined by measuring
the difference with the nearest comb line in the RF domain [47].

Such optical-to-RF retrieval is also exploited in dual-comb spectroscopy [48], a
technique where two optical frequency combs with slightly different repetition
rates are mixed on a photodetector. This way, a broadband optical absorption
spectrum such as relevant in environmental trace gas monitoring is encoded
as an RF signal that can be easily and rapidly detected with simple electronics
instead of spectrometers with moving parts.

While the named examples have traditionally been based on bulk frequency
comb lasers, it is generally expected that diode lasers will take over, using inte-
grated cavity length extension, by approaching and possibly overtaking the high
quality of the radiation that is required. As one of the first steps in this direction,
this thesis presents a hybrid integrated InP-Si3N4 dual-frequency laser in the 1.5
µm wavelength range for narrow-linewidth microwave and THz generation. As
a next step, we apply the same approach with an increased number of laser lines,
about 17 lines, by generating a small frequency comb with a mode-locked diode
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laser. We show that also in these lasers, cavity length extension with a dielectric
material leads to narrowest intrinsic linewidths of the individual laser lines.

1.3 Exploring diode laser mode-locking toward low
repetition rates

Certain applications require, next to a low intrinsic linewidth, frequency combs
with dense line spacings (i.e., repetition rates). Specifically, repetition rates be-
low a GHz are required for obtaining higher resolution and for easier detection
with standard technology. An example is spectroscopy using laser combs, where
the spectral resolution is determined by the repetition rate. For example, resolv-
ing the spectrum of trace gases requires a spectral resolution of typically 0.01
cm−1 or better [49], i.e., a laser repetition rate or line spacing of less than 300
MHz. Another example is single photon detection in quantum optical experi-
ments. There, generally, lower repetition rates in the sub-GHz range are required
because the fastest single-photon detectors, superconducting quantum wire de-
tectors, have their best performance at maximum count rates of several hundreds
of MHz [50]. Similar requirements for low repetition rates are present for proper
timing of single-photon light sources by time multiplexing [51].

Low repetition rates are straightforward to achieve with bulk mode-locked solid
state lasers and rare-earth doped fiber lasers. However, with semiconductor
lasers, there is a fundamental problem which seems to set a limit to the repe-
tition rate of roughly 1 GHz, caused by the short lifetime of the excited charge
carriers (approximately 1 ns). Due to the short carrier lifetime, carriers recom-
bine spontaneously in between pulses, i.e., in an uncontrolled manner, resulting
in a chaotic output, or at best multiple pulses (harmonic mode-locking).

The repetition rate of frequency combs from integrated sources can be reduced
by pulse-picking [52] or by sideband generation using single-frequency lasers
and electro-optic modulation [53] or gain-switching [54, 55]. However, these
methods provide only low power efficiency (in case of pulse-picking), funda-
mentally broader linewidths of the comb lines (cascaded electro-optic modula-
tion), or jitter (gain-switching). In contrast, comb generation with mode-locked
integrated diode lasers is power efficient and can provide narrow linewidths.
The lowest repetition rate achieved so far using saturable absorber based diode
lasers is 750 MHz, obtained by passive mode-locking [56].

A method to lower the named repetition rate limit, as investigated in this thesis,
may be found in an alternative type of mode-locking, called frequency modu-
lation (FM) mode-locking. In that case, the output is not based on ultrashort
pulses but ideally features minimum intensity variations, i.e., quasi-continuous
light exhibiting a comb spectrum. There have recently been reports of a new
mode-locking concept in hybrid lasers based on narrowband feedback without
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Figure 1.1 Photograph of a hybrid integrated InP/Si3N4 laser as investigated
in this thesis, in this case with a second gain section for future investigations.

saturable absorber, which seem to fall into this category [57–61]. This includes
own work, which formed the first experimental report of this type of mode-
locking based on narrowband feedback [57], presented in Chapter 4. Our study
was followed by a detailed experimental analysis at lower repetition rates around
2.2 GHz [58] while a full physical explanation of the working principle based on
numerical modeling was given in [61]. Recently, with another type of integrated,
narrow-feedback laser indeed much lower repetition rates have been observed,
down to 360 MHz [59]. This value is well below the named limit of about 1 GHz,
although the authors mention that mode-locking may have been incomplete due
to the presence of groups of independently locked modes.

In view of the latter limitation and as extension of our laser concept, an impor-
tant question is whether our approach to integrated diode laser mode-locking
would work at even lower repetition rates. In this thesis, we take a first step to
answer this question via a numerical investigation of low repetition rate mode-
locking in hybrid lasers based on a transmission line model.

1.4 Overview of this thesis

In this thesis, we present experimental and theoretical investigations of novel,
hybrid integrated dual-frequency and frequency comb lasers. A photograph of
such a laser is shown in Fig. 1.1. These lasers have in common that they exhibit
narrow linewidths and generate multiple light frequencies. In Chapter 2, we
recall relevant theoretical and experimental aspects of hybrid and heterogeneous
integrated lasers. Chapters 3-5 form the main research results of this thesis. We
note that this part of the thesis is written cumulatively, i.e., Chapters 3 and
4 are as published earlier in the respective journals, and Chapter 5 is being
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(a) (b) (c)

Figure 1.2 Illustration of the three main results of this thesis.

prepared for publication. For this reason, each of these chapters starts with a
self-contained introduction. The main content of the thesis is depicted in Fig.
1.2 and can be summarized as follows:

• In Chapter 3 we present a dual-frequency hybrid laser (Fig. 1.2a) for mi-
crowave and THz generation. With the example of microwave genera-
tion at 11 GHz, we demonstrate that the use of dielectric feedback waveg-
uides results in a narrow linewidth of the generated beat frequency. This
linewidth is, to our knowledge, about a factor of 13 lower than the nar-
rowest intrinsic microwave linewidth reported so far [62] for microwave
generation using free-running, fully chip-integrated dual-frequency lasers.

• In Chapter 4 we report on a diode laser frequency comb with about 17 lines
(Fig. 1.2b) with a very narrow intrinsic linewidth of the center comb line.
At the time of publication this was the narrowest linewidth value for fully
chip-integrated frequency comb diode lasers, i.e., more than a factor seven
lower than in [63]. Most recent work reports a slow linewidth in the 10-kHz
range, but the value for the intrinsic linewidth is not reported. Our study
in Chapter 4 forms the first experimental demonstration of mode-locking
in a hybrid laser circuit without saturable absorber, based on sharp spectral
feedback.

• In Chapter 5, we explore via a numerical investigation whether the mode-
locking technique of Chapter 4 also enables much reduced repetition rates
in the deep sub-GHz range (Fig. 1.2c).

Summarized, our experimental and theoretical investigations demonstrate promis-
ing ways to bring narrow linewidth and dense line spacings to chip-based, multi-
frequency laser sources for integrated photonic applications.





2 Theoretical and
experimental aspects

In this chapter, the basic concepts of laser linewidth, photonic integrated circuits,
frequency combs, and diode laser modeling are discussed, and applied to hybrid
integrated lasers as investigated in this thesis. Section 2.1 describes the origin of
the laser linewidth and the strategy that we use for linewidth narrowing. This
strategy is used in Chapter 3 to realize an integrated dual-frequency laser for
microwave generation with record-narrow intrinsic linewidth, and in Chapter
4 to realize an integrated comb laser with a record-narrow intrinsic linewidth
of the comb lines. Section 2.2 provides basic waveguide theory and describes
the fabrication options and waveguide components that we use to realize hybrid
diode lasers with long, tunable feedback circuits. These components are the
basis for the narrow-linewidth, tunable dual-frequency and comb laser circuits
presented in Chapter 3 and 4. Section 2.3 provides background on diode laser
frequency combs, in particular the difference between amplitude modulation
(AM) mode-locking and frequency modulation (FM) mode-locking to prepare
the discussion in Chapter 5. There we show numerically that FM mode-locking
is a possible technique to lower the repetition rate limit of mode-locked diode
laser combs into the 100-200 MHz regime, which does not seem straightforward
to achieve with AM mode-locking. The chapter ends with a description of a
transmission line model for integrated laser circuits (Section 2.4). This is the
model used in Chapter 5 for the numerical study of hybrid mode-locked lasers
in the low repetition rate regime.

2.1 Linewidth narrowing in diode lasers

Dual-frequency diode lasers and diode laser combs suffer from broad linewidths
of the laser frequencies, typically tens of MHz for monolithic devices [64,65]. The
most complete method to describe a laser’s frequency stability is via the power
spectral density of the frequency noise. There, it is standard to discriminate
between two main contributions: white noise and so-called 1/f noise. White
noise gives rise to a Lorentzian component of the lineshape [66]. This is the
most fundamental linewidth component, as it is caused by a fundamental pro-
cess introducing spontaneous emission noise. Spontaneous emission extends
from low to highest noise frequencies (fastest noise) with a constant power spec-
tral density (white noise). In this thesis we focus on this fundamental linewidth
component, also known as intrinsic linewidth, Schawlow-Townes [24] linewidth,
or quantum linewidth. Other noise contributions [67, 68] are often summarized
and approximated as 1/f-noise, which gives rise to a Gaussian component in the
lineshape [66]. This Gaussian linewidth component, also known as full-width-
half-maximum (FWHM) linewidth, is caused by slow noise processes, such as
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temperature drift, acoustic noise, noise in the pump current, or thermorefrac-
tive noise [69]. These contributions are often called slow noise because their
strength increases with decreasing noise frequency. Typically, both a Lorentzian
and Gaussian contributions are present, such that the laser lineshape may re-
semble a Voigt profile, i.e., the convolution of a Lorentzian and a Gaussian dis-
tribution.

The slow noise component can usually be removed via active stabilization, for
instance via locking to an external frequency reference such as the absorption
line of a gas [70], or the resonance of a stable resonator [71]. Similarly, the slow
part of the spontaneous emission induced noise can be counteracted by active
stabilization. However, as the power spectral density of this noise reaches up to
infinite frequencies, electronic stabilization cannot remove this noise, and fun-
damental optical methods need to be applied for intrinsic linewidth reduction.

To explain the strategy used in this thesis to reduce the intrinsic linewidth, it is
instructive to describe the light field as a normalized, slowly-varying complex
field amplitude given by

β =
√

Ieiφ, (2.1)

where I is the intensity of the laser field and φ the phase. For a perfectly fre-
quency stable laser, the complex amplitude can be visualized as a phasor that
stands still in the complex plane (see for example Ref. [72]). Photons that are ran-
domly injected into the laser’s cavity mode due to spontaneous emission events
have a random phase, and will induce changes to the phase angle and the in-
tensity. The phase then undergoes a random walk in the complex plane. As a
result, the laser frequency, given by the rate of change of the phase, dφ/dt, is
not sharply defined any more, and the laser frequency spectrum attains a finite
spectral width.

For intensity changes due to spontaneous emission, the intensity becomes re-
stored to its dynamic equilibrium value via relaxation oscillations. However,
in diode lasers, field intensity fluctuations still affect the linewidth, due to the
following effect. Field intensity fluctuations due to spontaneous emission result
in fluctuations of the carrier density. Via gain-index coupling in the amplify-
ing medium, this causes a change of the refractive index of the gain medium,
and therefore, via phase modulation (equivalent to changes of the laser’s optical
cavity length), additional frequency fluctuations.

In 1982, Henry showed that, as a result of spontaneous emission noise and gain-
index coupling, the laser power spectrum of semiconductor diode lasers, in con-
trast to, e.g., four-level solid state lasers, is a Lorentzian of significantly increased
width and has a full width half maximum of [72]

∆ν =
Rsp

4πS
(1 + α2), (2.2)
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where Rsp is the spontaneous emission rate and S is the total number of stored
photons in the cavity. The additional increase of diode laser linewidth caused
by gain-index coupling is quantified with the so-called linewidth enhancement
factor α, also known as the Henry factor.

It should be noted that for the derivation of Eq. 2.2 the mean-field approximation
was used, where gain and loss are assumed to be uniform along the cavity,
with the mirror loss being distributed over the cavity. In this case, the intensity
and also the carrier density is uniform, and one can describe the laser using a
single value of the linewidth enhancement factor α. However, this approximation
is only valid if the passive roundtrip losses are low (close to zero) and if the
mirror reflectivities are high (close to unity). In the hybrid lasers studied in
this thesis, where a semiconductor chip is connected with a second chip based
on dielectric waveguides, these conditions are typically not met, but strongly
violated. For example, the coupling between the chips is not lossless (e.g., a
minimum coupling loss of 1.8 dB was reported in [18]), and the reflectivity of
one cavity mirror is usually much reduced for extracting output power with high
efficiency. In these cases, the electric field and carrier density vary significantly
throughout the laser cavity, and numerical analysis is necessary to provide a
more realistic linewidth analysis. A more accurate linewidth model which takes
into account both variations along the laser cavity is presented in our numerical
analysis [73].

Although Eq. 2.2 is based on a much simplified model, the equation is still useful
to identify the main strategies for reducing linewidth. It is well-known that the
linewidth can be improved by extending the cavity photon lifetime, τp, which
corresponds to increasing the quality factor of the cavity (Q = ωτp, with ω the
light frequency). Thereby, the linewidth is narrowed in two ways [74]: as less
excited carriers are needed to reach threshold, the spontaneous emission rate in
Eq. 2.2 decreases, while the number of stored photons increases. Intuitively, this
can be understood as follows: a low spontaneous emission rate leads to less dis-
tortion of the laser field’s phasor. Similarly, if the phasor contains contributions
from a large number of stored photons, a single spontaneous emission event can
only alter the phase angle by a limited amount.

To better show which experimentally accessible parameters of a diode laser need
to be addressed for most efficiently reducing the intrinsic linewidth, Eq. 2.2 can
be rewritten as [72]

∆ν =
v2

ghνgnspαm(1 + α2)

8πP0
. (2.3)

Here, vg is the group velocity, hν the photon energy, nsp the spontaneous emis-
sion coefficient, g the gain per unit length (which represents the exponential
growth of the photon density with distance due to stimulated emission [75]), αm
the distributed mirror loss, and P0 the laser output power. Because in steady
state the gain is almost equal to the loss, g can be replaced by αi + αm, where αi
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is the spatial average of the internal loss, and αm is again the distributed mirror
loss. Replacing g with αi + αm in Eq. 2.3, one obtains

∆ν =
v2

ghνnsp(αi + αm)αm(1 + α2)

8πP0
. (2.4)

In this thesis, to narrow the linewidth, the photon lifetime is increased by ex-
tending the cavity length with low-loss feedback waveguides. To illustrate that
cavity length extension increases the photon lifetime and reduces the linewidth,
let us inspect the simplest case: a laser (single-pass length L) with only losses
via the cavity mirrors (power reflection coefficients R1 and R2), homogeneously
filled with a single medium. In this case, the photon lifetime is the inverse of
the product of group velocity and the spatial average of the mirror loss, i.e.,
τp = (vgαm)−1. The mirror loss coefficient is, similar as in Chapter 4, given by

αm =
1
L

ln
(

1√
R1R2

)
. (2.5)

It can be seen that increasing the cavity length L reduces αm and thus increases
the photon lifetime. As the term vgαm appears twice in Eq. 2.4, this leads to a
quadratic reduction of the linewidth. The complete relation between the photon
lifetime and the length of the low-loss waveguide in our two-section laser can be
found in Ref. [36].

More detailed expressions for the linewidth, where one cavity mirror is treated
as a frequency-dependent passive mirror, are provided in Refs. [36, 73, 76]. The
formulas in Refs. [36,76] also include the so-called Petermann factor, which rep-
resents an increase in linewidth if the feedback level is very small [77, 78].

The mentioned technique to increase the photon lifetime can also be applied for
narrowing the intrinsic linewidth of the individual laser lines of dual-frequency
lasers and comb lasers. In Chapters 3 and 4, we extend the optical cavity
length with a low-loss Si3N4 waveguide circuit, to narrow the linewidth of dual-
frequency hybrid lasers and comb lasers, respectively. In Chapter 3, we also
study whether the beat frequency of the two laser lines shows an additional
narrowing compared to what is expected from the individual linewidths of the
two beating optical frequencies. If such a narrowing is present, the intrinsic
linewidth of the beat frequency would be smaller than the sum of the individual
linewidths. The reason that the beat frequency may be narrower is that part of
the frequency fluctuations have a common cause, namely the index fluctuations,
which are seen by both laser modes.

2.2 Photonic integrated circuits

The dual-frequency and comb lasers investigated in this thesis are chip-based
lasers based on photonic integrated circuits. In this section we first recall the
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basics of waveguide optics. We then discuss options for realizing devices, specif-
ically how to have devices fabricated via the foundry model and how different
materials can be combined via hybrid and heterogeneous integration. Finally
we introduce the main waveguide components that we use to realize narrow
linewidth, wide tunability, and low repetition rates.

2.2.1 Waveguide optics

An optical waveguide is a light conduit that transports light from one location
to another [79]. A common example of optical waveguides are optical fibers,
which are normally made of amorphous silicon dioxide (SiO2). However, as is
important for realizing compact devices, waveguides can also be formed in flat
pieces of material (chips) based on semiconductors or dielectric materials. Such
a chip can contain multiple components with different shapes, compositions,
or materials, each with their own functionality, for instance lasers, detectors,
modulators, and filters. Together, these components or building blocks form a
so-called photonic integrated circuit (PIC).

Waveguides for photonic integrated circuits are typically confining the light in
both transverse dimensions (x and y) while guiding the light in the longitudinal
direction (the z direction). The confinement is achieved by creating a refrac-
tive index variation over the waveguide’s transverse cross-section. Typically, the
waveguide has a center region of high refractive index (the core), surrounded by
low index material called the cladding. A simple example is a waveguide core
with a rectangular cross section, as shown in Fig. 2.1a. Along the propagation
direction (z), a waveguide can be bent and modified to various shapes, such as
rings, spirals, and directional couplers.

To describe how light propagates through a two-dimensional dielectric waveg-
uide, one has to solve the Helmholtz equation:

∇2E(r) + k2E(r) = 0, (2.6)

where E(r) is the electric field vector, r is the position vector, and k is the wave
number. In a lossless medium, this equation can have one or multiple solutions
that have the form

E(r) = E(x, y)e−iβz. (2.7)

Here, β is the propagation constant that belongs to a particular transverse field
solution E(x, y) called a transverse mode. The phase velocity of the wave is
determined by the so-called effective refractive index, which is the ratio of the
propagation constant and the free-space propagation constant k0:

neff =
β

k0
. (2.8)

The effective index depends on the light frequency, in the first place because
the refractive indices of the core and cladding material depend on frequency
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(material dispersion). In addition, changing the light frequency also changes the
transverse size of the field distribution, i.e., the relative fractions of power in
the core and cladding (waveguide dispersion). These frequency dependencies
determine not only the phase velocity but also the group velocity expressed via
the so-called group index, defined as

ng = neff(λ0)− λ0
dneff
dλ0

, (2.9)

with λ0 the wavelength in vacuum. The group index determines the group
velocity, i.e., the speed at which wave packets travel through the waveguide.
When designing laser circuits, it is important to carefully evaluate the group
index, to set the desired values for essential laser parameters such as the optical
roundtrip length and thus also the photon lifetime and laser linewidth.

To quantify also attenuation of light such as via scattering and absorption, or
caused by radiation in waveguide bends, the propagation constant and effective
index can be complemented with an imaginary part. The propagation loss of a
waveguide section is defined as [79]

α = − 1
L

10 log10

(
P(L)
P(0)

)
, (2.10)

with P(L)/P(0) the ratio between the transmitted power and incident power for
a waveguide section with length L. If L is expressed in meters, the unit of the
propagation loss is dB/m.

To determine the effective index and group index of a certain waveguide mode,
one needs to solve Eq. 2.6 for a range of wavelengths. This results, for each
wavelength, in a field distribution and propagation constant, from which the
effective index and group index can be calculated. Typically, solving Eq. 2.6
requires the use of numerical methods. As an example, Fig. 2.1a shows the
field profile of the fundamental quasi-TE mode for a rectangular waveguide,
calculated using the finite element method1. The field distributions in Fig. 2.1
are calculated using the refractive index data for silicon nitride (Si3N4) as cores
and silicon oxide (SiO2) as cladding [80, 81], because the experiments described
in this thesis are based on the Si3N4/SiO2 waveguide material platform. More
details on the specific waveguides that are used for the experiments, such as
shown in Fig. 2.1b, are provided in Section 2.2.3.

2.2.2 Fabrication options

To realize devices based on photonic integrated circuits, one can use an open-
access foundry model [82], where a foundry takes care of the fabrication process.
Typically, the customer first creates a functional design, which schematically

1 COMSOL Multiphysics.
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(a) (b)

Figure 2.1 Calculated relative electric field for the fundamental quasi-TE mode
of (a) a rectangular core single-stripe waveguide, and (b) a double-stripe waveg-
uide, for a free-space wavelength of 1550 nm. The waveguides have a silicon
nitride core and a silicon oxide cladding. The core of the rectangular waveguide
in (a) has a width of 2 µm and a height of 800 nm. The double-stripe waveguide
cores in (b) have a width of 1.2 µm and a height of 170 nm, similar to the geome-
try of the standard available high-contrast symmetric double stripe waveguides
presented in [18].

shows the main waveguide components (such as ring resonators) and how they
are connected, together with the main parameters that are desired, e.g., the size
of ring resonators and the value of coupling constants. The customer can be
granted access to design software, including a library with standard building
blocks called a process design kit (PDK) [83], which is then used to implement
the functional design using software. The software translates this higher-level
design to a mask layout, which is submitted to the foundry. Foundries offer stan-
dard fabrication runs where the designs for multiple customers are combined on
a single wafer (called Multi-Project-Wafers runs), an approach to reduce fabrica-
tion costs by sharing the costs among customers. Foundries also offer additional
services, such as dedicated wafer runs, where the fabrication process can be cus-
tomized. An example is the realization of Si3N4 waveguides with a large-area
core for nonlinear applications, such as supercontinuum generation [84]. As an-
other alternative, after the customer constructs a functional design, the foundry
can also take care of all remaining steps, including the implementation of the
functional design using the mentioned design software.

Typically, a foundry specializes in a single material platform, for instance silicon
(Si), silicon nitride (Si3N4), or indium phosphide (InP). Each material technology
offers unique functionalities. For instance, for efficient generation and amplifi-
cation of light around 1.5 µm wavelength, as is required for telecom applica-
tions, a direct bandgap semiconductor is needed for the according wavelength
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range, which would be provided by the InP platform. However, for transport
of light with a large range of wavelengths over longer distances, e.g., to in-
crease the photon lifetime in extended cavity lasers, the Si3N4 platform excels.
For such use cases, different material platforms can also be combined in a sin-
gle chip-sized waveguide circuit, which is possible via two techniques called
hybrid integration and heterogeneous integration. An extensive description of
these integration techniques can be found in Ref. [34]. In hybrid integration, a
semiconductor chip is connected via longitudinal coupling (also known as facet
coupling or butt-coupling) to a low-loss waveguide circuit [85]. In heteroge-
neous integration, multiple materials are integrated together on a single chip
with the coupling being transverse to the waveguide direction [34]. Typically, a
III-V material is integrated onto a Si or Si3N4 integrated waveguide circuit. This
can be achieved for instance through direct epitaxial growth, wafer-to-wafer or
die-to-wafer bonding, and microtransfer printing.

An advantage of hybrid integration is that in principle any combination of com-
ponents can be used, i.e., with materials that might otherwise be incompatible,
for instance in their expansion coefficients. This is particularly important for
extending the wavelength range, e.g., into the visible or UV, where different
semiconductor gain materials have to be employed. Devices can also be tested
and optimized before integration. A disadvantage is that it might be challeng-
ing to simultaneously align and integrate large volumes of devices. In contrast,
heterogeneous integration is generally compatible with wafer-scale fabrication,
making it suitable for mass production. A disadvantage is that very clean and
smooth surfaces are required to prevent losses. Furthermore, with hybrid in-
tegration heat removal seems to be more straightforward, specifically because
the heat conduction can follow well-established and thus optimized techniques,
which have for instance enabled diode lasers with kilowatt output levels [86].

2.2.3 Waveguide components

To aid the discussion of design choices for the constructed and modeled lasers
in Chapters 3-5, we recall here the essential properties of the used waveguide
components.

Gain element

Photonic integrated lasers require the amplification of light, i.e., they require
a waveguide that can amplify optical waves, also known as gain element. As
mentioned, this is generally realized using direct bandgap semiconductors such
as indium phosphide. When applying a current to the p-n junction, electrons
are excited to the conduction band, leaving holes in the valance band. Elec-
trons and holes can recombine spontaneously to generate photons. However,
recombination can also be stimulated upon incidence of a photon, generating an
additional photon. The latter process is called stimulated emission, and is the
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central process in lasers that enables gain.

In this thesis, we use buried heterostructure-type InP-based gain chips with
a multi-quantum well (MQW) active layer. A quantum well is a double het-
erostructure consisting of a very thin layer (< 50 nm) which is surrounded by
layers with a larger bandgap [79]. This creates a potential well for the electrons
in the conduction band and holes in the valence band, and thereby defines quan-
tum states with well-defined energy, to increase the gain in specific wavelength
ranges. A multi-quantum well active region refers to a stack of such quantum
wells, constructed by alternating semiconductor materials. The advantage of
multi-quantum well structures is that at higher current densities, they offer a
larger total gain compared to single-quantum well structures [79].

The gain chips used in this thesis have a simple design containing a single am-
plifier waveguide which is tilted near the facet at the interface with the feedback
chip, to prevent back reflection into the guided mode. Foundries also offer sat-
urable absorbers and modulators as components, however, in this thesis we are
interested in continuous-wave operation and in mode-locked lasers with low
repetition rates via frequency modulation (FM) mode-locking, which do not re-
quire a saturable absorber. Modulation can still be implemented by adding an
AC component to a gain section’s pump current.

Low-loss dielectric waveguides

Next to our earlier use to design and realize single-frequency lasers with ultra-
narrow linewidth [36,73], in Chapter 3 and 4, we increase the photon lifetime of
diode dual-frequency lasers and comb lasers, respectively, via hybrid integration
using low-loss Si3N4 waveguides with a SiO2 cladding. We use waveguides
with symmetric and asymmetric double stripe cross-sections. These provide low
propagation loss of about 0.1 dB/cm even with tight bending radii, and a wide
transparency range (400 nm to 2.35 µm) [18]. The cross-section of symmetric
double stripe (SDS) waveguides, and the corresponding electric field profile, is
shown in Fig. 2.1b. These SDS waveguides are used for the frequency comb
laser presented in Chapter 4. The waveguides for the dual-frequency laser of
Chapter 3 are based on asymmetric double stripe (ADS) waveguides. Compared
to SDS waveguides, these offer less fabrication steps and similar loss [18].

We note that even lower loss Si3N4 waveguides can be realized with a single-
stripe cross section, at the cost of larger bending radii due to a lower confine-
ment. The first Si3N4 waveguides with propagation loss below 0.1 dB per meter
(0.045 dB/m) were realized using wafer bonding of thermal oxide [87]. Later,
a resonator with an intrinsic Q-factor of 422 million and a propagation loss of
0.060 dB/m has been realized, based on the waveguide core being covered by an
extra Si3N4 blanket layer (to smoothen the waveguide top and sidewalls) and an
extra anneal step [88]. Combining this approach with a TM waveguide design
resulted in the highest Q-factor (720 million) and lowest propagation loss (0.034
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dB/m) so far [89].

Microring resonators

Often lasers require spectral filters to control at which frequencies light is gen-
erated and to prevent the generation of light at undesired frequencies. While
previously we realized tunable single-frequency lasers based on narrow spectral
feedback [36], in Chapter 3, we realize a tunable dual-frequency laser by pro-
viding spectral feedback at two tunable frequencies in parallel. In Chapter 4
and 5, we also use a narrowband filter to induce spontaneous frequency comb
generation.

To realize a narrowband filter we make us of microring resonators (MRR), be-
cause they (1) are compact, (2) provide narrow filter bandwidths due to high Q-
factors, and (3) are relatively tolerant to fabrication deviations, e.g., deviations in
the waveguide width, as long as these occur adiabatically. Also narrowband in-
tegrated Bragg gratings have been realized reaching filter bandwidths of 7.6 pm
and Q-factors of 204 thousand using λ/4-shifted gratings [90], however, these are
more challenging to fabricate as they require sub-wavelength fabrication preci-
sion and high periodicity over long distances. So far, the highest Q-factors have
been realized with microring resonators, which as mentioned reached a more
than three-times higher Q-factor [89].

To recall the working of the MRR-based filters used in this thesis, Fig. 2.2a
schematically shows a single-MRR spectral filter with two adjacent straight waveg-
uides, known as bus waveguides. Light that enters the top waveguide evanes-
cently couples with the ring waveguide. Only for frequencies where an integer
number of wavelengths fit the ring length, the light will interfere constructively
at the MRR output near the bottom bus waveguide, and is reflected back.

(a)
(b)

Figure 2.2 Schematic diagram of (a) a single microring resonator, and (b) a loop
mirror with two microring resonators in Vernier configuration. The rings can be
tuned via resistive electric heaters, indicated in yellow.

The reflection spectrum of a single MRR is given by the following transfer func-
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tion: [91]

t =
Eout

Ein
=

−κ1κ2

1−
√

1− κ2
1

√
1− κ2

2 exp(−iβrLr)
, (2.11)

where Eout and Ein are the amplitudes of the output and input field, respectively.
Furthermore, κ1 and κ2 are the power coupling coefficients between the bus
waveguides and the MRR. βr is the propagation constant, which can be complex
to include propagation loss, and Lr is the ring length given by Lr = 2πr, where
r is the radius of the MRR. βr is given by 2πneff/λ, where λ is the wavelength in
vacuum and neff is the effective refractive index. For simplicity, the propagation
loss of the waveguides is neglected here, i.e., βr is real-valued.
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Figure 2.3 Reflection spectrum of two microring resonators in Vernier config-
uration, calculated using Eq. 2.11. The two ring radii are 136.5 and 140.9 µm,
respectively. For simplicity, a constant (wavelength-independent) effective index
of 1.534 is assumed. The power coupling constants are set to κ1 = κ2 = 0.1.
These values are chosen to model the silicon nitride feedback circuit used in the
experiments presented in Chapter 4.

To reach single-frequency output, MRRs are often placed in Vernier configura-
tion, i.e., two rings with slightly different radii are placed in series [92]. Such
configuration is shown in Fig. 2.2b, forming a so-called loop mirror with two
MRRs in Vernier configuration. Figure 2.3 shows the according reflection spec-
trum, calculated by multiplying the transmission functions of each individual
MRR, given by Eq. 2.11. The reflection spectrum has its absolute maxima only
where the two ring resonances have maximum overlap. These maxima are much
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further apart than the spectral range of the individual ring resonators. This dis-
tance between the Vernier maxima, named the total Vernier free spectral range,
is given by

∆λFSR,tot =
∆λFSR1∆λFSR2

|∆λFSR1 −∆λFSR2|
, (2.12)

where ∆λFSR1 and ∆λFSR2 are the free spectral ranges of the individual MRRs,
respectively. To prevent that laser oscillation occurs at undesired frequencies, it
is important that the ring radii are chosen such that the total free spectral range
is large enough to cover most of the gain bandwidth [93].

With regard to the power coupling to the bus waveguides, it is advantageous to
use weak coupling (i.e., low values of κ2

1 and κ2
2), because this reduces the mirror

reflection at the side peak wavelengths as long as the waveguide loss through
scattering, absorption, and waveguide curvature remains small in comparison
with the bus-MRR coupling. A reduction of the height of the side peaks is
desired to obtain a high side-mode suppression ratio (SMSR) also in a laser’s
output spectrum.

A second motivation to choose weak coupling to the ring resonators is that this
reduces the laser’s intrinsic linewidth. More specifically, lowering the coupling
leads to a longer photon lifetime in the laser resonator because weakly coupled
MRRs provide a longer delay time, much longer than the delay that would cor-
respond to their physical length. The explanation is that next to the obvious ex-
tension by the waveguide index as Lrng, the light performs multiple roundtrips
in the MRR. The effective optical length of a MRR for resonant light is given
by [91]

Lr,eff =
[
(1− κ2)/κ2

]
ngLr, (2.13)

where κ2 is the power coupling coefficient between the ring and the adjacent
(bus) waveguides. For simplicity it is assumed here that the resonator roundtrip
loss is dominated by the coupling loss to the bus waveguide(s), which typically
can be fulfilled well specifically with Si3N4 waveguides due to their extremely
low propagation loss.

Tunable waveguides

For the lasers presented in Chapter 4 and 5, whether a frequency comb is gener-
ated depends on the spectral location of the laser cavity modes with respect to
the Vernier mirror resonance frequency. The alignment of the laser modes can
be adjusted by incorporating a phase section in the laser cavity, that imposes an
additional laser roundtrip phase shift to the light. In our experiments, the shift is
generated via the thermo-optic effect using a voltage-controlled resistive electric
heater. Depending on the tuning, either single-frequency oscillation, chaos, or
passive mode-locking for comb generation is induced, as described in Chapters
4 and 5. By tuning the phase section one can also optimize single-frequency
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lasers for narrow linewidth, via laser operation in the lower frequency wing of
the feedback spectrum, expressed via the so-called B-factor [73].

To enable wide tuning of the individual, dual-frequency laser lines and of the
frequency comb, the MRR-based feedback filter that is used also needs to be
tunable. For this reason, the MRRs are equipped with voltage-controlled re-
sistive electric heaters as well, shown in yellow in Figs. 2.2a and 2.2b. The
resonances of each ring can then be shifted via thermal tuning. When tuning
only one of the rings, the laser wavelength tunes (hops) in discrete wavelength
steps with the size of the free spectral range of the other ring. Alternatively,
by tuning both rings synchronously the laser wavelength can be tuned in finer
steps, corresponding to the free spectral range of the full laser cavity. We note
that continuous (mode-hop free) tuning was demonstrated by tuning both ring
resonators and the phase section simultaneously [94].

To specify the tuning response that can be realized thermoelectrically, for the
phase section (length 1 mm) used in Chapter 4, to achieve a π phase shift the
heater requires about 300 mW of electrical power, and a total change of the
optical phase larger than 2.5π can be realized [94]. The heaters that cover the ring
resonators are slightly shorter and require 380 mW for a π phase shift. In [94],
a wavelength tuning sensitivity of 0.11 pm/mW when tuning the phase section
is achieved, and a tuning sensitivity of 0.31 pm/mW if the ring resonators are
tuned in synchronism with the phase section.

2.3 Frequency comb generation

As will be used in Chapter 4 and Chapter 5, it is important to recall the dif-
ference between the so-called cold cavity modes of the laser resonator and the
light frequencies generated by the laser, because the light frequencies can be de-
tuned with respect to the mode frequencies. The cold cavity refers to the laser
resonator without any gain present. The center frequencies of the cold cavity
modes are determined by the so-called phase condition, which is met when the
total phase induced by the gain section and the feedback circuit in one roundtrip
equals a multiple of 2π [95]. The spectral width of the cold cavity modes is given
by the optical cavity roundtrip length and the total loss per roundtrip. It should
be noted that in a diode laser cavity, the cold cavity mode frequencies are not
equidistantly spaced due to group velocity dispersion of the waveguides, in our
case of the Si3N4 and semiconductor waveguides. There can also be strong
dispersion from intracavity elements, such as the intracavity filter based on mi-
croring resonators used in Chapter 4. This filter, due to its narrow bandwidth,
provides a cavity extension that depends strongly on the frequency, such that
the laser’s cold cavity mode spacing varies between 5 GHz (near the resonance
peak of the filter) to 11 GHz (off-resonance).
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If the laser oscillates at multiple frequencies, these light frequencies can, how-
ever, still be equidistantly spaced, if the multi-frequency oscillation is phase
locked (also called mode-locked). Such a set of discrete, equally spaced fre-
quency lines is called a frequency comb. In this thesis we generate frequency
combs based on mode-locked diode lasers. In a diode laser, the generation of
equidistant light frequencies that are largely detuned from the cold cavity fre-
quencies is possible due to the large bandwidth of the resonator modes as fol-
lows. Due to the high intrinsic loss that occurs in semiconductor amplifiers, with
loss coefficients as high as, e.g., 3000 m−1 [25], the cold cavity modes can have a
bandwidth that is wider than the mode spacing.2

For the investigation of low repetition rates in Chapter 5, it is important to
distinguish between two types of mode-locking that, due to a different phas-
ing of the laser modes, lead to very different behavior of the temporal output.
Mode-locking with the goal to generate a train of ultrashort pulses in the time-
domain is known as amplitude modulation (AM) mode-locking and is described
as standard in textbooks on lasers [96]. In contrast, there is also frequency mod-
ulation (FM) mode-locking, which does not lead to a pulsed output, but rather
to a quasi-constant output power. We note that pure AM and pure FM mode-
locking are ideal cases, and that in practice the output can be a mixture of AM
and FM. However, in all cases, due to having mutually phase locked fields, the
optical power spectrum always shows a frequency comb with an equidistant set
of spectrally narrow laser lines, while the essential difference lies in the phase
spectrum.

To recall how AM and FM mode-locking, depending on the phasing, leads to
different temporal outputs, we use a similar notation as in Saleh and Teich [79]
and Coldren [75]. Assuming a set of discrete laser frequencies and assuming a
plane, scalar wave, the total complex wave function of the electric field can be
written as

U(z, t) = ∑
q

Aq exp
[
i2π fq

(
t− z

c

)]
, (2.14)

where the equidistance of the spectral components is expressed using a constant
frequency spacing ∆ f , via

fq = f0 + q∆ f ,

with f0 the frequency of the center mode, and q = 0,±1,±2. Here, Aq is the
complex amplitude of the mode, which has amplitude |Aq| and phase arg(Aq).
For simplicity and illustration, we assume that the mode amplitudes |An| are
equal, given by |An| = A0. Furthermore, the mode spacing ∆ f is set to 1 GHz,
which is in the same range as the lasers discussed in Chapter 5. Such amplitude
spectrum is illustrated in Fig. 2.4a for a laser with 201 oscillating modes, i.e.,
with q ranging from −100 until 100.

2 Note that an extremely high loss in diode lasers is still no problem for bringing the laser above thresh-
old, because with sufficient pumping extremely high gain values can be generated, e.g., threshold
gain values can exceed 500/cm [75].
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It is shown in Ref. [79] that Eq. 2.14 can be rewritten as

U(z, t) = exp
[
i2π f0(t−

z
c
)
]
∑
q

Aq exp
[
iq2π∆ f

(
t− z

c

)]
. (2.15)

At all positions z, this is a periodic function of time, and its mathematical form
takes on the easiest shape when selecting the position z = 0. One then obtains

U(t) = exp (i2π f0t)∑
q

Aq exp (iq2π∆ f t) . (2.16)

The expression shows that this is a field with a fast oscillation at f0, modulated
by a slowly varying envelope.

For a proper choice of the magnitudes and phases of Aq, one can obtain ideal
AM or ideal FM mode-locking. The difference between AM and FM mode-
locking can be seen if inspecting the real part of the slowly varying envelope of
the electric field amplitude. First we show the case of ideal AM mode-locking,
which corresponds to the generation of the shortest possible pulses. Given the
constant amplitude spectrum of Fig. 2.4a, ideal AM mode-locking requires to
choose a constant phase difference between modes, i.e., a constant intermodal
phase. This is shown in Fig. 2.4b, which displays the intermodal phase in
radians. We note that if the intermodal phase is constant, the absolute phase
is a linear function of frequency. Figure 2.4c shows the corresponding electric
field amplitude as a function of time. It can be seen that the envelope of the
field amplitude shows a periodic pulse train with a period of 1 ns, which is the
inverse of the line spacing ∆ f . Inspection of the pulses reveals that these are
Fourier limited, i.e., free of chirp. This means that the instantaneous frequency
is constant.

In the case of ideal FM mode-locking, the amplitude spectrum (Fig. 2.5a) is the
same, but the intermodal phase differences (Fig. 2.5b) are linearly distributed
over a range of −π to π [97]. This means that the absolute phase follows a
parabola. Figure 2.5c shows the corresponding field envelope. As can be seen in
the figure, the envelope is again a periodic function, but is now resembling more
of a constant magnitude as indicated by the two dashed lines. The remaining de-
viations from a constant level become less with an increasing number of modes.
The instantaneous frequency, in contrast, now shows a sweep (Fig. 2.6). Varying
the phase profile would show that a linear distribution of the intermodal phase
as in Fig. 2.5b yields the smallest possible envelope variation, while the variation
of the instantaneous frequency becomes maximized.

We note that, as the phase spectrum determines whether AM mode-locking,
FM mode-locking, or a mixture between the two occurs, one can convert AM
mode-locking to FM mode-locking, and vice versa, purely with linear optics, by
applying an appropriate phase shift as a function of frequency. This is possible
by employing properly designed dispersive elements such as chirped waveguide
gratings [99].
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Figure 2.4 Illustration of amplitude modulation (AM) mode-locking for a laser
with 201 longitudinal modes. (a) Amplitude spectrum. (b) Intermodal phase. (c)
The corresponding electric field as a function of time. In case of ideal AM mode-
locking, the intermodal phase difference is constant. This results in a pulsed
electric field envelope.

2.4 Modeling diode lasers

A large variety of theoretical models has been developed for studying diode
lasers. Analytical approaches exist, however, they are usually based on approxi-
mations that are difficult to justify in semiconductor lasers, such as a small gain
and loss per roundtrip [100]. Such approximations are not needed in numerical
approaches, where strong variations of the laser-internal gain and field distribu-
tion can be taken into account as well.
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Figure 2.5 Illustration of frequency modulation (FM) mode-locking for a laser
with 201 longitudinal modes. (a) Amplitude spectrum. (b) Intermodal phase. (c)
The corresponding electric field as a function of time. In case of ideal FM mode-
locking, the intermodal phases are linearly distributed over a range between
−π and π, resulting in the minimum possible intensity variation with the given
example of a rectangular spectrum.

Typical examples of numerical approaches are the finite difference time domain
(FDTD) approach, and the full Maxwell-Bloch equations (see references in [101]).
However, these models are typically computationally heavy, because they in-
volve sub-optical period timesteps and sub-wavelength resolution. At the same
time, to allow a mode-locked laser to settle into steady state via relaxation os-
cillations and mutual phasing of multiple modes, or to study timing jitter or
even the spectral linewidth of individual laser modes, numeric integration over
macroscopic timescales and length scales (milliseconds and effectively hundreds
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Figure 2.6 Instantaneous frequency as a function of time for the frequency
modulation (FM) mode-locked laser. The spikes in the instantaneous frequency
occur when the intensity becomes zero [98].

of meters) is required. This problem of vastly different scales is addressed well
using the traveling-wave approach, in which one calculates how the electric field
develops under the slowly varying wave approximation, similar to what was
discussed in the context of Eqs. 2.15 and 2.16.

For the calculations presented in Chapter 5, we use an implementation of the
transmission line laser model [102] that is originally based on the work from
Lowery et. al. [103]. The amplifier waveguide is modeled as a multiquantum
well (MQW) active region, because the experiments in this thesis were carried
out using such an amplifier structure. The MQW region is surrounded by an
undoped separate confinement heterostructure region (SCH), which is an extra
region with an intermediate bandgap that confines the light but does not provide
gain [75]. The amplifier waveguide is longitudinally divided in discrete sections
with length ∆z. The electric field inside the active (MQW) region of each section
is given by

E(r, t) = ei2π fct [F(r⊥, fc)A(z, t) + F∗(r⊥, fc)B(z, t)] + c.c. (2.17)

Here, fc is the central frequency. F(r⊥, fc) is the electric field in the transverse
direction. A(z, t) and B(z, t) are the complex-valued envelopes (that vary slowly
in time) for the forward and backward traveling waves. These describe the two
counterpropagating waves that are found in a standing-wave laser cavity, re-
spectively. It is convenient to work with envelopes that also slowly vary with z,
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i.e.,
a(z, t) = eiβcz A(z, t), (2.18)

b(z, t) = e−iβczB(z, t), (2.19)

where βc is the propagation constant. For each model section m, these field
envelopes a(z, t) and b(z, t) are calculated based on the following traveling-wave
equations: [

1
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δ

δt
+

δ

δz

]
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1
2

α− iδ
]

a + Qa, (2.20)
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Ĝ(Nm, Sm)−
1
2

α− iδ
]

b + Qb, (2.21)

Here, vg is the group velocity of the optical mode, given by c/ng, with c the
speed of light in vacuum, and ng the group index. Ĝ represents optical gain
within the model section m, and depends on the carrier density Nm and the
average photon density Sm in this section. α accounts for internal loss. δ is
responsible for detuning of the forward and backward propagating waves via
index changes caused by free carriers. Qa and Qb are Langevin noise terms
that account for spontaneous emission into the forward and backward traveling
waves. As in [104], the magnitude of these noise terms is based on an expression
derived by Henry [77] for the noise power in an ideal traveling wave amplifier.
Other effects such as two-photon absorption and intraband absorption (via α),
and index changes due to the Kerr effect (via δ) can also be modeled, but for
simplicity, these are not included in the calculations for this thesis.

The electron density is described using two differential equations which will be
provided below. The first equation describes the electron density within the con-
duction band of the MQW active region, Nm(t). In electrically pumped semicon-
ductor amplifiers, as discussed here and as used in the experiments, it is usually
required to include the effect of carrier transport. In this model, this is done
using a second differential equation for the electron density in the seperate con-
finement heterostructure (SCH) region. This expresses that the charge carriers
are actually injected into a part of the material structure that does not contribute
to gain as defined by the quantum-wells, and that carriers need to diffuse into
the overlap region to provide optical gain.

The electron densities in the MQW active region and in the SCH region are
governed by

δNm

δt
=

NSCH,m

τcap
· dSCH

dMQW
− Nm

τesc
− R(Nm)− vgĜ(Nm, Sm) · Sm, (2.22)

δNSCH,m

δt
=

η I
qVSCH

− NSCH,m

τcap
+

Nm

τesc
·

dMQW

dSCH
. (2.23)



28

Here, dMQW is the total thickness of all of the quantum wells in the MQW active
region, and dSCH is half the thickness of the SCH region. η is the current injection
efficiency, I is the pump current, q is the electron charge, and VSCH = wdSCHL is
the volume of the SCH region, where w is the width of the active region, and L is
the total length of the active section. τcap and τesc are time constants describing
the exchange of carriers between the quantum wells and SCH region.

Modeling hybrid (active-passive) circuits

Modeling hybrid waveguide circuits requires the modeling of active elements,
i.e., elements that can provide gain, as well as passive elements, which are el-
ements that do not provide gain such as Si3N4 feedback waveguides. While
active elements are often treated best via time-domain modeling, in general
passive components are best modeled in the frequency domain. The example
relevant here is a low-loss, spectrally selective waveguide feedback circuit for
wavelength tuning and extending the laser’s resonator length, and which does
not show any noticeable nonlinear response. Such circuit would be modeled eas-
iest with a complex-valued transmission or reflection spectrum. To model the
gain section in the time domain and the feedback circuit in the frequency do-
main, the numerical model makes use of hybrid Time-and-Frequency-Domain
Modeling [105]. In this approach, a cluster of passive components is described
in the frequency domain by a single, frequency-dependent scattering matrix (S-
matrix). Based on this S-matrix, a digital finite impulse response (FIR) filter is
generated, such that the modeling can be performed in the time domain using a
convolution.



3 High spectral purity
microwave generation
using a dual-frequency
hybrid integrated
semiconductor-dielectric
waveguide laser

We present an integrated semiconductor-dielectric hybrid dual-frequency laser
operating in the 1.5 µm wavelength range for microwave and terahertz (THz)
generation. Generating a microwave beat frequency near 11 GHz, we observe
an intrinsic linewidth as low as about 2 kHz. This is realized by hybrid in-
tegration of a single diode amplifier based on indium phosphide (InP) with a
long, low-loss silicon nitride (Si3N4) feedback circuit to extend the cavity pho-
ton lifetime, resulting in a cavity optical roundtrip length of about 30 cm on a
chip. Simultaneous lasing at two frequencies is enabled by introducing an exter-
nal control parameter for balancing the feedback from two tunable, frequency-
selective Vernier mirrors on the Si3N4 chip. Each frequency can be tuned with a
wavelength coverage of about 80 nm, potentially allowing for the generation of
a broad range of frequencies in the microwave range up to the THz range.1

3.1 Introduction

Photonic integrated microwave sources exhibiting low phase noise are of strong
interest for applications such as microwave photonics [2], time and frequency
metrology [44], and coherent radar sensing [45]. There are various promising
methods to photonically generate microwaves, e.g., via mode-locked lasers [106],
Kerr frequency combs [107], and opto-electronic oscillators (OEOs) [108]. How-
ever, a disadvantage with mode-locking and Kerr combs is the limited tunability
of the generated frequency, which is fixed by the cavity roundtrip length. An
attractive alternative, which we exploit here, is to realize a narrow-linewidth
dual-frequency laser to generate a beat note at the difference frequency. This ap-
proach enables the generation of a wide range of frequencies in the microwave

1 This chapter is published as: J. Mak, A. van Rees, R. E. M. Lammerink, D. Geskus, Y. Fan, P. J.
M. van der Slot, C. G. H. Roeloffzen, and K.-J. Boller, “High spectral purity microwave generation
using a dual-frequency hybrid integrated semiconductor-dielectric waveguide laser,” OSA Contin.
4, 2133–2142 (2021).
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range up to the terahertz (THz) range via tuning of the two laser lines.

For most applications it is important to reduce the slow noise, i.e., close-to-
carrier phase noise, also called technical noise. However, reducing the intrinsic
linewidth (also termed fast noise, Lorentzian linewidth component, fundamen-
tal linewidth, or Schawlow-Townes linewidth [24]) is still of high importance
for applications involving fast timescales, such as wireless communication in
the microwave and THz range [109, 110]. For example, wireless links employ-
ing advanced modulation formats, such as QAM [111], benefit from low intrinsic
linewidths via reduced bit error rates [112]. In addition, working with low intrin-
sic linewidth is advantageous for locking of oscillators with phase locked loops,
avoiding the need for high loop bandwidths [113]. Here our focus is to realize a
dual-frequency laser with a narrow intrinsic linewidth, for fast applications and
as preparation for active stabilization.

Bulk dual-frequency fiber lasers [114] and solid state lasers [115] for microwave
generation have been demonstrated. Aiming on chip-scale sources, dual-wave-
length rare-earth-doped waveguide lasers have been widely explored as well
[116], but these lasers require optical pumping, which introduces additional
complexity. It is therefore attractive to use semiconductor lasers, which are di-
rectly pumped by an electric current. Semiconductor dual-wavelength lasers
have been studied in the form of distributed feedback (DFB) lasers with a single
gain section and a partly shared cavity [64], and as distributed Bragg reflector
(DBR) lasers with separate gain sections and separate laser cavities combined
with a Y-junction [117].

The main problem of all on-chip dual-frequency semiconductor lasers realized
so far is that the intrinsic linewidth of the individual laser frequencies is broad,
e.g., around 60 MHz in [64], essentially due to a short cavity photon lifetime
in combination with high gain-index coupling [72]. A well-known solution is
to increase the photon lifetime by increasing the cavity length using low-loss
waveguides. In this direction, there have been studies on heterogeneous in-
tegrated III-V/silicon dual-frequency lasers [118, 119]. In [118], a single laser
cavity is used to generate a beat frequency at 0.357 THz with a 3 dB linewidth
of 4.2 MHz retrieved via a wider-span Lorentzian fit. In [119], two separate laser
cavities and a photodetector are integrated on the same chip and used to gener-
ate beat frequencies between 1 and 112 GHz. The individual lasers showed 3 dB
linewidths of 148 kHz, retrieved with narrower-span Lorentzian fits. Monolithic
InP extended cavity lasers were used to generate beat frequencies with narrow 3
dB linewidths of 250 kHz [120] and 56 kHz [121] based on wider-span Lorentzian
fits. A narrow intrinsic microwave linewidth of 39.5 kHz [122], retrieved from
the power spectral density of instantaneous frequency far from carrier (2 - 100
MHz), was realized using a dual-frequency hybrid integrated laser based on sil-
icon waveguides. The narrowest linewidth value reported so far for an all-chip
based electrically driven dual-frequency laser is 26 kHz (3 dB linewidth obtained
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from a smoothed beat signal) using a monolithic InAs/InP quantum dash dual-
frequency laser with a common cavity [62]. However, in all these approaches the
photon lifetime, and thus the intrinsic linewidth, is ultimately limited by the use
of semiconductor waveguides, which have relatively high linear and nonlinear
loss [123, 124].

Here, we take an important step beyond such limits by extending the cavity
photon lifetime using a low-loss dielectric feedback circuit via hybrid integra-
tion. Specifically, we use an indium phosphide (InP) amplifier hybrid integrated
with a long and low-loss silicon nitride (Si3N4) feedback circuit (Fig. 3.1), which
extends the optical roundtrip length of the solitary amplifier from about 0.5 cm
to 30 cm, i.e., by a large factor of about 60. To enable dual-frequency lasing,
we introduce a tunable coupler which directs the light towards two frequency-
selective loop mirrors that can be controlled independently. These mirrors are
based on tunable microring resonators in Vernier configuration, as this allows
also for wide wavelength coverage in single-frequency operation and enables
continuous (mode-hop free) tunability over a wide range [94]. We use the dual-
frequency laser to generate narrow linewidth microwave radiation at a frequency
near 11 GHz, and observe a narrow intrinsic linewidth of around 2 kHz.

We note that generating continuous-wave narrow intrinsic linewidth radiation is
promising with quantum cascade lasers (QCLs) as well, but their room temper-
ature operation as desired is restricted so far to much higher frequencies in the
far-infrared region above 10 THz and the mid-IR region [125]. An alternative so-
lution to access also the THz region at room temperature is found in intra-cavity
difference frequency generation [126].

Closest to our study is the recent demonstration of two lasers using two separate
semiconductor optical amplifiers of different materials (InP and GaAs) that are
hybrid integrated with separate feedback circuits on the same dielectric (Si3N4)
chip [127]. The aim of that study was to generate light in two largely different
wavelength ranges (1.5 and 1 µm), with the future goal of generating mid-IR ra-
diation via difference frequency generation. The individual lasers had relatively
low 3 dB linewidths of 18 and 70 kHz retrieved with a lower-span Lorentzian fit.

In contrast to that study and other previous work [119], we generate the two fre-
quencies from a single gain medium, because this can enable additional linewidth
reduction, as was demonstrated before [64, 114, 122]. The motivation is that the
frequency fluctuation of the two modes may experience some synchronization if
they are initiated by a common cause. However, providing dual-frequency las-
ing with a single gain medium is also difficult with semiconductor lasers. First,
lasers using advanced semiconductor quantum well gain media typically suf-
fer from strong gain competition due to homogeneous broadening of the gain,
which makes it difficult to establish simultaneous oscillation at two frequencies.
Single-gain dual-frequency operation therefore requires an additional control
parameter that balances the relative feedback. Second, noise correlation effects
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Figure 3.1 Schematic diagram of the dual-frequency hybrid laser (not to scale).
The reflective semiconductor optical amplifier (RSOA) is equipped on one facet
with a high-reflection (HR) coating, and on the other facet with an anti-reflection
(AR) coating. The silicon nitride (Si3N4) feedback chip contains two tunable
couplers (labeled TC1 and TC2), two phase sections, and two Vernier mirrors
(labeled M1 and M2) providing frequency-selective feedback. Each Vernier mir-
ror consists of two microring resonators (MRRs), which have slightly different
ring radii R1 = 125 µm and R2 = 127.5 µm. The tunable couplers, phase sections,
and ring resonators can be tuned using resistive electric heaters, indicated in
yellow.
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at fast noise frequencies are more complex for semiconductors because of the fol-
lowing effects. On the one hand, one expects that the two laser modes undergo
independent phase excursions due to independent spontaneous emission noise.
On the other hand, as quantified by Henry’s linewidth enhancement factor, most
of the intrinsic linewidth is due to index fluctuations associated with fluctua-
tions in population inversion [72], which should still be seen by both oscillating
frequencies. In hybrid and heterogeneously integrated lasers with spectrally
narrow feedback filtering, additional effects influence the intrinsic linewidth,
specifically an all-optical feedback loop based on the coupling between feedback
strength and index, which is usually expressed as the linewidth reduction factor
B [128–130].

Here, we present the first dual-frequency, hybrid integrated diode laser with
low-loss feedback based on Si3N4 waveguide circuits and a single gain medium.
Although synchronized frequency fluctuations seem present only in part of the
spectra, we achieve a low intrinsic linewidth of the microwave beat of these fre-
quencies of about 2 kHz, measured at around 11 GHz. We note that a much
lower linewidth was achieved for microwave generation with Brillouin oscilla-
tors at discrete frequencies, optically pumped with an external laser [131]. In
comparison, our intrinsic linewidth value is, to our best knowledge, a record for
fully chip-based dual-frequency lasers that are electrically pumped and widely
tunable. Thereby, this work demonstrates novel options for on-chip high spec-
tral purity microwave generation and, due to wide and independent tunability
of the output frequencies, also for THz generation. With further extension of the
cavity length, these lasers are of promise for further linewidth reduction as can
be seen from recent measurements at single frequencies [36, 130].

3.2 Methods

A schematic diagram of the dual-frequency laser is shown in Fig. 3.1. The laser
consists of a double-pass reflective semiconductor optical amplifier (RSOA) chip,
which generates light at a wavelength around 1.55 µm, and silicon nitride (Si3N4
in SiO2) chip, which extends the cavity length and provides frequency-selective
feedback for dual-frequency lasing. The RSOA chip [132], fabricated by the
Fraunhofer Heinrich Hertz Institute, contains an InP-based multi-quantum well
active waveguide with a length of L = 700 µm and a group index of n = 3.6. One
facet is equipped with a high-reflection (HR) coating (reflectance 90%) and forms
one of the cavity mirrors. To minimize back reflections into the guided mode of
the RSOA, the other facet (at the Si3N4-InP interface) is equipped with an anti-
reflection (AR) coating. In addition, near the interface the amplifier waveguide
is angled with respect to the facet normal by 9 degrees.

The Si3N4 feedback circuit is, in contrast to previously reported hybrid lasers
[36, 57, 94], fabricated with an asymmetric double stripe (ADS) cross section.
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Compared to symmetric double stripe (SDS) waveguides, these require less fab-
rication steps and offer similar propagation loss [18]. The ADS Si3N4 waveguides
have a group index (n′) of 1.77. For optimum coupling efficiency, near the inter-
face, the Si3N4 waveguide is tilted by about 20 degrees with respect to the facet
normal. Two-dimensional tapering [18] was used for optimized matching to the
mode field of the RSOA.

To enable lasing at two frequencies, which we refer to as f1 and f2, the circuit
contains two Vernier loop mirrors (M1 and M2). To provide a total Vernier free
spectral range (∆λFSR,tot) in the order of the gain bandwidth [93], these loop
mirrors contain two microring resonators (MRRs) which have slightly different
radii (R1 = 125 µm, R2 = 127.5 µm; ∆λFSR,tot = 87 nm). The power coupling to
the bus waveguides was designed to be 1%, to realize significant cavity length
enhancement at resonance (enhancement factor F = 99), due to multiple passes
through the MRRs [91]. In total, the effective optical roundtrip length of the
hybrid laser cavity is about 30 cm, i.e., a factor of about 60 longer than the
roundtrip length of the solitary amplifier (2nL ≈ 0.5 cm).

To enable dual-frequency oscillation despite the presence of gain competition,
we have incorporated a Mach-Zehnder interferometer (MZI) based tunable cou-
pler (labeled TC1) to balance the feedback levels from M1 and M2. We note that
the tunability of the feedback balance during laser operation is an important
control parameter that also allows to investigate a possible influence of shared
index fluctuations in the RSOA on the linewidth of the microwave frequency. To
combine the laser output behind both Vernier mirrors into a single output port,
the signals are superimposed using another tunable coupler (TC2).

All MRRs are equipped with thermo-electric heaters to enable tuning of the
Vernier peaks, which makes it possible to set the laser to different light fre-
quencies, f1 and f2. To set f1, for example, to a desired value close to f2, we
simultaneously tune the two MRRs belonging to M1 at the correct ratio, given
by the ratio of MRR lengths. This ratio was experimentally found to be 1.03 for
both M1 and M2. We recall that continuous mode-hop free tuning of a single-
frequency version of the laser was demonstrated to span a range of 28 GHz [94].
This suggests that with a dual-frequency laser, mode-hop free tuning of the beat
frequency over a range of 56 GHz would be possible.

The RSOA chip and Si3N4 chip are hybridly integrated, and permanently fixed
to a mount that is kept at a constant temperature (25 °C) using a Peltier cooler.
The RSOA current and heater voltages are provided using inhouse built USB-
controlled printed circuit boards. To characterize the dual-frequency laser, the
output is guided through an optical isolator to a 50:50 fiber splitter. 50 per-
cent of the output power is guided to an optical spectrum analyzer (OSA; Ando
AQ6317, spectral resolution 0.01 nm). To generate and inspect beat notes di-
rectly in the microwave domain, the remaining light is guided to a fast pho-
todector (Discovery Semiconductors DSC30S, 20 GHz bandwidth) connected to
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Figure 3.2 Measured dual-frequency optical spectra with the two laser lines
(highlighted in blue and pink) tuned to a frequency difference of (a) 1.5 THz
(12 nm), and (b) 11 GHz (0.09 nm). Both (a) and (b) provide a wider overview
at lower resolution (125 GHz). The inset of (a) displays the same spectrum on
a logarithmic scale, which shows that the side mode suppression ratios of the
two laser lines with regard to the broadband background are at least 35 dB and
30 dB, respectively. The insets of (b) show a narrower frequency window with
higher resolution (1.25 GHz), where the two laser lines can be seen. The bottom
inset is plotted logarithmically and shows higher order sidebands.

an electrical spectrum analyzer (ESA; Agilent E4405B).

3.3 Results

Without adjusting TC1 to balance the feedback levels of the two Vernier mirrors,
the hybrid laser generally shows single-frequency oscillation due to spectral con-
densation. The laser output power is about 1.5 mW at a pump current of 100
mA. The highest output power we observed was 5.5 mW using a pump current
of 200.6 mA. With synchronized heating of the MRRs as described above, each
wavelength can be independently controlled with a spectral coverage of 80 nm,
which is close to the gain bandwidth of the diode.

Dual-frequency operation is achieved by balancing the feedback levels of the
Vernier mirrors using TC1. Figure 3.2(a) shows a typical example of the dual-
frequency laser spectrum (OSA resolution 125 GHz), where the two frequencies
( f1 and f2) are tuned to a frequency difference of 1.5 THz (12 nm). For microwave
generation which can be easily measured using the photodiode and ESA, the
laser lines are tuned close to each other, here to a distance of 11 GHz (0.09
nm). The optical spectrum is shown in Fig. 3.2(b). The figure displays a wider
overview of the spectrum at low resolution (125 GHz) and a narrower window
at higher resolution (1.25 GHz) in the inset, where the two laser lines can be
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Figure 3.3 (a) Beat frequency near 11 GHz, measured using a fast photode-
tector and an electrical spectrum analyzer (ESA) set to a resolution and video
bandwidth of 3 MHz each. (b) Example of the beat frequency (open circles)
measured using a narrower frequency window (50 MHz), with a resolution and
video bandwidth of 300 kHz each. The solid line represents a Voigt fit with a
Gaussian (technical noise) component wG = 0.42 MHz and a Lorentzian compo-
nent wL = 5.4 kHz (FWHM). Here, wG was a free fit parameter, while wL was
kept fixed and was determined by fitting a Lorentzian (yellow dashed line). The
fit is based only on data in the center of the wings (shaded areas), which re-
duces biasing by non-Lorentzian components from the Gaussian line center and
flat noise floor.

distinguished, as well as two higher order sidebands.

To demonstrate narrow-linewidth microwave generation, we guided the dual-
frequency output to a fast photodetector and recorded the electrical spectrum,
which is shown in Fig. 3.3(a). The spectrum displays a sharp peak near 11 GHz,
which matches the frequency difference in the optical spectrum (Fig. 3.2(b)). To
inspect the intrinsic linewidth, we recorded multiple microwave spectra using
a narrower frequency window (50 MHz). The center frequency and spectral
shape showed some variation over time due to remaining technical noise, e.g.,
from acoustic fluctuations or noise in the pump current. To avoid developing an
active stabilization for removal of slower variations, we characterized the free-
running laser with repeated recordings of sufficiently short acquisition time (4
ms).

Figure 3.3(b) shows a representative example of the generated microwave spec-
tra. The spectrum follows a Voigt profile (solid line in Fig. 3.3(b)), with a
Gaussian-shaped center indicating technical noise, and Lorentzian-shaped wings
due to the intrinsic optical linewidths of the laser. To determine the intrinsic
linewidth of the microwave spectra, we applied a Lorentzian least-square fit
(dashed yellow line) to the center of the wings, which reduces biasing by the
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Figure 3.4 (a) Intrinsic linewidths of the generated 11-GHz microwave signal
obtained with longer term recording of the free-running dual-frequency laser
output. The vertical error bars represent the 95% confidence intervals calculated
from the standard error of the fit parameter. (b) Distribution of the measured
linewidth values. The horizontal dashed lines indicate the minimum, median,
and maximum linewidth values.

Gaussian-shaped line center and the flat noise floor. The Lorentzian width of
the spectra, which sets the intrinsic linewidth, showed some variation over time.
This is likely caused by a residual drift of the light frequencies with regard to
the center frequencies of the Vernier filters. Such drift can reduce the number
of roundtrips in the MRRs, thereby shortening also the laser’s effective cavity
length. To provide information not only on the narrowest linewidth that can be
achieved, we performed longer-term linewidth recording, i.e., we performed 80
recordings of the beat note in sequence, without realignment, with an interval
of a few seconds between each acquisition.

Figure 3.4(a) shows the intrinsic linewidth values (FWHM) that we obtained for
the 80 spectra. The error bars represent the 95% confidence intervals calculated
from the standard error in the fitted linewidth. Figure 3.4(b) shows the same
data as a histogram. The horizontal dashed lines in Figs. 3.4(a) and (b) indicate
the minimum, median, and maximum linewidths. To provide an indication of
the typical linewidth value, we chose to present the median value rather than
the average, because the average (5.7 kHz) is slightly skewed by a small number
of larger linewidth values. The broadest linewidth that we observed is 23 ± 4
kHz. The median linewidth value is 4.2 kHz. The lowest observable linewidth
was 1.8 ± 0.3 kHz, which is, to our best knowledge, the narrowest intrinsic
linewidth obtained so far for microwave generation using free-running chip-
integrated dual-frequency lasers.

To pursue also the question whether generating the two frequencies from a sin-
gle gain section allows for microwave linewidths narrower than the convolution
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of the individual laser frequencies, we measured also the intrinsic linewidth of
the individual laser frequencies. As we are investigating intrinsic linewidth com-
ponents of Lorentzian shape, this convolution can be expressed by adding the
optical linewidths.

To enable measuring the individual optical linewidths, with f1 and f2 set to the
same distance of about 11 GHz, we temporarily imbalanced TC1 until the spec-
trum collapsed to a single frequency, first at f1 and then at f2, and adjusted the
phase section for narrowest linewidth. We measured the intrinsic linewidth via
delayed self-heterodyne detection [133] using the experimental setup described
in [36] with 20 km fiber delay, resulting in a spectral resolution of about 10 kHz.
Again we record multiple spectra and for each spectrum fit a Lorentzian far from
the line center and noise floor. We note that this measurement is not limited by
the spectral resolution. Using a 50 MHz window, and a 300 kHz resolution and
video bandwidth, we found the linewidth distributions shown in Figs. 3.5(a) and
(b). As indicated by the dashed lines, the measurements yielded two somewhat
different median linewidth values for the two laser frequencies, namely 1.9 kHz
(at f1) and 5.4 kHz (at f2). This may be addressed to the two Vernier feedback
circuits providing a somewhat different extension of the cavity length, which
enters the intrinsic linewidth approximately quadratically [29]. This difference
is likely caused in the f2-feedback circuit by one MRR resonance being slightly
detuned with respect to the other MRR resonance, which reduces the number of
roundtrips through the MRRs. The same trend of a narrower linewidth with the
f1-feedback circuit was found in all measurements. The minimum individual
linewidths that were observable are as low as 0.4 ± 0.1 kHz (at f1) and 1.7 ± 0.2
kHz (at f2).

To interpret the optical linewidth data in context of the measured microwave
linewidths, we recall that if correlations in the frequency fluctuations of the two
laser lines are absent, the microwave linewidth should be given by the sum of
the two individual Lorentzian linewidths. Looking at the median individual
linewidths, one would then expect a microwave linewidth of 1.9 + 5.4 = 7.3 kHz.
However, the measured median microwave linewidth (4.2 kHz) is clearly smaller
than 7.3 kHz. This observation suggests that the two laser lines show correlated
frequency fluctuations. However, when comparing the minimum linewidth val-
ues, the microwave linewidth (1.8 ± 0.3 kHz) is, within the experimental error,
the same as the added individual linewidths (2.1 ± 0.3 kHz). A possible expla-
nation is that the minimum linewidth values occurred for near-optimum align-
ment of the light frequencies with respect to the Vernier center frequencies, i.e.,
slightly detuned, which leads to compensation of inversion induced index and
frequency fluctuations, expressed via the linewidth reduction factor B [128–130].
As the linewidth data presented so far do not provide sufficient evidence of syn-
chronized noise in the two tones, further experimental exploration is certainly
required. An option would be to employ a highly dispersive fiber and mea-
sure whether the beat linewidth increases with fiber length, which would give a
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proof of synchronized frequency fluctuations. Generally, recording the spectral
density of phase noise or frequency noise would provide more information than
available so far. Although further research is certainly required, it appears that
we have found traces of a beneficial correlation in the fast frequency fluctuations
of a dual-frequency diode laser caused by the use of a single gain element.

3.4 Summary and conclusion

In summary, we have presented a hybrid integrated dual-frequency laser for
microwave and THz generation. With the example of microwave generation at
11 GHz, we observe extremely low intrinsic linewidths with a median value of
4.2 kHz in measurement series and 1.8 ± 0.3 kHz (smallest linewidth). These
values are, to our knowledge, the narrowest linewidths reported so far for mi-
crowaves generated by a free-running, fully chip-integrated, electrically driven,
and widely tunable dual-frequency laser. This is achieved by hybrid integrating
a single InP amplifier with a low-loss dielectric (Si3N4) feedback circuit, which
extends the optical roundtrip length by a large factor of about 60 with respect
to the solitary diode, i.e., from about 0.5 cm to 30 cm on a chip, and provides
feedback for dual-frequency lasing via two independently tunable, frequency-
selective Vernier mirrors.

Our approach can provide tunable microwave and THz generation at a wide
range of frequencies, from low frequencies in the RF or microwave range up
to 10 THz, because the InP-Si3N4 lasers that were used here have a large spec-
tral coverage, essentially covering the entire gain bandwidth [94]. The narrow

Figure 3.5 Distribution of the measured intrinsic linewidths for (a) the laser line
at f1, and (b) the laser line at f2, each after collapse to single-frequency oscilla-
tion. The linewidths were obtained from self-heterodyne beat spectra recorded
using an electrical spectrum analyzer (ESA). The minimum, median, and maxi-
mum linewidth values are indicated by the horizontal dashed lines.
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linewidth we have demonstrated should also be found back in the THz range
when applying the appropriate linewidth analysis [134]. In addition, mode-
hop free tunability in the microwave and THz regime could be implemented
straightforwardly via synchronous tuning of the microring resonators and phase
sections as was demonstrated recently with a similar, single-frequency InP-Si3N4
hybrid integrated laser [94]. The Si3N4 platform used in our approach enables
attractive options for microwave photonics, as it enables co-integration with ad-
vanced components such as modulators and filters [2].

Future studies should focus on further clarification and possibly exploitation
of correlations in the frequency noise of dual-frequency diode lasers with hy-
brid integrated feedback from low-loss dielectric waveguide circuits, for further
linewidth narrowing in the microwave and THz range. We note that even if
such noise correlation turns out to be limited, there lies significant potential for
further linewidth narrowing by using longer feedback circuits [36], potentially
resulting in microwave and THz linewidths below the 100 Hz level.



4 Linewidth narrowing via
low-loss dielectric
waveguide feedback
circuits in hybrid
integrated frequency comb
lasers

We present an integrated hybrid semiconductor-dielectric (InP-Si3N4) waveg-
uide laser that generates frequency combs at a wavelength around 1.5 µm with
a record-low intrinsic optical linewidth of 34 kHz. This is achieved by extend-
ing the cavity photon lifetime using a low-loss dielectric waveguide circuit. In
our experimental demonstration, the on-chip, effective optical path length of the
laser cavity is extended to 6 cm. The resulting linewidth narrowing shows the
high potential of on-chip, highly coherent frequency combs with direct electrical
pumping, based on hybrid and heterogeneous integrated circuits making use of
low-loss dielectric waveguides.1

4.1 Introduction

Providing optical frequency comb sources in a chip-sized format is of high in-
terest for a wide range of fields, for instance for dual-comb sensing [48], metrol-
ogy [3], coherent optical communications [135], and microwave photonics [136].
There are two central requirements regarding the optical coherence of the gen-
erated combs. The first is a highly equidistant spacing of the comb lines, i.e., a
high mutual coherence of the comb lines, which shows up as narrowband beat
frequencies of the comb lines. This requirement is usually fulfilled well via the
nonlinear process that imposes mode-locking, e.g., four-wave mixing in Kerr
combs [14] or saturable absorbers in passively mode-locked lasers [63], result-
ing in very narrow RF beat notes, e.g., in the sub-kHz range [63]. The second
requirement is that the spectral linewidth of the individual comb lines has to be
extremely narrow, preferably in the kHz range or below. This corresponds to
having a low frequency jitter of the optical output. However, chip-based diode
laser frequency combs, which are most attractive due to direct pumping with

1 This chapter is published as: J. Mak, A. van Rees, Y. Fan, E. J. Klein, D. Geskus, P. J. M. van der Slot,
and K.-J. Boller, “Linewidth narrowing via low-loss dielectric waveguide feedback circuits in hybrid
integrated frequency comb lasers,” Opt. Express 27, 13307–13318 (2019).
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an electric current, usually fail to meet this requirement. This failure is due to a
combination of intrinsic properties of semiconductor lasers, namely a short cav-
ity length, high optical losses, and strong gain-index coupling [72]. The resulting
linewidths are typically tens of MHz in monolithically integrated diode lasers,
e.g., indium phosphide (InP) lasers [65].

Providing a novel approach to overcome this linewidth limitation, i.e., to narrow
the linewidth of the individual comb lines in chip-based diode lasers, is the
main achievement of this paper. Microring resonators pumped by diode lasers
[14] form an important alternative to generate frequency combs, based on Kerr
comb generation. Although Kerr combs can ultimately provide a larger spectral
coverage than diode laser combs, that approach will not be considered here due
to its larger complexity, involving an additional optical pump threshold. Instead,
we focus on the generation of a low-jitter comb with a diode laser that is directly
pumped by an electric current.

A method which drastically improves the intrinsic linewidth of diode lasers
(also named Schawlow-Townes limit [24], fundamental linewidth or quantum
linewidth), while maintaining a chip-sized format, is to extend the cavity pho-
ton lifetime [29] via hybrid or heterogeneous integration. In hybrid integrated
lasers, a semiconductor amplifier is butt-coupled to a low-loss dielectric waveg-
uide circuit, e.g., based on a silicon nitride (Si3N4) core with a silicon oxide (SiO2)
cladding [93], while in heterogeneous integrated lasers usually a III/V semicon-
ductor is evanescently coupled to a low-loss waveguide circuit, e.g., based on
silicon (Si) [74]. Using these approaches, the linewidth of single-frequency semi-
conductor lasers was gradually reduced into the kHz range [74,93,137,138], and
via hybrid integration with a Si3N4 circuit even into the sub-kHz range (290
Hz) [139]. These findings suggest that extending this approach to multiple fre-
quencies is a highly promising route to realize chip-based, narrow-linewidth
frequency comb lasers.

Chip-based frequency comb lasers with an extended cavity have already been
demonstrated in the form of heterogeneous integrated mode-locked lasers [63,
140–144]. The narrowest intrinsic linewidth, i.e., the lowest intrinsic comb jitter
in a passively mode-locked integrated semiconductor laser reported so far, is
250 kHz with an InP-Si laser [63]. However, that approach has a fundamental
problem which can limit the achievable intrinsic linewidth. Namely, the cavity
photon lifetime is extended using a waveguide circuit made of a low-bandgap
material (silicon), having only a slightly larger bandgap (1.1 eV) than the gener-
ated light (0.8 eV). The low bandgap leads not only to a higher linear loss than
in high-bandgap dielectrics [123], but also to nonlinear losses due to two-photon
absorption (TPA), which can deteriorate the achievable intrinsic linewidth [38].
Compared to continuous-wave (CW) lasers, these nonlinear losses are expected
to be large in mode-locked lasers, due to the relatively high intensity of the
pulses that travel through the resonator, if it consists entirely of semiconductor
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material. For instance, with 10 mW of average power, a 7 cm long silicon waveg-
uide feedback circuit would have a rather small TPA in the order of a percent
for a CW laser [37]. However, already with a few modes, for instance 10 equally
strong modes, the two-photon loss becomes clearly noticeable (estimated 60%).

Here, we defeat such problems by extending the photon lifetime via low-loss,
high-contrast dielectric waveguides. A most advanced platform with such prop-
erties is the Si3N4/SiO2 waveguide platform, which provides bandgaps larger
than 5 and 8 eV, respectively, low propagation losses down to 0.001 dB/cm,
a high index contrast of 0.5, and exceptional maturity in terms of design and
functionality [18].

In the following, we report a fully integrated, narrow intrinsic linewidth fre-
quency comb laser based on dielectric waveguides. Using a hybrid integrated
InP-Si3N4 laser to generate frequency combs, we measure the linewidth of a
single comb line by beating the output with a narrowband reference laser. We
observe a low intrinsic linewidth of 34 kHz. This is, to our knowledge, much
lower than reported for any fully integrated frequency comb laser so far. Al-
though the comb currently comprises only a small number of lines (17) at a
spacing of 5.3 GHz, this result confirms the strong potential for realizing on-chip,
narrow-linewidth frequency combs via hybrid and heterogeneously integrated
semiconductor lasers making use of low-loss dielectric waveguides.

4.2 Methods

4.2.1 Laser description

The hybrid laser investigated in this work is shown schematically in Fig. 4.1. The
laser cavity is formed using an InP quantum well based, double-pass reflective
semiconductor optical amplifier (RSOA, fabricated by the Fraunhofer Heinrich
Hertz Institute) and a Si3N4 chip. The latter contains a circuit with two microring
resonators (MRRs) that form a feedback mirror with adjustable spectral filtering.
The Si3N4 waveguides, having a symmetric double-stripe cross section [145],
offer a low propagation loss of about 0.1 dB/cm and a wide transparency range
(400 nm to 2.35 µm).

Light is generated at a wavelength around 1.54 µm in the RSOA, which is
equipped on its back facet with a highly-reflective (HR) coating and on its front
facet with an anti-reflection (AR) coating. At the InP-Si3N4 interface, the waveg-
uides are angled with respect to the facet normal, to minimize back reflections
into the guided mode of the RSOA. In the Si3N4 chip, the light first passes
through a section where an extra optical phase can be imposed via the thermo-
optic effect using a resistive electric heater, to fine-tune the spectral positions
of the longitudinal laser cavity modes. Next, the light is guided through two
sequential microring resonators (MRR 1 and MRR 2) with slightly different ring
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Figure 4.1 Schematic diagram of the hybrid waveguide laser (not to scale).
The RSOA is equipped on its left-hand facet with an HR coating that has a
power reflectivity R1. The Si3N4 circuit contains a phase section and a feedback
mirror (blue tinted area) which has an effective power reflectivity R2. This mirror
comprises two sequential (Vernier) microring resonators (MRRs), denoted by
MRR 1 and MRR 2, with radii ρ1 and ρ2. The power coupling between each
of the rings and the corresponding straight waveguides is denoted by κ2. The
phase section and the MRRs can be tuned using resistive electric heaters, which
are indicated in yellow.

radii (ρ1 = 136.5 µm and ρ2 = 140.9 µm, respectively), which are thermo-optically
tunable as well. The power coupling between each of the rings and the corre-
sponding straight waveguides, κ2, was designed to have a value of 10%. The
thermo-optic heaters require a power between 300 and 400 mW to achieve a π
phase shift.

The purpose of the MRRs is twofold. First, the resonators increase the cav-
ity photon lifetime, because they pass light in multiple roundtrips [91], which
lowers the intrinsic linewidth. Second, the MRRs form a spectral Vernier filter,
which we use to induce the generation of a comb spectrum, as will be discussed
in Section 4.2.2.

After passing through the MRRs, part of the light (20% of the power) is returned
to the InP amplifier using a directional coupler. The other part (80% of the
power) is guided to the edge of the Si3N4 chip and forms the laser output.



Methods 45

Changing the feedback level would change the output power. Back reflections
from the InP-Si3N4 interface and from the fiber facet are sufficiently low, since
our measured optical spectra do not show a 60 GHz or 8.7 GHz modulation that
would correspond to these reflections.

The RSOA has a single-pass geometrical length L1 of 700 µm, and a group index
n1 of about 3.6 at a wavelength of 1.5 µm. The effective [91] half-roundtrip length
of the Si3N4 feedback circuit (including multiple roundtrips in the MRRs), L2,
is 1.6 cm at the Vernier filter resonance. This value was obtained by taking half
of the effective length of the ring resonators, calculated as in [91], and adding
the remaining length of the Si3N4 waveguide circuit (about 6.5 mm), which was
estimated from the chip’s mask layout. The group index of the feedback circuit,
n2, is 1.715. The corresponding effective roundtrip optical path length of the
laser cavity, Lcav, given by 2(n1L1 + n2L2), is about 6 cm.

To improve stability and reproducibility, the laser is hybrid integrated, i.e., the
RSOA and Si3N4 chips are aligned for optimum mode matching and then fixed
permanently [85]. A single-mode polarization-maintaining fiber is bonded to the
output waveguide of the Si3N4 chip. The RSOA and the resistive heaters on the
Si3N4 chip are wire bonded and mounted inside a standard butterfly housing on
a Peltier temperature controller. The laser is mounted on a printed circuit board
with computer controlled voltage and current drivers.

4.2.2 Inducing comb generation

Usually, Vernier filters and phase sections are tuned for the purpose of restricting
laser oscillation to a single frequency by providing narrowband, strong feedback
for only a single laser mode [146–148]. However, multi-frequency comb genera-
tion, which is of interest here, can be imposed as well, by adjusting the spectral
position of the two central, adjacent longitudinal modes of the laser cavity sym-
metrically around the filter’s transmission peak, via tuning the phase section.
This spectral configuration is illustrated in Fig. 4.2, which shows the calculated
spectral shape of the filter’s transmission peak as a solid blue line and the lon-
gitudinal modes of the laser cavity as gray lines. The non-equidistant mode
spacing is in full agreement with the A, B, and F feedback factor theory [95].
We found experimentally that equidistant frequency comb spectra are generated
if the laser modes are tuned using the phase section, such that the two center
modes receive an equal amount of feedback.

4.2.3 Laser characterization

The laser output was characterized using an optical spectrum analyzer (OSA;
Finisar WaveAnalyzer 1500S, 180 MHz resolution bandwidth). To characterize
the output spectra with higher resolution, we recorded the mutual beating of
the spectral lines, and the beating of single comb lines with an external single-
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Figure 4.2 Calculated spectral shape of the Vernier filter’s transmission peak
(solid blue line) and the spectral positions of the longitudinal laser cavity modes
(gray lines). Positioning the laser modes as shown, with two central modes
(labeled 1 and 2) receiving an equal amount of feedback (horizontal dashed
line), is found to result in the generation of a frequency comb spectrum.

frequency reference laser, using a fast photodetector (Discovery Semiconductors
DSC30S, 20 GHz bandwidth) and an electrical spectrum analyzer (ESA; Agilent
E4405B Spectrum Analyzer).

Of main interest is to measure the linewidth of a single spectral line, by record-
ing beat notes between the hybrid laser and reference laser, because this forms
a measure for the jitter of the diode laser comb. As the reference laser we used
an extended cavity laser (SANTEC TSL-210), set to an output power of 3.2 mW.
At this power, the reference laser has an intrinsic linewidth of 6 kHz, mea-
sured using the self-heterodyne technique [133]. To protect the hybrid laser and
reference laser from undesired back reflections, the output of each laser was
first sent through an optical isolator (isolation level at least 28 dB). Using a 2x2
fiber coupler, the light was superimposed and guided to the fast photodetec-
tor. The wings of the RF spectrum follow a Lorentzian lineshape. To determine
the intrinsic linewidth, we extract the width of this Lorentzian lineshape com-
ponent. Near its center, the RF spectrum was found to be broadened with a
near-Gaussian shape which is attributed to technical noise, such as from ther-
mal or acoustic fluctuations and noise in the pump current, which are present
in both the hybrid laser and the reference laser. This technical noise component
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can be removed with electronic frequency stabilization to reference cavities [71]
or absolute frequency references [70].

4.3 Results and discussion

4.3.1 General laser behavior

If the phase section is tuned such that one longitudinal laser mode coincides
with the Vernier filter transmission peak, the laser shows single-frequency oscil-
lation, with a high side-mode-suppression ratio of more than 50 dB. The output
power is more than 10 mW at a pump current of 220 mA, and the laser threshold
current is 12 mA. By temperature-tuning of the MRRs, the laser frequency can be
tuned via mode hops over a wide spectral range of about 52 nm. However, when
detuning the phase section such that two modes receive equal optical feedback,
as depicted in Fig. 4.2, the laser generates an optical comb spectrum. Figure
4.3 displays a representative example where 17 discrete, equidistant lines can be
identified. The total output power is 2 mW. The power of the strongest line lies
more than 50 dB above the noise level. The power of the spectral lines decreases
strongly towards the edges of the spectrum, a feature that can likely be improved

Figure 4.3 Measured frequency comb spectrum, using a pump current of 198
mA. The corresponding total output power is 2 mW.
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Figure 4.4 Measured RF beat spectrum using a pump current of 190 mA. The
inset shows a close-up of the fundamental RF beat tone. A Voigt fit analysis of
the spectrum shown at the inset yielded a Gaussian component with a 1.8 MHz
linewidth and a Lorentzian component with an 18 kHz linewidth.

by using a filter with reduced steepness in the wings of its transmission spec-
trum. The frequency spacing of the lines is 5.3 GHz, which matches well with
the expected free spectral range (FSR) of the laser cavity. The comb spectrum
remains stable for more than several minutes without any thermal control of the
heaters.

To inspect the mutual coherence of the comb lines, Fig. 4.4 shows the RF beat
spectrum of the laser output for a pump current of 190 mA, recorded using a
video bandwidth and resolution bandwidth of 3 MHz each, with a recording
range of 13.2 GHz. Within the 13.2-GHz range of the RF spectrum analyzer, one
can see two narrow peaks at about 5.5 GHz and 11 GHz. The two peaks lie
more than 40 and 30 dB, respectively, above the noise level. A close-up of the
fundamental peak, measured with a resolution bandwidth and video bandwidth
of 1 MHz each, is shown in the inset. Analyzing this spectrum with a Voigt fit
yields a very narrow Lorentzian component of 18 kHz, FWHM (technical noise
Gaussian component is 1.8 MHz). The observation of a single RF peak at the FSR
of the laser cavity and the low Lorentzian bandwidth of the RF peak indicate the
presence of mode-locking. Such mode-locking without a saturable absorber has
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often been observed in quantum well lasers [149–152] due to spatial hole burning
and four-wave-mixing via carrier density pulsations, which are driven by the
beating of adjacent longitudinal modes [153]. The effect has been observed [154]
and modeled [155] for quantum dot lasers as well.

We note that due to the presence of resonators (the MRRs) in the laser cavity, the
FSR is a function of frequency. We calculate that the FSR varies from 5 GHz at the
resonance peak of the Vernier filter to 11 GHz (off-resonance). Nevertheless, both
the optical and RF spectrum (Figs. 4.3 and 4.4) show that the measured spectral
lines are equidistant. This provides direct confirmation that the laser is mode-
locked, and is not simply a multi-mode laser oscillating at the center frequencies
of the cavity resonances. Locking of modes to equidistant frequencies that can
be relatively far off the cavity mode center frequencies is enabled by relatively
high roundtrip loss (see Table 4.1). We have confirmed the described behavior
via our numerical model [73] based on [102], which predicts exactly equidistant
output frequencies as well.

4.3.2 Spectral linewidth measurements

To obtain quantitative information on the frequency jitter of the comb, we mea-
sured the intrinsic optical linewidth of the strongest comb line, by recording
its RF beat note with a narrowband reference laser using the method described
in Section 4.2.3, with various settings of the hybrid laser’s pump current (up
to 240 mA). In order to minimize RF line center broadening by technical noise,
without having to implement an electronic frequency stabilization, we kept the
time duration of the RF recordings short (4 ms). The narrowest beat notes were
obtained using a pump current of 190 mA. A set of 40 beat note spectra was
recorded sequentially, using a video bandwidth and resolution bandwidth of
1 MHz each, which is sufficient to accurately record the Lorentzian wings of
the spectra. Each spectrum in this set was analyzed using a Voigt fit to extract
the Lorentzian width. Each spectrum showed a slightly different center position
and spectral shape, due to drift of the hybrid laser and reference laser [156]. Two
representative examples are shown in Fig. 4.5, which displays one broader beat
note (Lorentzian width 58 kHz, FWHM) and one narrower beat note (22 kHz).
The Lorentzian linewidth, obtained by averaging the Lorentzian components of
the 40 spectra, is 40 kHz with a standard deviation of 20 kHz. To obtain the
intrinsic linewidth of the hybrid laser we subtract the Lorentzian width of the
reference laser (6 kHz), which yields a low intrinsic linewidth of approximately
34 kHz. To our knowledge, this linewidth is much lower than reported for any
fully on-chip integrated frequency comb laser.

To investigate whether the measured linewidth is consistent with theory, we
estimated the expected linewidth of the hybrid laser. For mode-locked lasers
without saturable absorber, as is the case here, the intrinsic linewidth of the
individual modes is given by the Schawlow-Townes limit using the total average
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Figure 4.5 Measured beat note spectra (data points) obtained by beating the
hybrid laser with a narrowband reference laser. Shown are two representative
examples of the spectra, one with a broader (circles) and one with a narrower
(squares) Lorentzian width. The Lorentzian components, obtained via a Voigt
fit, amount to a 58 kHz and 22 kHz linewidth, respectively.

laser output power, as with single-frequency CW lasers [157, 158]. Based on this
argument, we use Henry’s formula [72] for the Schawlow-Townes linewidth of
a semiconductor laser:

∆ν =
v2

ghνnspgαm(1 + α2)

8πP0
. (4.1)

Here, vg is the group velocity, h is Planck’s constant, ν the frequency of the
light, nsp the spontaneous emission coefficient, g the gain, αm the mirror loss, α
the linewidth enhancement factor, and P0 the laser output power. As the laser
consists of two sections (the RSOA and the dielectric feedback circuit), for the
evaluation of Eq. (4.1) we use an approach similar to [159], where g is set equal
to αi + αm, with αi the internal loss, and using the following expressions for vg,
αi, and αm:

vg =
c(

L1n1 + L2n2

L1 + L2

), (4.2)
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Table 4.1 Parameters Used for Calculations
Symbol Value Description
n1 3.6 Group index of the RSOA
n2 1.715 Group index of the external feedback circuit
α1 1607 m−1 Internal loss coefficient of the RSOA
α2 2.3 m−1 Internal loss coefficient of the external feedback circuit
β 0.9 Power coupling between the RSOA and the external

feedback circuit
nsp 2 Spontaneous emission coefficient
α 5 Linewidth enhancement factor
L1 700 µm Single-pass geometrical length of the RSOA
L2 1.2 cm Effective half-roundtrip length of the external feed-

back circuit
R1 0.9 Power reflection coefficient of the HR coating of the

RSOA
R2 0.2 Power reflection coefficient of the external feedback

circuit
ν 195.4 THz Center frequency

αi =
L1α1 + L2α2 + αc

L1 + L2
, (4.3)

αm =
1

L1 + L2
· ln
(

1
√

R1R2

)
. (4.4)

Here, αc is the coefficient accounting for the coupling loss at the InP-Si3N4 inter-
face, which is given by

αc = ln

(
1
β

)
, (4.5)

with β < 1 the power coupling efficiency between the InP and Si3N4 waveguide.
R1 is the power reflection coefficient of the HR coating of the RSOA, and R2
is the effective power reflection coefficient of the feedback mirror on the Si3N4
chip.

A known limitation to the precision in evaluating Eq. (4.1) is that several param-
eters, such as nsp and α, need to be estimated. For example, typically nsp has a
value between 1 and 2, and α may vary between 4 and 6 [75]. The parameters
that were used here are listed in Table 4.1. These are the specified fabrication
parameters, combined with parameters from our numerical study of a compa-
rable hybrid laser [73]. For α, we use a value from literature that is typical for
semiconductor lasers (α = 5) [75]. In choosing the value of L2, we took into
account that the central comb lines are slightly off-resonance with the Vernier
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filter, which decreases the effective half-roundtrip length of the external feed-
back circuit (L2 ≈ 1.2 cm). Inserting into Eq. (4.1) an output power of 2 mW,
as was measured during the experiments, and using the parameters of Table
4.1, we obtain a linewidth of about 41 kHz, which is of the same order as the
measured value (34 kHz).

To briefly extrapolate whether the linewidth can be narrowed even further, we
repeat the calculation with larger values of the extended resonator branch, L2.
When increasing this value to 15 cm, corresponding to an effective roundtrip
optical path length Lcav of about 50 cm as in [139], Eq. (4.1) yields a linewidth
of about 370 Hz. We thus expect that by extending the length of the external
dielectric waveguide circuit, very low values for the intrinsic comb jitter, in the
sub-kHz range, can be achieved.

4.4 Conclusion

We have presented a hybrid integrated InP-Si3N4 laser that generates frequency
combs with a record-low intrinsic linewidth of the comb lines of 34 kHz. This is
achieved by extending the cavity photon lifetime using a low-loss Si3N4 waveg-
uide circuit, such that the effective, on-chip roundtrip optical path length is 6
cm. So far the comb spectrum contains lines at a spacing of around 5.5 GHz
across a smaller bandwidth (17 lines). However, the spectral coverage may be
improved and the line spacing may be reduced by modifying the dielectric feed-
back circuit. Examples are filters with reduced steepness in the wings of their
transmission spectrum, and further extending the length of the laser cavity [87].
Our measured linewidth is more than a factor of 7 narrower than in previ-
ous work [63], and already approaches similar values as Kerr combs pumped
by narrow-linewidth diode lasers [14]. The measured linewidth matches well
with the expected theoretical value. Considering recent progress in reducing the
linewidth of single-frequency semiconductor lasers [139], it should be possible
to reduce the linewidth of chip-based frequency combs much further, potentially
into the sub-100-Hz range.

We note that the described approach is highly universal due to the wide trans-
parency range of the dielectric waveguides. Therefore, comb generation should
work equally well for other amplifier materials, including quantum dot ampli-
fiers [160], and may thus be used to construct lasers emitting at other wave-
lengths, including the visible range. An additional advantage is that, as the
dielectric waveguide platform enables complex functionalities, the type of laser
shown here is suitable for co-integration with other photonic integrated circuits,
e.g., beam forming networks for microwave photonic applications [161]. These
options show the important potential of electrically pumped frequency combs
based on hybrid and heterogeneous integration using low-loss dielectric waveg-
uide circuits.



5 Exploring mode-locking of
hybrid integrated diode
lasers toward low repetition
rates: a numerical study

In the previous chapters we have shown the realization of a dual-frequency hy-
brid integrated diode laser for narrow linewidth microwave and THz generation
(Chapter 3), and a record-narrow linewidth frequency comb diode laser with
about 17 lines and a line spacing around 5 GHz (Chapter 4). However, for many
applications it is desirable that the line spacing of chip-based frequency comb
sources is much denser, well below 1 GHz. Mode-locked diode lasers appear
to be an attractive choice for realizing such sources, because they are compact,
provide large gain, and are efficiently pumped and modulated via an electric
current, i.e., without the need for an additional optical pump source. Further-
more, hybrid or heterogeneous integration allows for seamless integration with
other waveguide circuits offering advanced functionality such as filters and mod-
ulators.

However, the problem is that, as far as literature tells, generating trains of ul-
trashort pulses with diode laser mode-locking seems limited to line spacings,
i.e., repetition rates, in the higher GHz range. One finds almost no examples
of repetition rates below 1 GHz, a value which is set by the short lifetime of
the excited charge carriers, which is in the order of one nanosecond for inter-
band transitions in semiconductor amplifiers. If attempting to generate a train
of ultrashort pulses with a repetition rate well below 1 GHz, i.e., using standard
(amplitude modulation, AM) mode-locking with an inter-pulse spacing longer
than this nanosecond, instabilities build up between pulses due to amplified
spontaneous emission. To nevertheless address the named applications, it is
of central importance to look into ways to lower this repetition rate limit, and,
if necessary, move beyond the standard mode-locking based on AM to realize
repetition rates well below 1 GHz.

In this chapter, based on numerical modeling, we explore a promising method
for bringing the repetition rate of chip-based mode-locked lasers deep into the
sub-GHz range, based on a strong component of frequency modulation (FM)
mode-locking, rather than mode-locking via the formation of ultrashort pulses
(AM mode-locking). Lowering the repetition rate is achieved by extending the
cavity length of a diode laser with an integrated feedback circuit. The narrowing
of the intrinsic spectral width of the individual comb lines that is induced by
extending the cavity length has been addressed experimentally in Chapter 3.
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Here, we focus on the most obvious task, which is lowering the repetition rate
in order to prepare according experiments.

This chapter is chosen to be longer than the two previous ones because it com-
bines a review as its first part and modeling a particular laser as the second part.
Specifically, in the first part we review the current field of low repetition rate
diode lasers. In the second part, we present a study on FM mode-locking in a
prototype hybrid diode laser with a feedback circuit based on two microring res-
onators to provide spectrally narrow feedback. We show that, by a careful choice
of the functional design parameters, equidistant frequency combs with repeti-
tion rates in the order of 200 MHz can be generated, which is typically only
provided by bulk (non-integrated) mode-locked solid state lasers or rare-earth
doped fiber lasers. Thereby, the chapter may provide a direction regarding how
in future also diode lasers can progress experimentally toward low (RF-range)
repetition rates, instead of remaining limited to the GHz range.1

5.1 Review of low repetition rate diode lasers

In this section, we review the progress to date regarding low repetition rate
diode lasers. First, we address the direct routes toward frequency comb gen-
eration based on passive and active mode-locking, or a combination of them,
called hybrid mode-locking. The lowest repetition rates reported so far for in-
tegrated, absorber-based diode lasers are presented. It is explained how with
standard (AM) mode-locking, the repetition rate hits a fundamental limit set by
the carrier lifetime. We then discuss an option to lower this limit based on FM
mode-locking. In particular, we discuss recent studies on passive FM combs in
hybrid lasers with narrowband feedback. At the end of the section, we point
out the main questions that are investigated with our numerical model, namely
whether mode-locking with narrowband feedback also works at lower repetition
rates, and whether the repetition rate can be stabilized via hybrid mode-locking.

5.1.1 Applications of low repetition rate diode lasers

Mode-locked diode lasers with low repetition rates are essential in applications
that encode and retrieve information in both the spectral and temporal domains.
One important example is dual-comb spectroscopy [48], where the line spacing
of the mode-locked laser determines the spectral resolution of the method and
thereby its chemical selectivity. As mentioned already in Chapter 1, rather nar-
row line spacings are required, not more than a few hundred MHz, to be able to
resolve the spectral lines of gaseous species.

A second application is frequency conversion via nonlinear optical interaction.
Low repetition rates, if the output consists of ultrashort pulses, increase the

1 This chapter is in preparation for publication.
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optical peak power and thus increase the efficiency of nonlinear conversion.
Thereby, a much wider range of wavelengths can be accessed spanning from the
UV into the mid-infrared.

A third example are quantum optical experiments. There, low repetition rate in-
tegrated sources are required, for instance, to properly excite quantum dots for
single-photon emission [162]. Low repetition rates are also required to enable
optimum single-photon detection, because the fastest and most efficient single-
photon detectors, superconducting quantum wire detectors, are limited to lower
count rates of several hundreds of MHz [50]. Also for the proper timing of
single-photon light sources by time multiplexing [51] low repetition rates are
needed. Of course, low repetition rate lasers have been available for long, but
these are exclusively bulk lasers requiring optical pumping, specifically, rare-
earth doped solid state lasers, fiber lasers, and optically pumped semiconduc-
tor lasers [163]. These are less suitable for high functionality, complex optical
systems. Examples are photonic schemes for quantum processing that develop
toward increased numbers of qubits [9, 10], where the required sub-wavelength
stability across a huge interferometric network can only be achieved with on-
chip integration. Analogous arguments apply to fully integrated microwave
photonic processors [2].

A simple technological advantage of low repetition rates can be that data record-
ing, e.g., in LIDAR type distance measurements [164], is easier in the MHz range.
If the overall speed of data recording is not a main concern and if a low repeti-
tion rate laser is made available, high-speed GHz electronics becomes obsolete,
which reduces noise and avoids dedicated microwave designs.

5.1.2 Passive, active, and hybrid mode-locking

In view of the described need for chip-based, sub-GHz repetition rate mode-
locked lasers, let us recall briefly the techniques that are conventionally used
to establish mode-locking in diode lasers. Mode-locking techniques are com-
monly divided in two categories: (1) passive mode-locking, in which mode-
locking is caused by a nonlinear optical effect such as saturation of a saturable
absorber, and (2) active mode-locking, in which the mode-locking element, typ-
ically an intracavity amplitude modulator, is driven by an external source [96].
A straightforward technique for achieving active mode-locking in diode lasers
is to modulate the gain periodically at the laser’s roundtrip rate via the pump
current, which may also be called synchronous pumping.

An advantage of passive mode-locking using saturable absorbers over active
gain or loss modulation is that it offers shorter pulse durations. The reason is
that with a saturable absorber, loss modulation is caused by the pulse itself, and
can become stronger and faster as the pulse becomes shorter [165]. However,
a disadvantage of passive mode-locking is that, without external control, the
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pulses suffer from timing jitter, i.e., the pulse repetition rate remains intrinsically
unstable for several reasons [166] as follows.

First, phase fluctuations due to spontaneous emission directly cause random
shifts of a pulse’s position within its cavity roundtrip. An additional, more indi-
rect effect is that spontaneous emission affects the center frequency of the pulse,
which via dispersion leads to a change in pulse velocity, causing additional jitter
of the pulse position (Gordon-Haus jitter [167]). In diode lasers, there is a third
effect introduced by the gain-index coupling in the semiconductor amplifier:
gain fluctuations caused by spontaneous emission lead to refractive index fluc-
tuations, which affect the pulse timing. The basis of a fourth effect is that, due
to gain saturation, all pulses experience a timing shift as the leading edge is am-
plified more than the trailing edge [168]. This timing shift fluctuates as well due
to gain fluctuations and pulse energy fluctuations. The consequence of these
effects is that the pulses of a mode-locked diode laser, after many roundtrips,
can be found at a random position within their cavity roundtrip as compared to
having a fixed and predictable position along the time or space coordinate.

Active mode-locking does not suffer from this drawback. The reason is that an
external RF oscillator is used to which the pulse repetition rate becomes phase-
locked. As a result, the individual pulses are found repeatedly in the same
position with much reduced timing noise instead of being randomly distributed
across the roundtrip. The stabilized (locked) repetition rate can be seen directly
in the RF spectrum as line narrowing of the pronounced, fundamental RF peak
that shows the laser’s repetition rate.

Most promising is a combined approach, where a passively mode-locked system
is extended with active mode-locking. This technique is called hybrid mode-
locking2. As hybrid mode-locking combines passive and active mode-locking, it
provides shortened pulses as well as reduced timing jitter.

In a laser with a saturable absorber and a gain section, a method to achieve
hybrid mode-locking is via synchronous pumping, i.e., by modulating the gain
section current. However, for lasers based on a strong component of FM mode-
locking as studied in this chapter, it is still an open question whether mode-
locking can be improved via modulation of the gain or loss, i.e., an AM technique
that might promote AM mode-locking rather than frequency modulation. On
the other hand, a reason that FM mode-locking may still be promoted is that
diode lasers show an intrinsic coupling of amplitude and frequency modulation:
a change in gain is always accompanied by a change in index, quantified by
Henry’s linewidth enhancement factor.

2 Not to be confused with hybrid integration.
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5.1.3 The problem of high loss in diode lasers

Reducing the repetition rate of a mode-locked diode laser may seem straight-
forward to achieve, simply by choosing a longer cavity length, because this in-
creases the roundtrip time. However, for monolithic devices, the laser cavity
length is typically limited to at most a few centimeters [65, 169–171], due to in-
trinsically high linear and nonlinear loss of the semiconductor material. This
can mean that for longer cavities, in the first place the laser threshold may not
be reached. In the second place, even if threshold is reached, the laser will show
a reduced quality of the output, in the sense that the intrinsic linewidth is broad
due to spontaneous emission. Also, when losses have increased the thresh-
old, the output is weak and superimposed with broadband amplified sponta-
neous emission due to a larger gain per roundtrip. For pulsed lasers based on
semiconductors, e.g., with feedback circuits based on silicon waveguides, the
nonlinear losses will be particularly high [37], further limiting the repetition rate
and linewidth [38].

Table 1 provides an overview of the lowest repetition rates to date for integrated
mode-locked diode lasers based on standard (AM) mode-locking techniques [56,
63,65,140,169–176], adapted from the overviews provided in Ref. [63] and [177].
For monolithic mode-locked lasers, the longest cavity lengths were realized by
employing reduced-loss passive waveguides for part of the cavity, resulting in
cavity lengths of about 41 mm [65, 170, 171]. There, the loss was reduced by
having part of the resonator made with a different epitaxial structure, where
the multi-quantum well active layer is etched away before the other layers are
grown [178].

A much better avoidance of roundtrip losses, to reach to longer cavity lengths,
is to extend the cavity using passive, low-loss waveguides made from a different
material or composition selected to have a much higher bandgap for strongly
reduced loss (e.g., a dielectric material), via hybrid [173, 176] or heterogeneous
integration [56, 63, 140, 172, 175]. Using heterogeneous integration of Si waveg-
uides, passive mode-locking with a lowest repetition rate of 1.99 GHz and active
mode-locking with a lowest repetition rate of 0.927 GHz were reported in [140].
In [63] and [175], low repetition rates of 1 GHz were achieved also based on
heterogeneously integrated III-V/Si lasers. The lowest repetition rate to date
for integrated mode-locked lasers via standard (AM) mode-locking was real-
ized using heterogeneous integration of low-loss dielectric (silicon nitride, Si3N4)
waveguides, which resulted in a repetition rate of 755 MHz [56].

It is important to note that for comb generation, also alternatives to standard
diode laser mode-locking have been reported that enable lower repetition rates
(an extensive review is provided by Ref. [177]). For instance, using a 3.55 GHz
mode-locked laser, a very low repetition rate of 55 MHz was realized via pulse-
picking based on an on-chip Mach-Zehnder modulator [52]. However, the en-
ergy efficiency of this method is low as pulses are discarded. It is also possible to
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generate combs using single-frequency lasers by generating sidebands through
electro-optic modulation [53]. For example, a repetition rate of 1 GHz [53] was
achieved based on cascaded modulators. A disadvantage of this method is that
the linewidth of the m-th order sideband is m times higher than the linewidth
of the modulation frequency [179]. There are also reports of comb generation
via gain-switching at 6 GHz [54] and 5 GHz [55], however, this approach suffers
from timing jitter [177].

5.1.4 The problem of carrier lifetime in diode lasers

Although with standard (AM) mode-locking techniques so far repetition rates
down to 755 MHz have been achieved [56], we mentioned already a fundamental
problem in diode lasers which hinders further reduction of the repetition rate

Table 5.1 Low repetition rate, fully integrated mode-locked lasers with sat-
urable absorber, adapted from the overviews of state-of-the-art mode-locked
diode lasers provided in Refs. [63] and [177]. The repetition rate is labeled fr.
The optical linewidth was only reported in part of these references (Ref. [65]: 70
MHz, [172]: < 1 MHz, [63]: 250 kHz, [56]: 146 kHz).

Mode-locking type Cavity type Extended cav-
ity

fr (GHz)

[172] Passive Heterogeneous Si3N4 3
[169] Passive, hybrid Monolithic - 2.5
[173] Passive Hybrid Si3N4 2.18
[174] Passive Monolithic - 2.1
[176] Passive Hybrid Si3N4 2
[65] Hybrid Monolithic - 1.0385
[170] Passive, hybrid Monolithic - 1
[63] Passive, hybrid Heterogeneous Si 1
[175] Passive, hybrid Heterogeneous Si 1
[171] Passive, hybrid Monolithic - 0.946
[140] Active, passivea Heterogeneous Si 0.927, 1.99
[56] Passive, hybrid Heterogeneous Si3N4 0.755

a Hybrid mode-locking at higher harmonics.

Table 5.2 Fully integrated extended cavity mode-locked lasers with narrow-
band feedback and without saturable absorber. The repetition rate is labeled fr.
The optical linewidth was only reported in Ref. [57] (34 kHz).

Mode-locking type Cavity type Extended cavity fr (GHz)
[57] Self-starting Hybrid Si3N4 5.3
[58] Self-starting Hybrid Si3N4 2.2
[59] Self-starting, hybrid Hybrid Si3N4 0.360
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well below 1 GHz. The upper state lifetime, i.e., the lifetime of the excited charge
carriers, is up to six orders of magnitude shorter (in the order of 1 ns) compared
to standard solid state lasers. The reason is that the latter work on forbidden
transitions, providing upper state lifetimes of hundreds of microseconds or even
milliseconds, e.g., 230 µs for Nd:YAG lasers [180] and 8.5 ms for Ho:YAG lasers
[181]. As a consequence of the short radiative carrier lifetime in diode lasers, in
a long-roundtrip time diode laser the charge carriers recombine spontaneously,
i.e., in an uncontrolled manner, in between the pulses. The high gain then leads
to amplification of spontaneous emission. The amplified spontaneous emission
ultimately depletes the gain as well, such that a subsequent mode-locked pulse
receives reduced gain (gain competition with random light). The intended pulse
train to be generated is therefore destabilized, or in the best case multiple pulses
are emitted (harmonic mode-locking). Destabilization can be seen as a chaotic
output, while in the RF domain there is no well-defined repetition rate.

We note that for diode lasers an exception has been reported in 2014 where
the inter-pulse temporal separation can be much larger than the gain recovery
time, if the laser is pumped somewhat below threshold [182, 183]. That type of
pulse train is different in the sense that the train consists of individual pulses
known as one-dimensional localized structure, where several pulses are allowed
to coexist per roundtrip, and pulses can be equally or non-equally spaced. The
term individual refers to the circumstance that the carrier phase of subsequent
pulses is not related to each other. Of interest with that method is that it can
also be extended into the transverse directions for generating three-dimensional
localized structures, called light bullets [184].

There are also some studies that report low repetition rates with saturable ab-
sorber based quantum dot lasers [185–187], although all of these are based on
bulk external cavities. For instance, a repetition rate of 310 MHz was realized
in [185], by increasing the roundtrip time until it only just matched the lifetime of
the InGaAs quantum dots (3.2 ns). Around the same time, a 191 MHz repetition
rate was demonstrated [186]. There, the net gain in between pulses is kept low
enough to suppress chaos or high-order harmonic mode-locking. Later, a repeti-
tion rate of 80 MHz was realized [187], which according to authors of Ref. [183]
may have been enabled via the named localized structures.

5.1.5 Frequency modulation (FM) mode-locking

Summarizing the above, aiming on pulse generation via temporally modulating
the light amplitude (amplitude modulation, AM) does not seem a viable concept
for pursuing fully integrated frequency comb sources with sub-GHz line spac-
ing. However, alternative mode-locking mechanisms exist, which do not rely on
amplitude modulation. Specifically, there is also a type of mode-locking called
frequency modulation (FM) mode-locking, in which the intensity remains con-
stant while the frequency is modulated (chirped). Coarsely, FM mode-locking
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generates light at all times during a roundtrip, that is, stimulated emission is al-
ways present and remains the dominant process of light generation. In compari-
son, AM mode-locking shows time intervals (between pulses) where stimulated
emission by the circulating mode-locked pulses is essentially absent, which lets
spontaneous emission, undesiredly, dominate the laser dynamics. We note that
AM and FM mode-locking are actually limiting cases. For the purpose of clarity,
we proceed with using these terms in this chapter, however, it should be noted
that in practice, lasers often show a mixture of AM and FM modulation in their
output, such as when the output is comprised of chirped pulses.

Establishing FM mode-locking is only straightforward in the case of active mode-
locking, when driving an intracavity phase or frequency modulator in synchro-
nism with the roundtrip frequency. This is actually the approach that was fol-
lowed first (in 1964 and 1970) by researchers: using externally driven intracavity
phase modulators in He-Ne lasers [188] and Nd:YAG lasers [189], they observed
multimode output in the form of small frequency combs, that can have the form
of a Bessel distribution. But then these observations went out of focus, probably
because researchers put more emphasis on a strong time-structure: the genera-
tion of maximally short pulses and high peak powers, supported by the option
to store larger amounts of energy in solid-state lasers. FM mode-locking actu-
ally appears re-invented in 2006 (and renamed to Fourier domain mode-locking,
FDML) for certain applications [190]. The according example was optical co-
herence tomography, where one does not need or even wants to avoid ultrashort
pulses, while requiring broad comb spectra nevertheless. In that case, bulk lasers
with kilometer-long fiber cavities were used, containing a standard fiber Fabry-
Perot spectral filter that is periodically tuned in wavelength in synchronism with
roundtrip rates as slow as 29 kHz [190]. For integrated diode lasers where
the much higher repetition rates cannot be met with available standard com-
ponents, active FM mode-locking was theoretically investigated for short-cavity
diode lasers [191], based on a rapidly tunable microring resonator intracavity
spectral filter (assuming a laser repetition rate and frequency modulation rate
of 25 GHz). While numerical modeling delivered promising results, according
experiments do not seem to be performed yet.

Interestingly, there are observations of passive FM mode-locking without the use
of intracavity modulators. When using quantum dots as amplifying medium,
laser dynamics comparable to FM mode-locking, with elongated pulses, were
found [192, 193]. To explain the origin of this observation, FM mode-locking
seems to require an effect that initiates or supports multi-mode oscillation for
the purpose of counteracting spectral condensation into single-frequency oscil-
lation, in particular, spatial hole burning (SHB) [97, 153, 194]. In quantum dot
media, SHB is clearly present, as carrier diffusion is suppressed due to three-
dimensional confinement of the carriers [97].

Along the same route, in 2012 the generation of passive FM combs in quantum
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cascade lasers (QCLs) was reported [195]. These lasers are certainly an example
of lasers where the upper state lifetime is much shorter (in the order of a few
picoseconds) than the roundtrip time (in the order of 40-60 ps for a 2-3 mm long
laser cavity) [196]. The reason for roughly a thousand times shorter upper state
lifetime is that QCLs operate just within the conduction band such that the de-
cay times are ruled by ultrafast intraband decay processes, instead of interband
transitions such as in quantum well lasers. Also there, in QCLs, multi-mode
oscillation promoted by SHB is important and present because, compared to the
fast gain dynamics, the carrier diffusion is slow [153, 194].

Now considering quantum well lasers, which we have used in our experiments,
and that are widely available spanning large wavelength ranges, it is commonly
assumed that spatial hole burning is absent due to strong carrier diffusion in
the transverse direction. Interestingly however, also quantum wells have shown
self-starting frequency combs without a saturable absorber present [149, 151].
However, in these cases the roundtrip rates (100 GHz and 37.6 GHz, respec-
tively) are still much higher than the upper state decay rate. These observations
in quantum wells were explained by arguing that SHB can actually be present
if the laser is operated very high above threshold, such that carriers undergo
stimulated emission much faster than the diffusion time [153].

The mentioned experimental observations of passive mode-locking with an FM
component have triggered extensive numerical modeling of this effect for QCLs
[194], quantum-dot lasers [97], and quantum well gain media [153]. As these
models are based on numerical approaches or contain a main numerical part, we
have noted a clear trend of assuming a short resonator because this is beneficial
in terms of computation time. Summarizing these reports, as mentioned, passive
FM mode-locking requires some means that promotes multi-frequency oscilla-
tion, in particular, SHB, which is clearly present in quantum dots and QCLs, but
has been argued to be present in some quantum well lasers as well [153].

Nevertheless, as is described in the following section, there are also observations
of FM mode-locking in quantum well lasers that do not seem to follow these
predictions. There, comb generation is not attributed to SHB, and there, the
cavity is extended to reach out toward lower, sub-GHz repetition rates.

5.1.6 FM mode-locking with extended cavities and narrowband
feedback

The present experimental status of self-starting frequency combs with fully in-
tegrated, long extended cavities is, to our knowledge, limited to only a few pub-
lications. An overview of these publications is given in Table 5.2. In [59], a very
low repetition rate of 360 MHz was realized, which corresponds to roundtrip
times longer than 2.75 ns, i.e., the roundtrip time exceeds the upper state life-
time, but a comb was still generated. We note that with bulk feedback based
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on a fiber Bragg grating, an even lower repetition rate of 255 MHz [60] was
realized. Among the mentioned publications is also the first hybrid laser with
mode-locking based on Vernier feedback [57] as presented in Chapter 4 of this
thesis, which was later followed by a more detailed experimental analysis [58].

The experimental reports in Table 5.2 all have in common that narrowband in-
tracavity filters are implemented to restrict the overall spectral bandwidth of
the resulting frequency combs, and that the semiconductor gain is provided by
quantum wells. There, in quantum wells, SHB or other inhomogeneous broad-
ening mechanisms are not supposed to be dominant, such that multi-frequency
oscillation (and thus mode-locking) should become extinguished by spectral con-
densation through gain competition. In contrast, in all cases the output was
observed to comprise multiple light frequencies in a comb-shape if the laser pa-
rameters were properly set. Specifically, in [58] it was shown via measurements
of the modal phases and a reconstructed output time trace that the output was
mostly frequency modulated, confirming that the mode-locking dynamics in
such narrowband feedback lasers are based on FM mode-locking.

We also have presented the first modeling of such FM mode-locking in a long-
cavity hybrid integrated laser using a narrowband intracavity filter [76], but the
purpose of that numerical simulation was solely to provide a pragmatic compar-
ison to our experimental data. Only very recently, an extensive model of such
lasers was provided by Gioannini et al. [61,197], which presents the first system-
atic parameter study of such lasers and, importantly, describes also the physical
mechanism that triggers the formation of FM mode-locking. In this model, SHB
is not an essential precondition. Instead, comb generation is attributed to a com-
bination of three other effects [61]. First, sharp spectral filtering of the intracavity
light and the associated, steep dispersion turns phase noise into intensity noise.
Second, the resulting relaxation oscillations may become resonant with the beat-
ing of neighboring cavity modes. Third, four-wave-mixing extends the number
of sidebands and provides phase-locking.

5.1.7 Open questions

Based on the observation of surprisingly narrow mode-spacings [59, 60], gen-
erating frequency combs using a narrowband feedback filter is of promise for
realizing sub-GHz repetition rates. A first important question, which we investi-
gate numerically in Section 5.2, is whether this approach can be extended to even
lower repetition rates. A second important question is whether such frequency
combs can also be controlled by external modulation at lowest repetition rates,
i.e., whether stabilization of the repetition rate via hybrid FM mode-locking is
possible. The reason why hybrid mode-locking through current modulation
might turn out to be a non-successful approach is that, due to gain-index cou-
pling in diode lasers, modulation of the gain element induces neither a pure
amplitude modulation (through gain modulation) nor a pure frequency modula-
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tion (through index modulation). It is therefore an open question whether active
modulation would stabilize, or actually destabilize, a passively generated FM
comb. We note that before attempting to answer these questions via an experi-
ment that involves long design and fabrication times for chip-integrated lasers,
it is important to investigate and verify numerically beforehand which circuit
design and which construction parameters allow for stable mode-locking.

5.1.8 The advantage of microring resonator based feedback

When aiming for stable mode-locking, it is important to note that in lasers
where a large gain bandwidth is allowed, the cold cavity mode spacing becomes
non-uniform due to chromatic dispersion, which can lead to instabilities due to
groups of modes showing independent mode-locking. This is why mode-locked
diode lasers with their highly dispersive gain generally include bandwidth lim-
iting filters, such as a diffraction grating as end mirror in a bulk setup [198].
Inspecting recent results for instability, that is, Ref. [59] reporting the lowest rep-
etition rate (360 MHz) with chip-based fundamental diode laser mode-locking,
the authors suspect that there are indeed groups of modes that undergo mu-
tually independent mode-locking. Perhaps this is a consequence of the used
intracavity filter, a SiN Bragg waveguide, being relatively broadband (about 2.3
nm at −3 dB). In [60], a filter of more than 20-times narrower bandwidth is used
(0.1 nm at −3 dB). There, depending on the current, indeed a stable pulse train
with sharp pulses is reported, indicating that there is only a single group of
locked modes, rather than multiple groups. However, that laser used bulk opti-
cal feedback in the form of an external fiber Bragg grating, which is not suitable
for integration.

In view of an apparent need for sharper narrowband filtering for increasing
pulse stability at lower repetition rates, it is thus important to identify sharp
filters that can easily be chip integrated. We recall from Chapter 2 that suitable
Bragg gratings on chip seem to be the most challenging choice, as in lithographic
fabrication these require deep sub-wavelength precision and highest periodicity
over long physical distances. In contrast, feedback circuits based on waveguide
ring resonators might form a strong alternative in providing high-quality factor
feedback filtering because ring resonators are tolerant to deviations as long as
they occur adiabatically. To compare the best Bragg and microring structures,
we note that there have been demonstrations of very narrowband waveguide
Bragg gratings [90], which reached bandwidths as narrow as 74 pm and, using
λ/4-shifted gratings, 7.6 pm (946 MHz), corresponding to a quality factor of 204
thousand. Much narrower filter bandwidths have been achieved using microring
resonators. The present record reaches an intrinsic linewidth of 258 kHz at 1615
nm, corresponding to an intrinsic quality factor of 720 million [89].

Microring resonators, due to their higher Q-factor, have an additional advantage
when aiming for long on-chip integrated cavities, in the sense that they can
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enhance the cavity length to larger values. Recalling from Chapter 2, due to
multiple roundtrips, such a ring resonator has an effective length given by [91]

Lr,eff =
[
(1− κ2)/κ2

]
ngLr, (5.1)

where κ2 is the power coupling coefficient between the ring and the adjacent
(bus) waveguides, ng is the group index, and Lr is the geometric single-pass
length of the resonator. For simplicity it is assumed here that the resonator
roundtrip loss is dominated by the coupling loss to the bus waveguide(s). This
can be fulfilled specifically with Si3N4 waveguides due to their extremely low
propagation loss. It can be seen from Eq. 5.1 that the length of the ring is en-
hanced by a factor (1− κ2)/κ2, and thus, via reducing κ2, large effective lengths
can be realized, reducing the repetition rate if these rings are used in a laser
cavity.

Figure 5.1 Diagram of the transmission line model for the hybrid laser. The
gain section is divided into N slices. The passive feedback circuit contains a
tunable coupler (TC) and two (Vernier) ring resonators with radii ρ1 and ρ2,
respectively. The power coupling to the bus waveguides is κ2, and is set to the
values in Fig. 5.2 to model mode-locking at two different repetition rates. An
adjustable phase section (extra phase) is used to fine-tune the cavity length for
inducing mode-locking.

As ring resonators seem to be a most appropriate choice to obtain sharp spectral
feedback for stable mode-locking, as well as long cavity lengths for low repeti-
tion rates, we have decided to base our following investigation of low-repetition
rate mode-locking on hybrid lasers equipped with low-loss Si3N4 microring res-
onators. Specifically, in the following we will present numerical investigations
based on a prototype laser with two microring resonators in series in Vernier
configuration, as shown in Fig. 5.1. As discussed in Chapter 2, this configura-
tion also offers a highly effective suppression of undesired laser oscillation in the
remaining range of the diode laser’s gain profile, which is achieved by choosing
slightly different diameters of the microring resonators.

To illustrate that such a circuit enables large cavity lengths, Fig. 5.2 shows the
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Figure 5.2 Calculated roundtrip rate for a hybrid laser circuit as shown in Fig.
5.1 with a silicon nitride feedback circuit consisting of two microring resonators
in Vernier configuration, as a function of the power coupling (κ2) between the
rings and the adjacent (bus) waveguides. A group index of 1.715 is used. The
ring resonators have radii of 136.5 and 140.9 µm. The remaining part of the
silicon nitride circuit possesses a single-pass geometric length of 9.2 mm. The
gain section contributes with a length of 700 µm and a group index of 3.6. The
two markers indicate the power coupling values used in this chapter, to study a
relatively short cavity and long cavity laser. The according roundtrip rates (4.6
GHz and 150 MHz) are estimations that correspond to the cold cavity. The actual
roundtrip rates turn out to be slightly different when using a full laser model.

calculated roundtrip length for such a two-ring laser, as a function of the power
coupling to the rings κ2. Designing the ring resonators such that κ2 is small,
i.e., κ2 = 0.0015 results in a low roundtrip rate of the laser at the Vernier ring
resonance of about 150 MHz. The fact that Si3N4 ring resonators with Q-factors
have approached and reached hundreds of millions [40,88,89,199] shows that the
propagation loss limit is low enough to enable even weaklier coupled microring
resonators. To give a more direct impression, a Q-factor of 720 million would,
ultimately, allow to realize chip-integrated laser cavities with optical single-pass
lengths well above 100 m, which would theoretically correspond to roundtrip
rates in the order of a MHz.
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5.2 Numerical investigation of low-repetition rate
mode-locked hybrid lasers

In this second part of the chapter, we present a numerical investigation of mode-
locking in diode lasers without saturable absorber in the unusual regime of low
repetition rates. This is achieved by hybrid integration of a long feedback circuit
that provides narrowband spectral feedback based on two microring resonators
in Vernier configuration (see Fig. 5.1). We show that, by a careful choice of the
construction parameters, equidistant frequency combs with repetition rates in
the order of 200 MHz can be generated, which is lower than in all experimental
reports to date for fully integrated mode-locked lasers based on fundamental
mode-locking, i.e., without the use of pulse-picking. We also study whether
stabilization of the repetition rate via hybrid FM mode-locking is possible, as
with synchronous modulation of the gain via the pump current.

5.2.1 Model description

We recall from Chapter 2 that for modeling diode lasers, various models have
been developed, including analytical models [200, 201]. However, the type of
laser studied here has a complex spatial structure with a non-uniform loss, gain,
and intensity distribution. In that case, the mean-field approximation used in an-
alytical models would not hold. We therefore follow the approach of numerical
modeling, to investigate an extension to much longer cavity lengths for further
lowering the roundtrip rate and mode spacing of diode laser frequency combs.

For performing such numerical calculations, commercial and open-source soft-
ware packages are available. We have considered using the open source traveling
wave model developed by Javaloyes and Balle [202]. This model is excellent for
modeling mode-locked diode lasers with saturable absorbers and also allows for
the integration of passive feedback sections [203]. The model also has built-in
support for Bragg gratings. However, as we aim to study a feedback circuit
with many components, e.g., directional couplers, phase shifters, microring res-
onators, and various output waveguide ports, we selected the transmission line
model [102] detailed in Chapter 2. The reason is that with this model, it is
easy to construct passive circuits with many components from a large library of
built-in elements. We recall from Chapter 2 that in this model, the gain section
is also modeled based on traveling wave equations, while the passive circuit is
described by a complex function in the frequency domain. We used this model
successfully already earlier to investigate single-frequency hybrid lasers [73].

The specific laser circuit that is modeled is shown in Fig. 5.1. Light is generated
in the gain section, which is described by the parameters listed in Table 5.3. The
gain section has a length of 700 µm and an index of 3.6. These values are the
same as in the experiments presented in Chapter 4, to allow comparison with ex-
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Table 5.3 Parameters for the gain section
Description Symbol Value Unit
Length L 700 µm
Width of the active region w 2.5 µm
Total thickness of the quantum wells dMQW 40 nm
Half thickness of the SCH dSCH 210 nm
Current injection efficiency η 1
Group index ng 3.6
Internal loss αi 1607 m−1

Power reflectivity of the RSOA facet R 0.85
Gain coefficient a 180000 m−1

Gain bandwidth δ f 6.25 THz
Nonlinear gain coefficient ε 1·10−23 m3

Nonlinear gain time constant τe 500·10−15 s
Linear recombination coefficient A 0 s−1

Bimolecular recombination coefficient B 1·10−16 m3 s−1

Auger recombination coefficient C 1.3·10−41 m6 s−1

Inversion parameter nsp 2
Transparency carrier density N0 1.5·1024 m−3

Carrier capture time constant τc 70 ps
Carrier escape time constant τe 140 ps
Differential index for the MQW region dn/dNm −1·10−26 m3

Differential index of the SCH region dnSCH/dNSCH,m −1.5·10−26 m3

Table 5.4 Parameters for the passive section
Description Symbol Value Unit
Radius of microring resonator 1 ρ1 140.9 µm
Radius of microring resonator 2 ρ2 136.5 µm
Propagation loss α 0.1 dB/m
Effective index neff,2 1.535
Group index ng,2 1.715

perimental data. A first direct comparison can be found in our publication [76].
The agreement is satisfying, however, a systematic comparison would require to
extend the experimental characterization in a future step. For the modeling, the
gain section is initially pumped by a constant current (DC) of 200 mA, which
is similar to the value in the experiment. Later, to demonstrate hybrid mode-
locking, we also present calculations where the pump current is actively mod-
ulated, at a frequency that matches the roundtrip frequency. The modulation
in these calculations is implemented using a DC component of 200 mA with an
additional, sinusoidal function as the AC component (10 mA, i.e., 5% modula-
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tion). The other parameters for modeling the gain section were chosen the same
as in the named previous numerical investigation of a similar, single-frequency
hybrid laser [73].

The gain section is connected to a passive feedback circuit. An overview of the
feedback circuit parameters can be found in Table 5.4. This circuit contains a
filter based on two microring resonators in Vernier configuration, labeled MRR
1 and MRR 2, which have radii ρ1 and ρ2, respectively. The radii are set to 136.5
and 140.9 µm. The effective index is set to 1.535 and the group index to 1.715.
Again these values are chosen for comparability to the experimental results in
Chapter 4. One exception is that, keeping in mind that the laser cavity will be
long, we selected a lower propagation loss (0.1 dB/m) than in the experiments,
which were based on a double-stripe waveguide cross-section. We note that this
value is still realistic for single-stripe Si3N4 waveguides [87].

The power coupling between the bus waveguides and the rings is denoted by κ2.
As explained below, κ2 will be set to two distinctly different values, to study the
laser in two different regimes, a short-cavity and a long-cavity regime. Using
a Mach-Zehnder interferometer based tunable coupler (labeled TC), 98% of the
power is directed back toward the gain section, while 2% of the power is guided
toward the output port. The feedback circuit also contains a straight waveguide,
where an extra roundtrip phase shift can be applied, which can experimentally
be done for example with a resistive waveguide heater. Adjusting the phase shift
is used to tune the spectral positions of the longitudinal laser modes with respect
to the reflection peak of the Vernier feedback mirror. Such tuning is central: as
was shown in Chapter 4, generating a frequency comb requires fine tuning of
this extra phase.

The calculated time traces consist of two sections: a first section containing the
start-up behavior, and a second section where the laser has settled into steady-
state. The start-up section is not discussed here because it leads to wide, disor-
dered spectral features. These are, however, not present in the second section
where the laser has reached steady-state. The time duration (time window) of
each section is set to 25.6 ns for the short cavity laser (repetition rate 4.26 GHz),
such that a large amount of roundtrips (more than 100) is covered. For the long
cavity laser (roundtrip rate 225 MHz), as the roundtrip time is larger, the time
window is increased by a factor 8, to 204.8 ns, in order to still cover a sufficient
amount of roundtrips (more than 25 roundtrips) while limiting the increase in
calculation time.

The sample rate used to model the short-cavity laser is 10.24 THz, which corre-
sponds to a temporal resolution of about 100 fs. The number of slices (N) used to
model the gain section is automatically chosen based on this sample rate, the de-
vice length, and group index. The above parameters result in a number of slices
of N = 87. For the longer cavity laser, a sample rate of 2.56 THz, corresponding
to a temporal resolution of about 400 fs, is used. In this case the number of slices
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is 22. The sample rate and number of slices were selected to be low enough
to prevent excessive calculation time, but high enough to accurately model the
laser dynamics, using the following procedure. We started with a higher sam-
ple rate and stepwise decreased the value by a factor of two. When the optical
spectra would show significant deviation, we returned to the previous (one step
higher) sample rate.

With the above parameters, the calculation time is about 7 minutes for the short
cavity laser, and 14 minutes for the long cavity laser, on a machine with two
16-core AMD EPYC 7302 processors at 3 GHz and 256 GHz RAM. At the end
of the chapter, we present a single calculation for the long cavity laser at high
spectral resolution (305 kHz) by increasing the time window by a factor of 16.
This calculation takes about 230 minutes.

5.2.2 Passive mode-locking at high repetition rates

First, to confirm the basic working of the laser model, we present the laser be-
havior for the short cavity case, where the repetition rate is still relatively high
(in the low GHz range). This is a good regime to verify the basic working of the
model, because this regime has already been studied experimentally in Chapter
4 and in [57]. To obtain an accordingly high repetition rate, the power coupling
to the microring resonators (κ2) is set to a relatively high value of 10% (0.1). This
choice of the coupling parameter is motivated by the calculation shown in Fig.
1.2, which plots the expected roundtrip rate vs. the coupling parameter. It can
be seen in Fig. 5.2 that with this value of κ2 (indicated by the round marker), the
predicted roundtrip rate at resonance of the Vernier mirror is 4.6 GHz.

Figure 5.3 displays the optical spectrum for different values of the extra phase
∆φ, i.e., for different tunings of the laser’s mode frequencies with respect to the
Vernier resonance. It can be seen that, depending on the additional phase value,
the laser shows either (1) equidistant frequency combs, (2) chaotic spectra, or (3)
single-frequency oscillation. For a phase value of 50 degrees, a comb spectrum is
observed, where more than 20 lines can be identified. For a lower phase value (20
deg), additional comb lines start to appear, while for even further tuning of the
phase (0, 170, and 160 deg) the spectrum becomes chaotic. On the other hand,
with the phase tuned in the other direction (70 to 150 deg), the laser spectrum
shows single-frequency oscillation, with a high side mode suppression ratio of at
least 60 dB. This value is in excellent agreement with experimental observations
for similar single-frequency hybrid lasers [36, 94].

Three similar regimes were also reported and explained in [61]. There, in the first
regime frequency combs are predicted, due to the following mechanisms. Phase
fluctuations from spontaneous emission and spontaneous intensity fluctuations
(turned into phase fluctuations by gain-index coupling) lead to the well-known
enhanced frequency fluctuations found in standard diode lasers. Here, however,
due to the narrowband Vernier filter and the associated steep dispersion, the



70

������
��!����

"�

�����
����


�����

���������������

�



�

�


���

��


�
�

��


��
 
��
���
��

�

����
���
�	�

Figure 5.3 Calculated optical spectra as a function of the extra phase, for the
high repetition rate regime (κ2 = 0.1), without active modulation. Depending on
the phase value, single-frequency spectra, comb spectra, or chaotic spectra are
generated.
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frequency fluctuations are converted into intensity noise. While the according
relaxation oscillations would be damped in a shorter cavity laser, here, due to
the long extended cavity, it occurs that the relaxation oscillation frequency be-
comes comparable with the mode spacing, and thus the relaxation oscillations
become sustained by laser gain. Then, if the intracavity field is strong enough,
four-wave-mixing provides proliferation of the comb lines and phase locking. In
the second regime, the comb becomes chaotic in the sense that the cascaded gen-
eration of sidebands does apparently not lead to a stationary phase distribution.
The third regime (single-frequency oscillation) is attributed to detuned loading.
This well-known effect, via gain-index-coupling and the strongly frequency de-
pendent feedback from the Vernier filter, maximally reduces the laser frequency
fluctuations and also its intensity fluctuations. This mode of operation is often
described as an all-optical feedback loop for frequency stabilization based on the
coupling between feedback strength and index [128].

To verify that the comb-like laser spectra (around a phase setting of 50 deg) show
passive mode-locking, i.e., consist of equally spaced lines, Fig. 5.4 presents more
details on the output at a phase setting of 50 deg. The optical spectrum is shown
again in Fig. 5.4a. More than 20 lines can be identified with an equidistant
spacing of 4.26 GHz within the 10 MHz resolution of the shown spectrum. This
mode spacing of 4.26 GHz is somewhat different than the estimated roundtrip
rate of the cold cavity modes of Fig. 5.2, 4.6 GHz. The value of 4.26 GHz might
be related to the relaxation oscillation frequency being near resonant with the
mode beating. As a check, we followed the startup of the laser and inspected
the relaxation oscillation frequency. Indeed that frequency is in agreement with
the repetition rate of 4.26 GHz. Possibly, a relatively big difference between the
relaxation oscillation frequency and the cold cavity mode spacing is tolerated in
these lasers. The reason is that, as discussed in Chapter 2, the cold cavity modes
of this type of laser can have a larger width due to the relatively high laser cavity
roundtrip loss.

Fig. 5.4b shows the RF spectrum, where a fundamental frequency at 4.26 GHz
and its harmonics can be identified. This is clear evidence of mode-locking for
the following reason. Due to the strong dispersion of the narrowband feed-
back filter, the frequency spacing of the cold cavity modes is not equidistant. We
showed earlier (in Fig. 4.2 of Chapter 4 and in [57]) that this mode spacing varies
rather strongly, between 5 and 11 GHz. Therefore, a non-locked multimode laser
would oscillate with a several GHz wide distribution of beat frequencies around
the fundamental RF spectrum. The calculations, however, show, within the nu-
merical resolution, only a single RF beat frequency, i.e., the oscillating light field
consists of equidistant optical frequencies in spite of a non-equidistant mode
spacing. Although mode-locking is clearly present, the RF lines still appear
somewhat broadened, as can be best seen in the wings of the fundamental peak.
This indicates the presence of pulse jitter, which will be addressed in Section
5.2.4.
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The presence of passive mode-locking without a saturable absorber, occurring in
a quantum well laser with narrowband feedback, is in agreement with dynamics
as described in [197]. However, identifying a specific type of mode-locking, such
as AM or FM mode-locking, requires a closer inspection of the temporal prop-
erties of the output. Fig. 5.4d shows the numerically calculated output power
in the time domain (solid blue line). The output power is oscillating between 0
and 0.8 mW, with a period of 0.235 ns, which matches with the roundtrip time
of 4.26 GHz. Each peak is followed by a small side peak at a power of around
0.65 mW. These power oscillations are the sign of an AM component.

More details are revealed by investigating the phase relation between the modes
and the instantaneous frequency. The phase spectrum is shown in Fig. 5.4c. The
phase spectrum has a complex shape with dispersive features. This continuous,
dispersive shape can likely be associated with the well-known dispersive phase
response of resonator modes. To inspect the physical meaning of the continuous
phase spectra more closely, i.e., to find which phase values contribute domi-
nantly to the calculated, periodic time trace, we have graphically indicated, with
open circles, the phase values where the amplitude spectrum shows its peak
values (indicated by circles as well).

A test of having selected a proper set of discrete phase values to best replace the
continuous phase spectrum was carried out as follows. We calculated the Fourier
sum of the laser output field using the discrete phase values of Fig. 5.4c and the
peak amplitude values retrieved from Fig. 5.4a, and compared the according
output power vs. time with the directly calculated trace of Fig. 5.4d. The output
power based on the selected discrete phase values is shown as a dashed line in
Fig. 5.4d. As can be seen, besides a somewhat lower output power, the shape of
the time traces is almost the same, i.e., the chosen discrete phase values largely
determine the observed time structure.

To discuss the discrete phase spectrum, we recall from Chapter 2 that for pure
FM mode-locking, the intermodal phases are linearly distributed between −π
and π (corresponding to a parabolic absolute phase), while with perfect AM
mode-locking the intermodal phase is constant (corresponding to a linear ab-
solute phase). For the selected (absolute) phase values as shown in Fig. 5.4d,
it is difficult to find such linear or parabolic shape. Regarding the presence of
frequency modulation, the instantaneous frequency (Fig. 5.4e), which was cal-
culated by taking the time derivative of the phase dφ(t)/dt, does show a system-
atic, clearly periodic pattern. As can be seen in Fig. 5.4e, also here, the numerical
result matches well with the reconstructed trace (dashed line) based on the dis-
crete phase values. The frequency sweeps upwards quickly and then sweeps
downwards again, comprising a total frequency modulation span of about 25
GHz. This periodic frequency shift proves the presence of a strong component
of FM mode-locking in addition to an AM component seen in Fig. 5.4d.

The shape of the instantaneous frequency is somewhat similar to the triangular
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Figure 5.4 Calculation results for the high repetition rate regime (κ2 = 0.1),
without active modulation. Shown are (a) the optical spectrum, (b) the RF spec-
trum, (c) the phase spectrum, (d) output power versus time, and (e) the instan-
taneous frequency. In (a), the amplitude maxima of the longitudinal modes are
indicated by circles. The phase spectrum (c) shows, also as circles, the phase
values that correspond to these amplitude maxima in the optical spectrum. In
(d) and (e), the solid lines correspond to the numerical result, while the dashed
lines are reconstructions based on only the discrete phase values and the corre-
sponding peak amplitude values.
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instantaneous frequency that was numerically found in [153] for the case that
the laser lines are phase locked. However, those calculations are based on a
monolithic and short laser cavity (500 µm length, corresponding to a repetition
rate of about 86 GHz). This cavity length is significantly shorter compared to the
lasers investigated in this chapter. The emphasis of the calculations in [153] was
actually that also quantum well lasers, in spite of their inhomogeneous spec-
tral broadening, can sustain multimode oscillation, if pumped sufficiently high
above threshold. The fact that we observe a similar frequency sweep confirms
that, also here, we have some process that enables multimode oscillation in spite
of gain competition.

5.2.3 Passive mode-locking at low repetition rates

In the following, we explore a novel and important step, namely, shifting the
mode-locking to the regime of low repetition rates in the deep sub-GHz range.
So far, such repetition rates have not been realized with standard (AM) mode-
locking because, as discussed in Section 5.1.4, the repetition rate is subject to
some lower limit set by the short carrier lifetime (about 1 ns). Therefore, we will
now study whether the presented FM mode-locking technique with narrowband
feedback can be used instead, to extend to toward repetition rates that are clearly
below the decay rate of the excited charge carriers.

To reach a low repetition rate, the calculations are repeated with the same pa-
rameters as given in Tables 5.3 and 5.4, except for a much longer cavity and
narrower spectral filtering in the feedback chip. Both is realized by setting κ2 to
a low value of 0.0015. It can be seen from the square marker in Fig. 5.2 that this
should correspond to an estimated roundtrip rate of about 150 MHz, while the
actual repetition rate needs to be found with the laser model. As was discussed
previously, also a longer time window of 204.8 ns and a reduced sample rate of
2.56 THz are used.

Figure 5.5 shows the optical spectrum for different values of ∆φ. Again, three
regimes are found. For phase values of 0 deg and 170 deg, the laser spectrum
shows a frequency comb with a roundtrip rate of about 225 MHz. This value
of 225 MHz is a bit higher than the calculated roundtrip rate from Fig. 5.2 of
about 150 MHz, i.e., the roundtrip rate found from the laser dynamics is slightly
higher from the roundtrip rate solely based on the cold cavity mode spacing.
One possibility is that the calculated value is based on the roundtrip rate at res-
onance, while the mode spacing actually increases away from the resonance (see,
e.g., Fig. 4.2 in Chapter 4). Another possibility is that the relaxation oscillation
frequency is higher than the mode spacing, which is tolerated by the laser due
to wide cold cavity modes.

The comb-shaped spectra suggest that mode-locking is achieved also at this ap-
proximately 20-times lower roundtrip rate, argued with the roundtrip rate found



Numerical investigation of low-repetition rate mode-locked hybrid lasers 75

���� �
��"����

#�

������

�������

�������
������

���������������

�



�

�


���

��


�
�

��


��
!
��
���

��
�

����
��
�	�

Figure 5.5 Calculated optical spectra as a function of the extra phase, for the
low repetition rate regime (κ2 = 0.0015), without active modulation. Depending
on the phase value, single-frequency spectra, comb spectra, or chaotic spectra
are generated.
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from modeling the laser dynamics. However, it can be noted that the phase in-
terval within which comb-shaped spectra are generated (a range of about 20
deg), seems smaller compared to the shorter roundtrip laser (which generated
combs for a range of about 60 degrees), i.e., by about a factor of three. When
decreasing ∆φ to 160 deg, extra, equidistant comb lines are generated, an effect
that is known as period doubling [204]. Such period doubling can occur at very
low relaxation oscillation frequencies and is known to form the onset to chaos.
We will not further discuss the extra comb lines, because we intend to concen-
trate on fundamental mode-locking. For even lower phase values, the spectrum
becomes chaotic. For values of the extra phase ∆φ between 10 and 90 deg, the
laser spectrum shows again single-mode oscillation.

To study whether the dynamics at low repetition rates are analogous to the high-
repetition rate FM mode-locked laser, Fig. 5.6 shows details of the optical output,
in particular, in Fig. 5.6a the optical spectrum for ∆φ = 170 deg is shown. Con-
tinuing the comparison with the high repetition rate calculations above (Section
5.2.2), it can be seen that, with the strongly lowered repetition rate, the num-
ber of spectral lines generated by the laser is reduced as well. However, the
reduction is only a factor of two, which is small compared to the lowering of
the repetition rate (a factor 20). This still means that the spectral coverage of
the laser is much reduced, opening the question how a broader coverage can be
achieved in the future. A suggestion on this will be discussed briefly at the end
of the chapter.

To verify passive mode-locking vs. non-locked multimode oscillation, Fig. 5.6b
shows the RF spectrum for ∆φ = 170 deg. It can be seen that the RF spectrum
comprises again a discrete set of narrow lines: a fundamental narrowband fre-
quency of 225 MHz and several harmonics of it, confirming mode-locking. The
calculated repetition rate of 225 MHz is, to our best knowledge, lower than in
all experimental reports of fully integrated mode-locked lasers based on funda-
mental mode-locking so far. This value is only somewhat smaller (a factor of
1.5) than the lowest repetition rate to date achieved with chip-based diode lasers
without the use of pulse-picking [59], but now with a fully locked spectrum in-
stead of independently locked groups of modes. Furthermore, the value is more
than a factor of three lower compared to the lowest repetition rate reported so
far for chip-based diode lasers based on saturable absorbers [56]. This means
that the chosen circuit design and construction parameters seem promising for
enabling stable frequency comb generation at record low repetition rates well
below the 1-GHz upper state lifetime limit.

To reveal more details on the laser dynamics, Fig. 5.6d shows the output power
versus time. The output shows a periodic oscillation at a constant offset, with
a contrast of 62%.3 Figure 5.6c displays the phase spectrum, where again the
circles indicate the phase values that correspond to the maxima in the optical

3 Calculated via (Pmax − Pmin)/(Pmax + Pmin).
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Figure 5.6 Calculation results for the low repetition rate regime (κ2 = 0.0015),
without active modulation. Shown are (a) the optical spectrum, (b) the RF spec-
trum, (c) the phase spectrum, (d) output power versus time, and (e) the instan-
taneous frequency.
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spectrum. Pure AM or pure FM would show up as a linear or parabolic absolute
phase spectrum, respectively, which is again not clearly visible in Fig. 5.6c.
Regarding a FM component, the instantaneous frequency (Fig. 5.6e) shows a
clear, periodic pattern. The laser frequency is seen to sweep periodically across
an interval of 100 MHz. The shape of the sweeping vs. time is similar to the
triangular shape reported in [153], and is a clear sign of FM mode-locking. This
confirms that the technique of generating FM combs also works for repetition
rates well below 1 GHz.

Summarizing the observations of passive mode-locking, we saw that the output
power shows a remaining oscillation representing an AM mode-locking com-
ponent. The conclusion is that the described mode-locking via sharp spectral
feedback delivers mode-locking with a mixture of AM and FM components. The
results may be interpreted as caused by two coupling effects. The first is gain-
index coupling in diode lasers: frequency modulation is always accompanied by
an amplitude modulation, and vice versa. A second sort of AM-FM coupling is
present in the highly frequency selective feedback mirror: if the strength of feed-
back is changing, this must be associated with a change of laser frequency (and
vice versa) and such change may be expressed as an index change as well. To-
gether, these two similar effects (amplitude-index coupling from the gain section
and from the sharp feedback mirror) determine the laser behavior to develop a
mixed AM-FM mode-locking.

5.2.4 Hybrid mode-locking at high repetition rates

At this point, we recall that the central drawback of passive mode-locking re-
mains that the temporal position of a pulse (with AM mode-locking) or a cer-
tain instantaneous frequency (with FM mode-locking) cannot be predicted for
fundamental reasons (such as pulse jitter caused by spontaneous emission, see
Section 5.1.2). It is the strength of hybrid mode-locking to reduce this lack of pre-
dictability to a large extent. We also recall that it is actually open whether active
modulation, i.e., an AM input as drive current, would work for the FM compo-
nent of a mode-locked diode laser, because in diode lasers, modulation of the
gain element never induces only amplitude modulation or only frequency mod-
ulation. Therefore, the question is whether the frequency modulation imposed
by external amplitude modulation of the gain via the pump current strengthens
the frequency modulation that is already present in passive mode-locking, or
whether these FM contributions partly compensate. To answer this question, in
the following, we present calculations of hybrid mode-locking, where the laser
is pumped with a partly RF modulated current to stabilize the repetition rate.
Such a stabilization should show up as a narrowing of the RF beat frequency.

Specifically, in our model we use a sinusoidal AC current of 5 mA superimposed
on the 200 mA DC current. We note that initially, for a presumably easier initi-
ation of mode-locking, a maximum modulation depth (100%) was used. These
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Figure 5.7 Calculation results with active modulation, for the high repetition
rate regime (κ2 = 0.1). Shown are (a) the optical spectrum, (b) the RF spectrum,
(c) the phase spectrum, (d) output power versus time, and (e) the instantaneous
frequency.



80

calculations are presented in Appendix A. There it can be seen that a high mod-
ulation depth yields quite similar results.4

We first again present, for comparison with passive mode-locking, the results of
calculations at a high repetition rate. The calculation parameters are the same
as for passive mode-locking, except that now the pump current contains a sine-
component, with its frequency set to the roundtrip rate observed for passive
mode-locking (4.26 GHz). Figure 5.7a shows the resulting optical spectrum at
a phase value of 40 deg. Compared to the optical spectrum at high repetition
rates with passive mode-locking (Fig. 5.4a), more lines can be identified (at least
35), i.e., the number of lines increases by a factor of about 1.75. This shows that
external current modulation is supportive for mixed AM-FM mode-locking in
the laser investigated here.

To inspect whether the active modulation leads to reduced timing jitter, Fig. 5.7b
shows the RF spectrum. The RF lines are clearly narrower compared to passive
mode-locking. To unveil the stabilization of the RF beat frequency in detail, Fig.
5.8 shows a comparison of the fundamental RF lines for passive (self-starting)
mode-locking and hybrid mode-locking (wider span RF spectra are shown in the
inset). As is especially visible in the wings, the fundamental RF line is clearly
narrowed. To provide a quantitative statement, at −40 dB the RF frequency has
a width of about 2.4 GHz (full-width), while with hybrid mode-locking the RF
linewidth is 52 MHz, i.e., the line is narrowed by more than a factor of 46. This
confirms that hybrid mode-locking leads to stabilization of the repetition rate.
Here, the width of the RF line produced by hybrid mode-locking is limited by
the spectral resolution (40 MHz), which means that the improvement (narrowing
factor) may be even larger.

To inspect the type of mode-locking, the modal phases are shown in Fig. 5.7c.
The phases seem to follow a systematic but complex pattern, where some of
the neighboring points could be argued to resemble a line or parabola. The
time trace is very similar to the trace without modulation. The instantaneous
frequency shows that the frequency sweeps over a frequency span of up to 53
GHz, which is more than a factor of two wider compared to passive mode-
locking. This corresponds to having also found an increased width of the optical
spectrum.

5.2.5 Hybrid mode-locking at low repetition rates

Finally, to determine if the stabilization also works at lowest repetition rates, we
repeated the calculations for the 225 MHz laser, except that now a modulated
pump current is used. Figures 5.9a and 5.9b show a typical example of the
resulting optical spectrum and RF spectrum, respectively, using a phase value of

4 Deviations with weak modulation are seen in details, in particular, a fast modulation in the output
versus time, up to eight times the modulation frequency.
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Figure 5.8 RF spectrum for hybrid mode-locking (dark gray line) and passive
mode-locking (light gray), for the high repetition rate (4.26 GHz) laser (inset:
wider span RF spectrum showing also several harmonics). The data points are
highlighted using the round markers. The RF beat frequency is clearly narrowed
for the case of hybrid mode-locking.
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Figure 5.9 Calculation results with active modulation, for the low-repetition
rate regime (κ2 = 0.0015). Shown are (a) the optical spectrum, (b) the RF spec-
trum, (c) the phase spectrum, (d) output power versus time, and (e) the instan-
taneous frequency.
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20 deg. Compared to the calculations without modulation (Fig. 5.6a), the optical
spectrum looks slightly narrower (approximately 7 lines instead of 10 lines). The
RF spectrum again shows a set of narrow lines.

To perform a detailed comparison between passive and hybrid mode-locking,
we repeated the calculation with a 16-times higher spectral resolution (305 kHz).
In this case, the calculation time is in the order of 230 minutes for each type of
mode-locking. Figure 5.10 shows the fundamental RF line for both passive and
hybrid mode-locking. Looking at the wings of the RF line, with hybrid mode-
locking the RF line is clearly narrowed. Quantitatively, at −40 dB the width is
7.84 MHz without modulation, and 339 kHz with modulation (still limited by
the resolution), i.e., the RF frequency is narrowed by a factor of 23. Again, this
factor is limited by the spectral resolution. In hybrid mode-locked lasers, the
RF linewidth actually follows the linewidth of the current source, which can be
used to bring the RF linewidth to the Hertz-level [169] or even below as known
from bulk laser experiments.

To inspect the type of mode-locking, we show again the modal phases (Fig. 5.9c),
time trace (Fig. 5.9d) and instantaneous frequency (Fig. 5.9e). With regard to the
modal phases, due to the limited amount of comb lines, it is difficult to observe
a trend. However, as before, the instantaneous frequency has a triangular shape,
showing a frequency shift over a span of about 40 MHz. The output power as
a function of time shows a periodic oscillation at constant offset, with a lower
contrast (39%) compared to the high repetition rate laser. As in each of the
previous cases, the remaining amplitude modulation indicates that also here the
laser output is the result of a mixture of an FM and AM components.

5.3 Summary and outlook

This chapter presented a theoretical exploration of diode laser mode-locking
in the unusual regime of low repetition rates below 1 GHz. This regime can
be named unusual because conventional mode-locking, to generate ultrashort
pulses with saturable absorbers or intracavity loss or gain modulation, reach
their limit or fail because the resonator roundtrip time becomes longer than the
lasers’ excited state lifetime. A second problem with realizing sub-GHz repeti-
tion rates with chip-sized diode lasers is that a more complex cavity structure
has to be employed. Due to high intrinsic loss in semiconductor amplifiers, an
amplifying semiconductor section is to be coupled to a low-loss waveguide feed-
back section, which gives rise to a strong spatial variation of light flux and in-
version density along the laser resonator. To nevertheless cope with the intrinsic
complexity of such a laser, we have used a transmission line model to inves-
tigate frequency modulation (FM) mode-locking in a hybrid laser enabled by
narrowband and strongly dispersive feedback. Specifically, the feedback circuit
considered here includes a narrowband spectral filter based on two microring
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Figure 5.10 RF spectrum showing the fundamental RF line for hybrid mode-
locking (dark gray line) and passive mode-locking (light gray), for the low-
repetition rate (225 MHz) laser (inset: wider span RF spectrum showing also
several harmonics). The data points are highlighted using the round markers.
The wings of the fundamental RF line are clearly narrowed. This shows that hy-
brid mode-locking stabilizes the repetition rate also at extremely low repetition
rates.
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resonators in Vernier configuration.

Our calculations show that frequency combs can be generated with a repetition
rate well below the named upper state lifetime (GHz) limit. As a demonstra-
tion, we present simulation results for a laser with a repetition rate of 225 MHz.
This repetition rate value is about a factor of 24 lower than our first experimen-
tal demonstration of this type of laser in Chapter 4, and a factor of 1.5 lower
than in [59], the lowest repetition rate experimentally reported so far for fully
integrated mode-locked diode lasers based on fundamental mode-locking, i.e.,
without the use of pulse picking. These findings show that a viable option to re-
duce repetition rate limits for diode laser mode-locking would be to make use of
FM mode-locking, by extending the cavity using long dielectric feedback circuits
with bandwidth limiting filters.

We observe that hybrid mode-locking results in narrowing of the RF linewidth
at −40 dB by more than a factor of 46 for a high repetition rate (4.26 GHz) laser,
and by a factor of 23 for a low repetition rate (225 MHz) laser. These values are
both limited by the spectral resolution. This corresponds to a removal of pulse
timing instability, which is inherent to purely passive mode-locking.

We note that the goal of this chapter was not to provide a full characteriza-
tion of the laser behavior for a wide range of parameters. Instead, the chapter
should serve as a first investigation which forms a proof of principle and also
identifies what steps are still to be taken. Now that there is a clear and quantita-
tive promise that with the chosen construction parameters, stable mode-locking
can be realized at very low repetition rates, such a laser should be pursued
experimentally as well. A first step was already made recently, namely, in an ex-
periment with a three-ring hybrid laser, we have observed absorber-free mode-
locking at a repetition rate of 455 MHz [205–207].

Another important next step is to pursue broader comb spectra. Possibly, two
or more narrowband filters can be spectrally joined, adjacent to each other, to
realize a wider frequency comb. A suitable feedback circuit, with two separately
tunable and narrowband Vernier feedback mirrors, was already presented in
Chapter 3 of this thesis. In case such a laser is employed it seems required to
adjust the phase shifters in the two feedback arms properly in order to match
the cavity length contributions of the two arms. For applications requiring ultra-
short pulses, one could also investigate conversion of the frequency modulated
output into a pulse train, via on-chip compression schemes. This might be done
by implementing a specifically designed dispersion such as provided by chirped
waveguide gratings [99] or by making use of the dispersive properties of micror-
ing resonators [208].

The comparison of passive with hybrid locking proves that the external current
modulation leads to an injection locking of the otherwise free-running repetition
rate. As a next step, it is important to evaluate the spectral width over which
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locking can be achieved (i.e., the injection locking range), as a function of the
laser’s construction and operation parameters, because the width of this locking
range determines the technical robustness of repetition rate stabilization in an
experiment or application.

Finally, broader investigations are required, numerically and experimentally, to
explore whether there are fundamental limits to the lowest roundtrip frequency
that can be achieved. We recall that the mode-locking technique used here ap-
pears to rely on an overlap between the relaxation oscillation frequency and the
beat frequencies of the longitudinal modes. It should therefore be investigated
how the relaxation oscillation frequency scales with even longer cavity lengths,
in particular, whether the relaxation oscillation frequency can still match the
beat frequency of the longitudinal modes. Possibly, these lasers are actually
tolerant against a difference of the relaxation oscillation frequency and beat fre-
quencies, because (1) as mentioned, the cold cavity modes are relatively broad,
due to a relatively high roundtrip loss, and because (2) the relaxation oscilla-
tion frequency can be tuned by changing the pump current. In that case, this
mode-locking technique may enable further lowering of repetition rates into the
100 MHz range or below, a regime which was so far reserved for bulk laser
systems.



6 Outlook
In this thesis, we investigated hybrid integrated diode lasers for multiple fre-
quency oscillation with narrow spectral linewidth. Looking back, there are ac-
tually two central preconditions that have enabled the advanced performance of
these laser sources:

• The fabrication maturity offered by the Si3N4 platform. The double-stripe
waveguide cross section employed here offers not only low propagation
loss (about 0.1 dB/cm) and tight bending radii. The platform enables that
these and more waveguide circuit parameters, such as coupling constants
and mode-field diameters at waveguide tapers, are fabricated reproducibly.
Thereby the platform offers reliable fabrication of low-loss waveguide cir-
cuits with complex shapes. Examples are microring resonators which en-
able enhanced cavity length (for narrow linewidth and low repetition rates)
and provide sharp spectral filtering.

• Advanced controllability. InP chips and Si3N4 can be hybrid integrated
and packaged in permanent assemblies, where individual waveguide com-
ponents can be reliably tuned via computer-controlled voltages and cur-
rents. The latter is of high importance because there is usually a large set
of parameters to be monitored and controlled simultaneously. Only with
such comprehensive controllability, the desired optical output properties
(wavelength tuning, narrow linewidth, dual-frequency generation, comb
generation) can be reproducibly obtained.

Seeing that these two essential preconditions are fulfilled, the road ahead for
hybrid or heterogeneously integrated lasers looks promising. Having provided
demonstrations of basic cases, there seem to be two directions in which the field
can progress. The first can be the translation of single and multi-frequency lasers
toward commercial versions. In particular, electronic stabilization and remote-
controlled operation are of interest, where first steps are visible already.

The other route is to expand the range of output parameters that can be covered,
to align with the needs of researchers or applications. Parameter expansion may
aim for instance on increased output power by integrating more or different
semiconductor components. Another direction of expansion is extending the
wavelength range of these lasers to cover for example the visible and part of the
UV.

When recalling the properties of the specific lasers investigated here, there are
several paths for technological progress but also open questions:

• Regarding dual-frequency lasers, future research should focus on better
understanding and more precisely observing correlations in frequency noise.
Another future step would be to extend this demonstration to the gener-
ation of higher beat frequencies, i.e., THz frequencies, to be applied for
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example in high bit rate communication systems [209]. Also of interest is
to investigate to what extent lower (several GHz or sub-GHz) frequencies
in the RF range can be generated. At a certain frequency spacing, corre-
sponding to the injection locking range, the spectrum may condensate to
a single frequency due to injection locking. For applications another inter-
esting next step is to realize mode-hop-free tuning of the generated beat
frequency, which is possible by tuning the phase section and microring
resonators synchronously [94].

• Regarding cavity length extension and frequency-modulation based mode-
locking at low repetition rates, a next step would be increasing the number
of spectral lines. It is also of interest to investigate if there is any funda-
mental lower limit to the repetition rate that can be achieved using this
technique. Future investigations can also focus on pulse compression via
dispersion compensation, for applications where pulses are required.

• It will be of interest to co-integrate these sources with the advanced waveg-
uide circuits enabled by the Si3N4 platform, such as microwave photonic
processors and photonic quantum processors.

• With regard to extending the wavelength coverage, this will require, at least
partially, other active and passive components. It can be expected that the
importance of Si3N4 circuits will grow strongly, due to its broad trans-
parency range, flexibility in waveguide cross sections, and high-fidelity
fabrication. The required types of amplifiers will change, however, as dif-
ferent wavelength ranges require different semiconductor compounds, e.g.,
GaInAsSb for the mid-infrared, AlGaInP for the visible range, and InGaN
for the blue and near-ultraviolet. Also other passive waveguide materials
can be of interest, for instance Al2O3, AlN, and LiNbO3. The latter two ma-
terials provide χ(2) nonlinearity, which enables faster control of the laser
output parameters (enabling fast modulation and electronic stabilization)
and up or downconversion for further extended wavelength coverage.

These steps will provide numerous and novel options to apply light and its
advantages, such as coherence, to integrated photonic applications.



A Calculations on hybrid
mode-locking using a large
modulation depth

Figures A.1 and A.2 show initial calculation results for hybrid mode-locking us-
ing the laser model of Chapter 5. In these calculations, the modulation depth
was still set to the maximum possible value (100%) for presumably easier initia-
tion of mode-locking. Figures A.1 and A.2 display the calculation results for the
short cavity laser and long cavity laser, respectively. The high modulation depth
led to a fast modulation in the output power versus time and the instantaneous
frequency versus time, e.g., at 8 times the modulation frequency. We address this
partly to the additional nonlinear response of the laser output power associated
with driving the laser periodically from below to above threshold. To avoid such
undesired modulation, in the calculations for Chapter 5 of the thesis, we use a
reduced modulation depth of 5%.



90 Calculations on hybrid mode-locking using a large modulation depth

������ �����

��������������

��
���

��
�


��
�	

��
��

��
�
��
���

�
�

(a)

� �� �� �� ��
��������������

��
��	

��
���

��
���

��
��

��
�


��
�	

��
�
��
���

�
�

(b)

������ �����

��������������

�	

��

�

�

	

��
��
��
���

��

(c)

���� ���� ���

���������

����

���	

����

���	

����
��

�
��
���


�

(d)

���� ���� ���	
��������

�����

�

����

���
���
�


��

(e)

Figure A.1 Calculation results with active modulation, for the high repetition
rate regime (κ2 = 0.1) where the modulation depth is set to 100%. Shown are
(a) the optical spectrum, (b) the RF spectrum, (c) the phase spectrum, (d) output
power versus time, and (e) the instantaneous frequency.
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Figure A.2 Calculation results with active modulation, for the low repetition
rate regime (κ2 = 0.0015) where the modulation depth is set to 100%. Shown are
(a) the optical spectrum, (b) the RF spectrum, (c) the phase spectrum, (d) output
power versus time, and (e) the instantaneous frequency.





References
[1] E. Agrell, M. Karlsson, A. R. Chraplyvy, D. J. Richardson, P. M. Krumm-

rich, P. Winzer, K. Roberts, J. K. Fischer, S. J. Savory, B. J. Eggleton, M. Sec-
ondini, F. R. Kschischang, A. Lord, J. Prat, I. Tomkos, J. E. Bowers, S. Srini-
vasan, M. Brandt-Pearce, and N. Gisin, “Roadmap of optical communica-
tions,” J. Opt. 18, 063002 (2016).

[2] D. Marpaung, J. Yao, and J. Capmany, “Integrated microwave photonics,”
Nat. Photonics 13, 80–90 (2019).

[3] Th. Udem, R. Holzwarth, and T. W. Hänsch, “Optical frequency metrol-
ogy,” Nature 416, 233–237 (2002).

[4] T. A. Klar, S. Jakobs, M. Dyba, A. Egner, and S. W. Hell, “Fluorescence
microscopy with diffraction resolution barrier broken by stimulated emis-
sion,” Proc. Natl. Acad. Sci. U.S.A. 97, 8206–8210 (2000).

[5] A. Martin, D. Dodane, L. Leviandier, D. Dolfi, A. Naughton, P. O’Brien,
T. Spuessens, R. Baets, G. Lepage, P. Verheyen, P. De Heyn, P. Ab-
sil, P. Feneyrou, and J. Bourderionnet, “Photonic integrated circuit-based
FMCW coherent LiDAR,” J. Light. Technol. 36, 4640–4645 (2018).

[6] J. L. O’Brien, A. Furusawa, and J. Vučković, “Photonic quantum technolo-
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Summary
Diode lasers with low-loss dielectric feedback circuits based on hybrid integra-
tion are attractive because they are compact, can be efficiently driven via an
electric current, and can be seamlessly integrated with advanced waveguide cir-
cuits. A central motivation to investigate these lasers is that they offer a sig-
nificantly increased cavity photon lifetime, which has enabled single-frequency
lasers with an extremely narrow intrinsic (Schawlow-Townes) linewidth of the
laser frequency.

In this thesis, we extend this linewidth narrowing concept beyond the generation
of only a single frequency, using long, tunable feedback circuits based on low-
loss silicon nitride (Si3N4) waveguides. The generation of multiple frequencies
with well-controlled frequency spacings opens up the path to additional appli-
cations that make use of other wavelength ranges, such as the technologically
mature radiofrequency (RF) range, where information can be easily retrieved,
processed, and stored using standard, low-noise electronics.

While Chapter 1 and 2 provide an introduction to the field and relevant back-
ground information on the laser concepts and waveguide components used in
this thesis, in Chapter 3 we realize a tunable hybrid dual-frequency laser for
generating narrow beat frequencies in the microwave and THz domain. Gen-
erating a microwave beat frequency in the order of 10 GHz as an example, we
observe a narrow intrinsic linewidth of the beat frequency of around 2 kHz.
This value is, to our knowledge, about a factor of 13 lower than the narrowest
intrinsic microwave linewidth reported so far for microwave generation using
fully chip-integrated dual-frequency lasers. Dual-frequency oscillation is made
possible, i.e., spectral condensation due to the homogeneously broadened gain
spectrum is counteracted, by carefully balancing the feedback from two highly
frequency-selective mirrors based on microring resonators, which are both inte-
grated on the same Si3N4 feedback chip. We find signs that the beat frequency
shows an additional narrowing compared to what is expected from the individ-
ual linewidths of the two beating optical frequencies. We address this to the two
frequencies being generated in the same gain medium, thus experiencing the
same refractive index fluctuations.

In Chapter 4 we extend this approach to more frequency lines, by generating a
set of equally spaced optical frequencies, i.e., an optical frequency comb, using
a mode-locked diode laser. We demonstrate that also in diode laser frequency
combs, the approach of cavity extension with dielectric waveguides leads to
significant linewidth reduction of the individual laser lines. We observe a narrow
linewidth of 34 kHz of the individual comb lines. At the time of publication
this was the narrowest value for all fully chip-integrated frequency comb diode
lasers, by more than a factor of seven. This chapter forms the first demonstration
of frequency comb generation in a hybrid laser with sharp narrowband feedback
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without a saturable absorber, which is different from the standard approach to
passive mode-locking. Instead, comb generation can be addressed to relaxation
oscillations becoming resonant with the beating of longitudinal modes.

Aiming on applications that require low repetition rates, e.g., for higher reso-
lution and easier detection, Chapter 5 explores frequency comb generation in
hybrid integrated diode lasers toward denser comb line spacings. So far, the line
spacing or repetition rate of mode-locked diode lasers based on pulsed light (am-
plitude modulation, AM mode-locking) seems to hit a fundamental lower limit
in the order of 1 GHz. This limit is caused by the short lifetime of the excited
charge carriers in diode lasers (about 1 nanosecond). An option to bypass and
thus effectively remove this limit may be to impose frequency modulation (FM)
on a laser’s spectral dynamics, instead of imposing AM on the power dynamics.
In Chapter 5, via a numerical investigation, we confirm that the mode-locking
technique presented in Chapter 4 (based on narrowband feedback) has a strong
component of FM mode-locking. We demonstrate that indeed this technique en-
ables stable frequency comb generation at a repetition rate of 225 MHz, i.e., well
below the named limit of around 1 GHz.

In addition to passive mode-locking, we numerically demonstrate hybrid mode-
locking via pump current modulation for removal of timing jitter. We find that
modulating the pump current, even though this is an AM technique, narrows
the RF beat width at −40 dB by a resolution limited factor of 23 at a repetition
rate of 225 MHz.



Samenvatting
Diodelasers voorzien van feedbackcircuits met lage verliezen via hybride inte-
gratie zijn aantrekkelijk om diverse redenen: ze zijn compact, kunnen effici-
ënt worden aangedreven met een elektrische stroom en sluiten naadloos aan
op geavanceerde golfgeleidercircuits. Een belangrijke reden om deze lasers te
onderzoeken is de significant langere levensduur van fotonen in de resonator.
De lange levensduur maakt een zeer smalle intrinsieke (Schawlow-Townes) lijn-
breedte van de laserfrequentie mogelijk.

In dit proefschrift breiden we dit concept voor lijnbreedteverlaging uit naar
meerdere frequenties. Dit doen we met behulp van lange, afstembare feedback-
circuits gebaseerd op siliciumnitride (Si3N4) golfgeleiders met zeer lage pro-
pagatieverliezen. Het genereren van meerdere frequenties met precies gecon-
troleerde frequentieafstanden maakt aanvullende toepassingen in andere golf-
lengtebereiken mogelijk. Een belangrijk voorbeeld is het technologisch ver ont-
wikkelde radiofrequentie (RF) bereik, waar informatie gemakkelijk kan worden
opgehaald, verwerkt en opgeslagen met behulp van standaard, ruisarme elek-
tronica.

Hoofdstuk 1 en 2 vormen een introductie tot het onderzoeksgebied en bieden
achtergrondinformatie over de laser- en golfgeleiderconcepten die we gebruiken
in dit proefschrift. In Hoofdstuk 3 presenteren we een afstembare tweefrequen-
tielaser op basis van hybride integratie, bedoeld voor het genereren van een
smalbandige verschilfrequentie in het microgolf- en THz-domein. Voor een mi-
crogolf met een frequentie rond de 10 GHz bereiken we een smalle intrinsieke
lijnbreedte van ongeveer 2 kHz. Deze waarde is, voor zover ons bekend, on-
geveer een factor 13 lager dan de laagste intrinsieke lijnbreedte die tot nu toe
vermeld is in de literatuur voor tweefrequentielasers die volledig op een chip
geïntegreerd zijn. We bereiken laseroscillatie bij twee frequenties door de feed-
back van twee frequentieselectieve spiegels in balans te brengen, om zo spectrale
condensatie door het homogeen verbrede versterkingsspectrum tegen te gaan.
Beide spiegels zijn gebaseerd op ringresonatoren en bevinden zich op dezelfde
Si3N4 feedbackchip. We zien tekenen dat de breedte van de verschilfrequentie
smaller is dan verwacht op basis van de lijnbreedtes van de twee afzonderlijke
laserfrequenties. Dit komt doordat de twee frequenties in dezelfde versterker
gemaakt worden, waardoor fluctuaties in brekingsindex hetzelfde effect hebben
op beide frequenties.

In Hoofdstuk 4 breiden we deze aanpak uit naar meer frequentielijnen, door een
set van frequenties te genereren waarbij de onderlinge afstand precies gelijk is,
oftewel een frequentiekam. We demonstreren dat, ook bij frequentiekamgenera-
tie via diodelasers, het verlengen van de resonator met diëlektrische golfgelei-
ders leidt tot significant smallere lijnbreedtes. We bereiken een smalle lijnbreedte
van 34 kHz voor de individuele kamlijnen. Op het moment van publicatie was
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dit de smalste lijnbreedte van alle frequentiekambronnen gebaseerd op diodela-
sers, meer dan een factor 7 lager dan de tot dan toe laagste waarde. Dit hoofd-
stuk vormt de eerste demonstratie van frequentiekamgeneratie in een hybride
laser met smalbandige feedback zonder verzadigbare absorber. In tegenstelling
tot de standaardaanpak voor passive mode-locking kan hier de frequentiekam-
generatie toegeschreven worden aan relaxatie-oscillaties die resonant worden
met de beat van longitudinale staande golven.

Met het oog op toepassingen waar een lage herhalingsfrequentie nodig is, bij-
voorbeeld voor hoge resolutie of eenvoudige detectie, onderzoeken we in Hoofd-
stuk 5 frequentiekammen met lagere lijnafstanden (gebaseerd op hybride geïn-
tegreerde diodelasers). Tot nu toe lijkt het dat voor mode-locked diodelasers
gebaseerd op gepulst licht (amplitudemodulatie, AM mode-locking) men bij het
verlagen van de lijnafstand, oftewel de herhalingfrequentie, tegen een funda-
mentele ondergrens aanloopt van grofweg 1 GHz. Deze limiet wordt veroor-
zaakt door de korte levensduur van de ladingdragers in diodelasers (ongeveer
1 nanoseconde). Een mogelijkheid om deze limiet te omzeilen en dus effectief
weg te nemen is door frequentiemodulatie (FM) toe te passen op de spectrale
dynamiek van een laser, in plaats van amplitudemodulatie (AM) op de vermo-
gensdynamiek. In Hoofdstuk 5 bevestigen we, via numeriek onderzoek, dat de
mode-locking techniek uit Hoofdstuk 4 (gebaseerd op smalbandige feedback)
een sterke FM mode-locking component vertoont. We demonstreren dat deze
techniek inderdaad stabiele frequentiekamgeneratie mogelijk maakt bij een her-
halingsfrequentie van 225 MHz, oftewel, ver onder de genoemde limiet van 1
GHz.

Naast passive mode-locking demonstreren we met ons numerieke model hy-
bride mode-locking door de pompstroom te moduleren, met als doel timing
jitter te verwijderen. We zien dat het moduleren van de pompstroom, ondanks
dat dit een AM techniek is, zorgt voor een versmalling van de RF lijnbreedte met
een factor van 23 (beperkt door de resolutie) bij −40 dB, bij een herhalingsfre-
quentie van 225 MHz.
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