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Chapter 1

Introduction

Nowadays, lasers are used in unaccountably many situations, from high power lasers
for laser welding, consumer products such as optical mice and DVD players, to the
backbone of the internet based on optical communication via guiding laser light
through glass fibers. When the laser was invented 65 years ago, its current im-
pact was still unthinkable. Although the special properties of lasers were clear at
the time, especially the brightness of laser light, there was no direct application yet.
Therefore, the laser was also called a "bright solution looking for a problem” [1]. A
few years before the first laser was demonstrated, a microwave device for stimulated
emission was already built, called maser (microwave amplification by stimulated emis-
sion of radiation). At that time Schawlow and Townes [2] wrote their seminal paper
about "the extension of maser techniques to the infrared and optical region" in which
they predicted remarkably monochromatic emission if the output frequency of masers
would be increased to optical wavelengths. Two years later, the first working device
for stimulated emission at the optical wavelength of 694.3 nm was demonstrated by
Maiman [3] and the optical maser was eventually called laser (light amplification by
stimulated emission of radiation).

Since the first ideas about the laser became reality, the ideal has always remained
to create sources for light emission with the highest possible stability and controllabil-
ity. Schawlow and Townes emphasized that the most desirable features would be "a
high order of monochromaticity and tunability”. However, it appeared unreasonable
to them to expect "more than a small fractional amount of tuning in an infrared or
optical maser using discrete levels” [2]. Obviously, this sentence was written before
the invention of the laser diode [4, 5], which came about 4 years after their comment.
The present state of the art, and especially of the diode lasers presented in this thesis,
is clearly beyond what Schawlow and Townes had seen as impossible. In short, the
monochromaticity of specific lasers can be much higher than that of masers, while
diode lasers can be tuned within a vast spectral range from the far-infrared into the
ultra-violet.
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1.1 Laser applications

After building the first lasers, these light sources inspired the discovery of many new
applications. The reason is that lasers are well-behaved compared to classic light
sources in terms of the purity and controllability of the emitted light regarding wave-
length, polarization, power, pulse duration, spatial distribution and spectral coher-
ence. Lasers can emit monochromatic light with a high spectral purity, called spectral
or temporal coherence, which means that the frequency and wavelength of the light
are well-defined and stable. This property is often addressed as narrow linewidth, low
frequency noise, or low phase noise. A high degree of coherence is beneficial for many
applications, or even enables certain applications, such as when transmitting data in
optical communications, or when retrieving data from the environment via optical
sensing. In addition to coherence, it is often important that the laser wavelength
is adjustable for a broad the range of applications. It turns out that attempting to
realize a universal laser with all its properties optimized is not realistic. On the other
hand, providing a universal laser is not essential because, usually, each individual
application requires only some of the properties of the laser output to be optimized.

For instance, the ever growing demand for higher data rates and transmission
bandwidths for fiber-optic links requires compact, robust, and electrically driven light
sources that can be tuned to and frequency stabilized to specific infrared channels in a
frequency grid as defined by the International Telecommunication Union (ITU). Op-
timizing additionally for ultra-low phase noise then enables the increase of data rates
via advanced modulation formats [6] that use phase encoding in addition to amplitude
encoding [7, 8, 9]. Such coherence-optimized diode lasers would find application in
long-haul fiber networks and short-reach fiber links [10], supporting also high-capacity
wireless communication between fixed antennas and mobile stations [11]. They would
also be instrumental as an optical carrier in optical beam forming networks [12| and
as on-chip oscillators for microwave photonics [13]. We note that these applications
mostly make use of laser wavelengths around 1.55 um, because the propagation loss
in silica glass fibers is lowest [14]. The same reasoning applies to integrated silicon
photonic circuits having their lowest optical loss in that wavelength range [15].

The mentioned examples make obvious how important the role of lasers is for com-
munication in our society. However, there are many more applications where the use
of lasers is more hidden and indirect, such as for ultra-high resolution and precision
metrology. An example are optical clocks [16, 17|, which are, due to their unprece-
dented accuracy, capable to determine tiny local changes in the gravity potential, such
as between the middle of a mountain vs tens of kilometer away [18]. There are re-
cent experiments that resolve even gravitational redshifts within millimeter-scales in
atomic samples, thanks to a fractional frequency uncertainty smaller than 1072° [19].
Stable clocks also enable accurate positioning via satellite navigation, because time
and distance are linked to each other via the speed of light. Realizing state-of-the-art
optical clocks requires tunability of the laser to a set of very specific wavelengths often
including the visible and the ultra-violet. The same holds true for the preparation and
interrogation of atomic quantum states, as this requires a combination of ultra-low
phase noise and long-term frequency stability of the laser.
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Traditional laser technology based on bulk optical components such as using mir-
rors or fibers has so far been a main approach to serve most of named applications.
However, many more options open up if the required light sources can be integrated
in their minimum format as integrated photonic devices on a chip. Next to the size
advantage, a main benefit of integrating the laser is that this removes the instability
that is often associated with bulk optical laser cavities, replacing it with the inherent
stability of photonically integrated resonators. An example of metrology benefitting
from laser integration are small sensors for autonomous traffic based on coherent op-
tical ranging through frequency-modulated continuous-wave (FMCW) light detection
and ranging (LiDAR) [20, 21, 22|. Similarly, devising chip-sized diode lasers for low-
est phase noise can be used to detect motion, based on the optical laser Doppler
vibrometry (LDV). Applications are found for instance in acoustic characterization
in the car industry, or for quality screening in fabrication of micro-electromechanical
systems (MEMS) that serve as inertial sensors, i.e., as accelerometers and gyroscopes.
Actually, part of this thesis contributed to this field. Our team took part in a Eu-
ropean research project (3PEAT) to devise low-linewidth chip-sized diode lasers to
be embedded in subsequent photonic circuitry. The project provided a showcase ex-
ample of how low-phase-noise diode lasers at infrared telecom wavelengths can be
exploited to develop a fully integrated, 2D-scanning laser Doppler vibrometer (LDV)
module [23, 24].

The embedding of integrated diode lasers with further waveguide circuity and
components on the same chip is beneficial also for other sensing applications, e.g.,
for on-chip sensing of methane [25] and other gases [26], or as biosensors for lab-
on-a-chip applications [27, 28, 29]. Integrating the laser on the same chip can make
the overall system more robust and compact. However, sensing applications often
require a broader range of optical frequencies. To access wider wavelength ranges,
it is of interest to employ diode laser gain chips with different quarterny composi-
tions, or to integrate frequency conversion on the same chip as the laser. Recent
examples of broadband nonlinear conversion are pumping Kerr frequency combs with
chip-integrated diode lasers [30, 31], enabling integrated dual-comb sources for spec-
troscopic sensing [32].

Nonlinear conversion of chip-integrated diode lasers may also involve small fre-
quency shifts. For instance, Brillouin amplifiers provide frequency shifts of the or-
der of 10 GHz which is of high interest to enable RF-quality information processing
of microwaves with optical methods, specifically, when using mature photonic plat-
forms [33]. Similarly, it should be possible to embed Brillouin lasers [34] with sub-Hz
linewidths [35] driven by a narrowband diode laser on the same chip.

Embedding an increasing number of highly coherent diode lasers with further
photonic components on the same chip, i.e., upscaling the number and density of light
sources on chips, is likely of interest also for applications that still lie in the future.
This is certainly the case for quantum information processing. The reason is that
photonic integration can be the key for upscaling towards high-complexity systems as
precondition for high functionality [36, 37, 38]. Specifically, chip-integration of ultra-
low linewidth lasers at multiple visible and ultraviolet wavelengths is of relevance
for upscaling atom and ion-based quantum processing [39, 40, 41]. The challenge is
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that integration must maintain tunability and highest coherence as needed for optical
cooling and trapping [42], and for warranting sufficient phase stability of quantum
gates. Alternatively, diode lasers integrated in a hybrid photonic platform can serve
as source of entangled quantum states [43] to be used to scale up chip-integrated
photonic quantum processors.

To wrap up this overview, lasers assisted by integrated photonics have indeed
developed into one of the key enabling technologies of our time. Looking back to
the enormous impact that the laser already has made, with every new laser or laser
concept often discovered out of pure curiosity, also chip-integrated lasers will bring
tremendous inspiration and lead to yet undiscovered applications.

1.2 Chip-integrated lasers

In the following we describe the present state of the art with chip-integrated lasers
that are of interest when requiring compactness, portability or usage in increasingly
high numbers. A well known approach to meet this is the lithographic fabrication of
lasers, which began already with the first developments of laser diodes. The first spec-
trally well-controlled and fully-integrated diode lasers were the so-called distributed
Bragg reflector (DBR) and distributed feedback (DFB) lasers. However, for many ap-
plications the linewidth of such lasers turned out as too broad and the tuning ranges
were too limited.

As described to more detail in the bulk of the thesis, this has inspired the devel-
opment of hybrid and heterogeneously integrated diode lasers, where part of the laser
resonator is located in an additional photonic circuit. Using strong and frequency-
selective feedback in the form of an integrated extended cavity laser, the reduction in
intrinsic linewidth became indeed remarkable, reaching below 100 Hz with heteroge-
neous integration [44] and down to 40 Hz with hybrid integration [45]. An alternative
is enhancing the spectral stability by weak feedback from an external high-Q resonator
at the predefined frequencies of a standard diode laser, referred to as self-injection
locking. This technique had shown linewidths down to the 1-Hz-level [46, 47, 48] and
even as low as 40 mHz [49]. Although these are impressive achievement, it needs to
noted that there are also disadvantages, such as the requirement for careful adjust-
ment of the optical feedback phase, or the restriction to the light frequencies given by
the solitary laser before it is self-locked. In comparison, extended cavity diode lasers,
either hybrid or heterogeneously integrated with ring resonators offer free and wide
tunability across the entire gain bandwidth [50, 51|, while the feedback phase setting
can be used for fine-tuning.

Due to available technology and interest from telecom applications, the spectral
evolution of hybrid and heterogeneously integrated lasers started in the optical com-
munications band around 1.55 pm, based on feedback waveguide circuits made from
silicon [52]. Only afterwards, progress toward narrower linewidth and wider spec-
tral coverage began based on a closer understanding of wavelength and intensity
limits with silicon, when also the fabrication technology for different waveguide plat-
forms became more mature, such as involving silicon nitride [53]. The trends that



can be identified are that the spectral range became extended to longer wavelengths
for applications of molecular detection, and to the range of shorter wavelengths, for
targeting, e.g., atomic transitions. In recent years, the range has significantly ex-
panded with lasers toward the mid-infrared [54, 55, 56, 57, 58, 59, 60| and near-
infrared [61, 62, 63, 64, 65, 66, 67, 68, 69]. Regarding shorter wavelengths, hybrid
and heterogeneously integrated lasers are about to conquer the visible range [70, 71].
The first visible laser of this kind is presented in this thesis [72], while the coverage
is meanwhile reaching out towards the violet range [73, 74, 75].

To enable or support the solidification and widening of spectral coverage, several
photonic platforms have matured over the last decades, making them compatible
for integration with diode amplifiers or diode lasers. Each platform has its specific
advantages, making it suitable for a certain range of wavelengths and functionalities.
For example, for the telecom range, silicon on insulator (Sol) waveguides can be
fabricated using standard CMOS processing and its high index contrast allows for
integration of many components on small chips [50, 76, 77|. Alternatively, e.g., III-
IV semiconductor platform excels in the integration of light sources with high-speed
modulators and detectors on the same chip [78]. However, for the expansion towards
the visible range, and for further reduction of losses, other materials with a wider
electronic band gap than silicon or indium phosphide were required. Silicon nitride
(SigN4) embedded in silicon oxide (SiOz) can extend the spectral transparency window
for feedback circuits down to almost 400 nm |79, 80|, in this range offering a good
combination of a moderately tight confinement with very low propagation loss. These
properties make the silicon nitride platform highly suitable for microring resonators
for sharp spectral filtering [81, 82]. Other materials that might be of interest for cost
reduction are polymers [83], whereas lithium niobate (LiNbO3) with its strong second
order nonlinearity offers non-linear conversion and fast modulation [22, 84].

Regarding the approach for integrating the waveguides of diode amplifiers with
feedback circuits, there are various options available, of which we briefly review the
main properties along the state-of-the-art. Presently, this integration is progress-
ing along three main routes, known as heterogeneous integration, hybrid integration
and micro-transfer printing. Heterogeneous integration appears promising for large-
volume fabrication at the wafer-level [50, 76, 85, 77, 48]. This technique is based
on growing or surface bonding dissimilar layers of different materials to each other,
which is restricted by material compatibility, such as lattice size or thermal expansion
coeflicients. Micro-transfer printing uses a stamp to pick-up pre-fabricated compo-
nents, such as amplifiers and detectors, to press them on a target substrate containing
feedback circuits [86, 87]. This enables high fabrication throughput as well, but it
introduces restrictions regarding materials and thermal management. A challenge
common to heterogeneous integration and micro-transfer printing is that coupling
between waveguide layers usually requires adiabatic couplers, which tend to suffer
from coupling loss. Hybrid integration as the third approach is based on permanently
edge-coupling the diode amplifier with a feedback chip, or coupling to output fibers.
One important advantage of the approach is that it allows almost fully independent
optimization of the individual components and thus may be applied even to elevated
powers [88, 89, 90]. A second advantage is that edge coupling is less sensitive to



Figure 1.1: Photos of two different types of laser assemblies, with in both cases a semicon-
ductor gain chip and a fiber array are coupled and fixed to a SizNy feedback circuit. (a) In
this open assembly, two gain chips are attached to a single feedback chip. Photo by Gijs
van Ouwerkerk, PHIX Photonics Assembly. (b) Here the laser assembly is mounted in a
standard 14-pin butterfly package, and on-chip controls are wire bonded with the pins of
this package.

coupling loss or undesired back-scattering, because tapering can be used for low-loss
mode matching (0.2-dB level [91]) in combination with anti-reflection coatings and
slightly angled waveguides vs the facet normal, all of which enhances the purity of laser
emission. Also of interest for hybrid integration are the use of photonic wire bonds
as coupling elements between different chips [92] and flip-chip integration [93, 94].
These methods are aiming on large volume production as well, but are still under
investigation and development to reduce losses in mode matching. All of the named
approaches ultimately require so-called packaging, which consists of electrical, thermal
and optical interfacing to the environment via wire bonding, thermoelectric cooling
and fiber arrays.

For the lasers described here, we decided to use hybrid integration followed by
packaging to benefit from the named advantages with maximally independent opti-
mization of components and relatively low coupling loss.

1.3 Thesis outline

In this thesis, we investigate widely-tunable and frequency-stable hybrid-integrated
diode lasers using silicon nitride-based feedback circuits. At first thought, tunability
and stability seem like directly opposing each other, and thus cannot be optimized
simultaneously. However, having both properties simultaneously is often required
since stability enables precision, while tunability is essential for making systematic use
of precision. The tunability of a laser depends mainly on the design of the waveguide
feedback circuit, while the stability of depends in addition on the mechanical and
thermal and, also, on the stability of the various electrical currents that provide gain
or induce phase changes in the laser circuitry. As a result, the type of lasers that are
under investigation here cannot be brought to the intended stability and tunability
without a sufficiently high degree of technical development regarding their mechanical,
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thermal, and electrical environment and driving. To give an impression of the high
degree of technical development, which introduces frequency stability and reliability,
Fig. 1.1 shows two typical examples of the lasers investigated here.

The following parts of this thesis are arranged as follows. In chapter 2 we recall
the theory for spectral filtering using waveguide circuits and the theory regarding
spectral stability of hybrid integrated diode lasers using these waveguide circuits. In
chapter 3 we present a theoretical analysis of wavelength tuning with emphasis on
extending the continuous, i.e., mode-hop free tuning range of a narrow-linewidth hy-
brid integrated laser. The chapter also presents corresponding experimental results
and a demonstration of recording absorption lines of acetylene near 1.54 pm wave-
length via mode-hop free tuning. The first demonstration of a hybrid integrated laser
operating in the visible spectrum is presented in the following chapter 4. The visi-
ble wavelength range around 685 nm is chosen to demonstrate that the wavelength
coverage may include absorption lines of strontium. To investigate the options for
long-term stability of hybrid integrated lasers, we describe in chapter 5 our results
on locking the laser frequency to an acetylene absorption line and, alternatively, to
a fiber-based optical frequency discriminator. We note that the central part of the
thesis is written in a cumulative manner, i.e., chapters 3-5 are presented as already
published in scientific journals. Therefore, each chapter is self-contained with its own
introduction, conclusion and outlook. Finally, in chapter 6, we summarize the results
and provide a broader perspective and outlook on the research field.






Chapter 2

Theoretical aspects

2.1 Introduction

Basic laser theory shows that the finite linewidth of a laser is determined by residual
frequency fluctuations. The fundamental component of these fluctuations is caused
by spontanecous emission, addressed as the Schawlow-Townes limit [2], which scales
with the reciprocal of the laser cavity length squared. In addition to spontaneous
emission, technical noise further broadens the laser linewidth. Reducing technical
noise contributions to the linewidth is typically easier for lasers with a small Schawlow-
Townes linewidth, by using feedback loops and, e.g., lock the laser frequency to an
external reference.

Widely used diode lasers, capable of emitting a single wavelength, are distributed
Bragg reflector (DBR) and distributed feedback (DFB) lasers. Due to a short cav-
ity length, typically a few hundred micrometer, with an associated relatively broad
linewidth in the MHz-range. To circumvent these limitations, and to obtain single
mode lasing with a narrow Schawlow-Townes linewidth, it was already proposed in
2001 [95] to couple a diode laser with a microring resonator (MRR). The filtering
mechanism of a microring resonator would provide a very sharp Lorentzian shaped
transmission peak, to select a single laser mode, and to achieve a linewidth reduction
below 100 kHz by effectively extending the on-chip optical cavity length of the laser.

Figure 2.1 shows schematically the realisation of this approach, as we use it here.
The essential components comprise a semiconductor optical amplifier (SOA) with a
high reflection coating on one facet, a phase section, two sequential microring res-
onators in a loop mirror to provide wavelength selective feedback, and a tunable
coupler to direct part of the light to the output port of the laser. The output of the
laser is available via a fiber that is coupled to the output port.

To provide a low-loss feedback circuit for the diode laser, bending losses will limit
the workable ring radius, and thus limit the free spectral range of the filter to values
smaller than the relatively broad gain bandwidth of diode lasers. Multiple ring reso-
nances would fall within the gain bandwidth and feedback at those frequencies could
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tunable coupler

phase section

Figure 2.1: Schematic view of a typical hybrid-integrated laser, as investigated in this thesis,
comprising an optical amplifier and a waveguide feedback circuit. The InP-based amplifier
is coated with a high-reflection (HR) and an anti-reflection coating (AR). The SizN4-based
waveguide feedback chip contains a phase section and two microring ring resonators (MRR)
in a loop mirror to provide frequency selective feedback. A balanced Mach-Zehnder interfer-
ometer, which functions as a tunable coupler, is used to extract part of the intracavity light
and direct it to the output of the laser. Heaters for thermal tuning are indicated in yellow.

lead to multi-mode lasing. However, by using a combination of two or more microring
resonators as filter, a free spectral range of the filter equal to or surpassing the gain
bandwidth can be obtained via the so-called Vernier effect [96, 53], thereby allowing
single mode and narrow linewidth operation over the complete gain bandwidth of
the diode laser. For example, by integrating two ring resonators in a low loss circuit
and coupling the circuit with a semiconductor optical amplifier, the linewidth can
be reduced by several orders of magnitude with regard to standard DBR and DFB
lasers, to the range of 10 kHz [53, 97, 98]. Further extension of the cavity length,
e.g., by adding a third ring resonator, has enabled us to reach an extremely narrow
linewidth of 40 Hz [45]. In addition, using ring resonators for spectral filtering has
the advantage that a small change to the optical length of one of the rings, e.g., by
using heater elements to increase the roundtrip phase, is enhanced with respect to a
single roundtrip, because the lifetime of the light inside the ring is much larger than
one roundtrip time. In chapter 3, we present a theoretical analysis for extending the
mode-hop-free tuning range based on this effect and we confirm the analysis with ex-
perimental data. Here, we continue in section 2.2 with the theoretical description of
spectral filtering using waveguide feedback circuits, and in section 2.3 with an analyt-
ical model for calculating the frequency stability of diode lasers using these feedback
circuits.

2.2  Optical feedback circuits

Optical waveguides are used to guide the light within the photonics chips, as inter-
connect between different building blocks and as the the basic element to construct
building blocks, such as resonators, couplers or loop mirrors. A waveguide comprises
of a material of higher refractive index, which is surrounded by a material with lower
refractive index, often labelled as core and cladding. The index contrast between core
and cladding allows electromagnetic waves to be confined in the transverse plane,
which can be seen in the picture of geometrical optics, as caused by total internal
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reflection. Dependent on the size and shape of the waveguide, the wavelength and the
index contrast, one or more transverse optical modes are guided for each polarization.

In this work, waveguides are typically optimized for two conditions. The first con-
dition is that only one transverse mode is guided. The reason is that the functionality
of building blocks depends on which mode is selected. A further problem is, even if
only one mode is excited, the light from that mode can in principle couple to other
modes at non-adiabatic transitions or at scattering interfaces. Thus, to prevent also
such mode conversion, the waveguide should be designed to only support a single
transverse mode, which is usually the lowest order (fundamental) mode. The second
condition is that only a small fraction of light is lost in waveguide bends. Namely,
bending a waveguide leads to radiation loss, also called bend loss, which depends
on the bend radius and the mode confinement. If the mode is sufficiently confined,
even sharply bent waveguides or ring resonators with tight bend radii can be used for
low-loss guiding.

For finding an optimized waveguide cross section, via retrieving the mode field
distribution, propagation constant and bend losses, typically, numerical mode solvers
are used. The propagation constant for each mode is given by

27Tneff

ﬂi)\

(2.1)

where neg is called waveguide effective index and A is the vacuum wavelength. The
effective index is usually wavelength dependent due to chromatic dispersion of the
core and cladding materials and due to the so-called form dispersion, which depends
on the chosen cross section. The propagation constant of a selected transverse mode
and the corresponding effective index are needed, e.g., for calculating the resonance
condition in resonators. When the calculation involves a range of wavelengths, also
the group index ng is required, which is given by [99]

5neff

= (2.2)

Ng = Nef — A
which can be understood as the waveguide index to quantify the propagation delay
of a pulse that travels through a dispersive waveguide.

During the last decades, the development of integrated optics has provided a large
toolkit of building blocks that can be used to design a laser feedback circuit. For
designing such circuit, several consideration need to be take into account. For this
work, one goal is to provide tunable and narrowband feedback to select a single laser
frequency and to narrow the laser linewidth. The problem to be solved is that solitary
semiconductor lasers typically have a broad linewidth due to their short roundtrip
length and high internal loss. As we discuss in section 2.3.2, a narrow linewidth can
be achieved with extending the laser cavity length with a low-loss dielectric waveguide.
However, when extending the cavity length, the cavity modes become closely spaced
and laser oscillation might happen at multiple modes. Often, single mode oscillation
is desired with a high side mode suppression ratio (SMSR). Therefore, in addition to
extending the length, spectrally sharp filtering is required using tunable intracavity
elements to select a single cavity mode.
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Extending the laser cavity also requires to implement some reflective (mirror-like)
element, which sends light back to the semiconductor amplifier. Such mirror element
could be implemented in a feedback circuit using a Bragg grating, a multi-mode in-
terferometer (MMI) or a looped waveguide in combination with a directional coupler
(Sagnac mirror). It should be taken into account that other elements in or outside the
laser cavity should not cause any undesired back reflections, as these, if too strong,
would affect the linewidth and tunability of the laser. For example, MMI’s and Y-
junctions are known to cause noticeable back-reflections and thus should be avoided,
except when employing them as mirror. As a frequency filter element in a feedback
circuit, several building blocks could be considered, for example arrayed waveguide
gratings (AWGs), Bragg waveguides, Mach-Zehnder interferometers (MZIs) or mi-
croring resonators (MRRs).

Using ring resonators has several advantages. As we show in the next section,
properly chosen sets of ring resonators can provide both frequency filtering for single
mode selection and extending the laser cavity length for linewidth reduction. An
additional advantage of ring resonators is that they can be defined using the same
standardized lithography as for other waveguides of the feedback circuit.

What finally requires consideration is where the light is coupled out from the cir-
cuit. Typically, advanced feedback circuits can be designed to have multiple outputs.
Most advantageous is to couple the light out after a filter, to reduce the amount of
broadband amplified spontaneous emission in the laser output.

2.2.1 Ring resonators

The hybrid lasers described have add-drop ring resonators [95] as a filter element.
Such a resonator comprises a ring waveguide and two bus waveguides, as schematically
shown in Fig. 2.2. The basic working principle of an add-drop ring resonator is as
follows. Light is coupled into the input port of the bottom bus waveguide. Via
a directional coupler, some fraction of the input light can be coupled to the ring
waveguide. More specifically, only light which fulfills the resonance condition for the
ring, i.e., for which the total roundtrip phase is an integer multiple of 27, will be
coupled to the other bus waveguide, towards the drop port. The remainder of the
light, is transmitted to the through port.

The propagation of the electric field from the input port Ej, to the drop port Ey
can be described as [99]

1.
_K2\/ae§]0rt

E; = T facion Ei (2.3)
and from the input port to the through port as
t — tael¥r

E, = 1= 2acion E;, (2.4)

where ¢ and k are the self-coupling and cross-coupling coeflicients, respectively, of
the directional couplers. Here, we assume identical, symmetric and loss-free couplers,
such that t and x are real quantities. In this case, the power splitting ratios ¢> and x?2
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Figure 2.2: Schematic of an add-drop ring resonator with two bus waveguides and a ring
waveguide. The central ring resonator waveguide is shaped as a so-called racetrack. The
central straight coupling section between the bus and ring waveguides can be considered as
a directional coupler, with self-coupling and cross-coupling field coefficients ¢ and &, respec-
tively.
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Figure 2.3: (a) Transmission to the drop (red) and through port (blue) of an add-drop
ring resonator, displayed as function of wavelength. The ring parameters are chosen based
on a typical ring as used in the hybrid integrated lasers described in this work, based on
TriPleX ADS waveguides, with n, = 1.77, v = 0.1 dB/cm, L, = 850 um and x* = 0.05.
One resonance is centered around A = 1550 nm by adding a small phase shift to the light
propagating in the ring, as could be done using a thermal phase shifter. The corresponding
effective length between input and drop port for this ring is shown in (b).

of the coupler satisfy the condition x? -+t = 1. The single roundtrip field transmission
coefficient a can be calculated from the waveguide propagation losses «y [dB/m]| and
the roundtrip length of the ring L,., using a? = 10~®%r. The total roundtrip phase 6,
is given by 0,, = 8L, = Q’T#LT where A is the vacuum wavelength. The transmission

T4 to the drop port can be calculated from Eq. 2.3 as T,; = \%P
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Figure 2.3(a) shows the ring transmission to the drop and through port for a
typical ring as used in this work. The parameter values, as used for the plot are
shown in table 2.2, can well be realized using the SigNy platform, specifically using
a TriPleX asymmetric double stripe (ADS) waveguide core cross section [100]. In
Fig. 2.3(a) two resonances are displayed, where the drop transmission is maximal and
the through transmission is minimal. These resonances are found when the roundtrip
phase fulfills the resonance condition #,; = 2w. The frequency or wavelength distance
between these ring resonances A\, is called the free-spectral range (FSR) of the ring
resonator, and is given by ,

A

AN, =
A ngL,

(2.5)

where n is the group index of the waveguides on the feedback chip. The denominator
ngL, is a measure of the optical length of the resonator. The reason that the group
index appears in this denominator is because the optical length is calculated at two
frequencies, and the group index forms a first order correction of the dispersion of the
waveguide effective index.

For laser operation, the effective length contribution of the ring resonator to the
laser cavity is of particular interest. As we show in the next section, this effective
length is relevant for the cavity mode spacing and for the laser linewidth. When a ring
resonator is placed inside a laser cavity, the ring adds to the laser cavity a certain
frequency-dependent effective length. The according enhancement of the effective
length at resonance can most easily be understood as due to the large number of
roundtrips that the light makes inside the ring resonator. In contrast with Mach-
Zehnder interferometers and Bragg gratings, ring resonators can have an effective
length that is much longer than the physical length of the device [95].

To determine the effective length, we first calculate the phase delay 64 of the light
passing from the input port to the drop port, which can be calculated from the phase
of Eq. 2.3, namely arg (E;/E;,). The effective length is a measure of the delay at two
closely spaced frequencies with respect to each other, which is also called the group
delay, as given by [95]

1 A\26804
Lyeg=——"——— 2.6
et 2T ng OA (2:6)
At resonance, the effective length is maximally increased, since the derivative of the

phase versus wavelength % is steepest on resonance. When assuming that the wave-

guide propagation loss can be neglected with respect to the coupling coefficient x, the
effective length on resonance becomes

1 1-k?
Lneff =~ (2 + 3 ) L, (27)

K

In this expression, the effective length comprises an additional term %LT. This orig-
inates from the half-roundtrip between the input and drop port, whereas the term
1;;‘“2 L, is the resonant contribution, due to multiple roundtrips. Especially for a ring
with low coupling coefficient x, the effective length will be significantly extended.

Figure 2.3(b) shows the effective length enhancement factor LLeH as function of

wavelength, calculated using Eq. 2.6 for the same ring parameters used in Fig. 2.3(a).




k2> 1—a® K2~1—a? K2 < 1—a®
"overcoupled" | "critically coupled" | "undercoupled"
K2 0.05 0.002 0.0001
Ly o 16.3 285 782 mm
Tinax -0.16 -3.5 -20.7 dB
FWHM 3.3 0.19 0.068 GHz
F 60 1054 2913
Qloaded 5.8-10% 1.0-108 2.8-109
Qint 3.1:10° 3.1-10° 3.1:10°
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Table 2.1: Comparison of various figures of merit for a ring resonator with different
coupling coeflicients. The coupling coefficients are chosen to be much larger, equal
to and much lower than the ring internal losses. The ring parameters are based on a
standard ring resonator fabricated from TriPleX ADS waveguides, with ny, = 1.77, v
= 0.1 dB/cm, and L, = 850 pm.

Quantitatively in this example, the coupling with a coefficient of k2 = 0.05, Eq. 2.7
provides a maximum enhancement of 19.5. It can be noted that the maximum en-
hancement on resonance in Fig. 2.3(b) is slightly lower, namely only 19.1, because
(unlike Eq. 2.7), we included also the propagation losses. Far from resonance, the
effective length reduces to zero. However, the laser operates at a wavelength where
the net gain is maximal, which means that the laser will not operate far from a ring
resonance where the drop transmission is very low.

In section 2.3.2 we show that the linewidth of a hybrid laser becomes reduced
approximately inverse to the square of the laser’s resonator length. Following Eq. 2.7,
it looks therefore straightforward to reduce the coupling coefficient. However, this
also increases the losses for the light propagating from input port to the drop port
of the ring, and therefore decrease the feedback to the laser amplifier. To calculate
these losses, the drop port transmission on resonance is given by

Tmax = ( 52\/6 >2

T (2.8)

An evaluation of Egs. 2.8 and 2.7 for certain values of the coupling coefficients
is provided in Table 2.1, for the cases where the coupling coefficient is much lower,
equal to or much larger than the ring roundtrip loss. For completeness, we also show
figures of merit, that describe the filter characteristics of a ring resonator [101]. The
full-width at half-maximum (FWHM) of the drop transmission is given by

A2 1—t2%a
Ty Lr \/ t2a
The quality or Q-factor of the ring resonator indicates the number of optical cycles of

the field before losses cause a reduction to 1/e of the initial energy. The Q-factor can
also be regarded as the stored energy divided by the power lost per optical cycle. The

FWHM = (2.9)
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so-called loaded Q-factor includes the losses due to coupling to the bus waveguides
A gL, Vitia
FWHM X\ 1-t%

The intrinsic or unloaded Q-factor indicates the Q-factor when the ring would not be
coupled to bus waveguides, and therefore the self-coupling coefficient ¢ is set to 1.

Qloaded = (210)

__mngLy Vo
th - )\ 1—a (211)

The Finesse F represents the number of roundtrips before the light energy is reduced
to 1/e of the initial energy

AN, Vita

F: =
FWHM '1-{%a

(2.12)

In Table 2.1 one can see that a smaller coupling coefficient increases the effective
length, and reduces the FWHM, which is beneficial for a low linewidth and proper
single mode selection, when such a ring is part of a laser feedback filter. However, the
maximum drop port transmission is also reduced, which means that the cavity losses
increase, which would reduce the laser output power and make the laser susceptible
to spurious feedback, e.g., from backscattering and facet reflections.

2.2.2 Vernier filters

For single-frequency operation, a single ring resonator is often not sufficient. The
reason is that typical laser diodes provide gain over a large bandwidth, from tens of
nm up to more than 100 nm. To provide sufficient spectral selectivity, an extremely
short resonator length would be required to provide a comparably sized FSR of more
than 100 nm. Equation 2.5 describes quantitatively how the ring FSR can be increased
by reducing the roundtrip length. For example, to achieve a FSR of 100 nm around
1550 nm, the ring radius needs to be reduced to about 2 um. However, such small
bend radii in waveguides would usually lead to excessive bending losses. A second
limitation appears in case of a tunable ring resonator where a phase shifter is attached
to the ring to provide up to 27 phase for tuning over the full ring FSR. A small ring
radius also shortens the available tuning length of a phase shifter attached to the ring.
If the phase shifter cannot be tuned over 27 phase shift, the laser tuning range would
also be limited to a fraction of the ring FSR.

An interesting approach to increase the filter FSR, without reducing the size of
the ring resonator, is to use two ring resonators with slightly different ring radii in
series, in a so-called Vernier configuration, as was proposed by [96] and demonstrated
by [52]. The FSR of such Vernier filter, A),, comprising two ring resonators with
FSRs A)\,; and A),5 is given by:

A>\v = MT1A>\T1 = MT2A)\T2 (213)

where M, and M5 need to be co-prime numbers. Using co-prime numbers is essential
to exploit the Vernier principle. The reason is that for a set of number with a common
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Figure 2.4: Transmission of a Vernier filter as function of wavelength for a Vernier filter
comprising 2 ring resonators (a) and 3 ring resonators (b). The base ring in each filter has
a roundtrip length of L,1 = 850 pum, and otherwise the same parameters as in Fig. 2.3. For
the 2-rings filter, the second ring has a length of L,2 = 16/15L,1. For the 3-rings filter, the
ring lengths are Lyo = 7/5L;1 and L,s = 7/3L,1, where 3, 5 and 7 are a set of co-prime
numbers. The ring resonances are all centered around the central wavelength of 1550 nm by
adding the required extra phase.

divisor, the Vernier FSR will be increased only by a much smaller factor equal to that
common divisor.

To evaluate the Vernier FSR, we rewrite Eq. 2.13 and obtain

A>\r1 A/\rQ

Ay = [Mrz = My | 5= 3

(2.14)

A common choice for co-prime numbers is a pair of sequential integers, such that
|M,2 — M,1| = 1 [53]. In this case, Eq. 2.14 can be simplified to

A/\rl A)\TZ

ANy =
|A)\r1 - A)\’I‘Q‘

(2.15)

An example of the transmission function of such a Vernier filter comprising two
rings is shown in Fig. 2.4(a). Here, the first ring is the same one as described
in Fig. 2.3, with a FSR of about 1.6 nm. For the size of the second ring, M,
and M, are chosen as 15 and 16 respectively. The two rings in series then provide
a Vernier FSR of 24 nm, and a transmission that is at least 17 dB higher than that
of the intermediate transmission peaks, called Vernier side peaks. The Vernier FSR
could be further increased by a taking larger numbers for M,; and M,5. However,
this would also reduce the suppression of the side peaks next to the central Vernier
peaks. To improve the side peak suppression, the coupling ratios to the ring could be
reduced, but this would decrease the maximum transmission of the light propagating
through the Vernier filter.

By using Vernier filters in a hybrid integrated laser, very large tuning ranges
have been demonstrated, for example 139 nm [102] and 172 nm [51]. Although two
ring resonators are typically sufficient for creating a large tuning range, there are
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some benefits of further increasing the number of ring resonators. Indeed, Vernier
filters with three [103, 104, 45, 76, 105, 44] or four ring resonators [50] have been
demonstrated. Adding a third ring resonator with again a slightly deviating size
from the first and second ring increases the tuning range, while maintaining a high
SMSR [103, 76, 105, 44]. An alternative approach was taken in [104, 45| where the
size of the third ring is a multiple of the first ring. This third ring mainly contributes
to the cavity length extension for linewidth reduction, while the tuning range is given
by the first two rings.

Properly optimizing a multi-ring filter for optimal SMSR, requires some extra con-
siderations. For a Vernier filter that comprises more than 2 ring resonators, Eq. 2.13
can be extended. For example for 3 ring resonators we obtain

AAU = MrlAArl = M»,-QA)\T-Q = MrgA)\.,-g (216)

where M,1, M, and M,3 need to be co-prime. Unfortunately, with three or more ring
resonators, there is no convenient formula available (such as Eq. 2.15 for two rings)
to express the Vernier range as function of the ring FSRs. Nevertheless, to illustrate
such a filter, Fig 2.4(b) shows the transmission response of a three ring filter where
the first ring is again the same one as for Fig. 2.3. Next, M,q1, M2 and M,3 are
chosen as 3, 5 and 7 respectively, which forms a set of co-prime numbers. The total
Vernier range of this ring filter is again 24 nm, which is the same as for the 2-ring
filter shown in Fig 2.4(a). Clearly, the effect of the third ring is that the SMSR is
improved, especially for a spectral band of a few nm width around the central Vernier
peaks.

In Fig. 2.4 it can be seen that for the 3-ring filter especially in the frequency range
of a few nm around the central wavelength (1550 nm) the selectivity of the filter has
much improved in comparison with the 2-ring filter. As a direct illustration of the
benefit of the resulting, high side mode suppression of a 3-ring Vernier filter, we name
our collaboration work lead by Michael Kues in the Leibniz University Hannover [43].
We designed and had fabricated a hybrid integrated laser with a double-passed 3-ring
and co-prime Vernier filter, originally intended for further linewidth narrowing and
stronger side-mode suppression. The laser was then successfully applied for entangled
photon pair generation. The detected photon pairs are generated by four wave mixing
in the third ring of the Vernier filter. In order to distinguish these photon pairs from
the amplified spontaneous emission (ASE), it is required that the first two rings
between the gain section and the third ring provide sufficient filtering of the ASE
at the frequencies where these photons are generated. For this laser, initially a side
mode suppression ratio (SMSR) of >55 dB was measured of the ASE level with
respect to the laser field, however, that measurement was limited by the dynamic
range of the optical spectrum analyzer used. Using higher sensitivity photon counting
measurements allowed determination of a much higher SMSR of ~112 dB at the
frequency where the photon pairs are generated. The high ASE suppression through
multiple co-prime microring resonators is what then made it possible to detect photon
pairs with a high coincidence-to-accidental ratio of ~80 [43].
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2.2.3 Laser cavity and longitudinal modes

In order to prepare the discussion of results on mode-hop free tuning, and the op-
timization of the lowest linewidth, it is important to illustrate the spectrum of the
cold cavity modes (longitudinal modes) for lasers with ring resonator filtering. The
frequency or vacuum wavelength of modes in the waveguide laser resonator can be
calculated using the roundtrip condition 6,; = n27 with n an integer number. The
roundtrip phase 6, is given by
27

0. = 7 (2neff’aLa + 2neﬂ’bLb) (2.17)
where L, is the geometrical length of the amplifier and L, is the effective geometrical
length of the feedback circuit.

Typically for the lasers described in this work, the feedback circuit includes the
length of bus waveguides Ly that are passed twice per laser cavity roundtrip and ring
resonators with L, .¢ that are passed once per cavity roundtrip. The designation ".g"
symbolizes that the effective length of an intracavity ring resonator strongly depends
on the wavelength detuning with respect to a resonance (see Fig. 2.3(b)). The total
length of the feedback circuit comprises the sum of all these contributions

Ly = Lyus + %ELneff (218)
Since the effective length of an intracavity ring resonator is strongly dependent on
the wavelength, the effective length of the laser resonator is also strongly dependent on
the wavelength. This is why also the spectral distance between laser cavity modes (free
spectral range) is non-uniform. Therefore, a simple equation for the mode spacing,
similar to Eq. 2.5 for a single ring resonator, is not valid for the laser cavity modes.
Nevertheless, to find the distance between the cavity modes, Eq. 2.17 can be evaluated
numerically. Fig. 2.5(a) illustrates the wavelengths of the laser cavity modes, together
with the central Vernier transmission peak of the example of a 2-ring Vernier filter. In
this case, the central cavity mode is tuned, via tuning the length of the bus waveguide,
to coincide with the central Vernier peak. This is the optimal condition for single-
mode operation of the laser, since it provides the highest SMSR for the neighbouring
cavity modes. In Fig. 2.5(a) it can clearly be seen that the distance between the
cavity modes is smallest around the central Vernier peak, where a higher number of
ring resonator roundtrips extends the laser cavity maximally. The distance between
laser cavity modes increases further away from the Vernier peak.

We note that the cavity modes can also be tuned to the situation as shown in
Fig. 2.5(b). There, two adjacent cavity modes are tuned to experience equal feedback
from the Vernier filter. In that situation, the laser would start to oscillate at two
frequencies simultaneously, while four-wave mixing (FWM) and laser amplification
generate further side bands to form a frequency comb. Details on our work towards
comb generation and an explanation of the underlying dynamics can be found in
references [106, 107] and [108], respectively.

If a laser is to be tuned mode-hop-free, as described in chapter 3, this can be
achieved with proper synchronous tuning of the strongest-feedback cavity mode and
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Figure 2.5: Vernier filter transmission (red curve) and cavity mode mode positions (blue)
for a hybrid integrated laser with typical dimensions (Table 2.2) and a Vernier filter as
in Fig. 2.4(a). The non-uniform distance between the cavity modes is due to steep phase
dispersion of the ring resonators, meaning that a higher number of roundtrips increases their
effective length contribution to the cavity. Therefore, the distance between the cavity modes
is smallest close to the ring resonances. The relative alignment of the laser cavity modes
with respect to the maximum Vernier transmission can be controlled with an intra-cavity
phase tuning element in the bus waveguide. The two extreme options for tuning the laser
cavity modes relative to the peak of the Vernier filter transmission are displayed here, namely
perfect alignment (a) and maximum detuning (b).

ring resonators together. If a laser is to be tuned for minimum linewidth, as described
in section 2.3.2, this can be achieved by a small detuning to the red wing of the Vernier
filter.

2.3 Frequency stability

2.3.1 Noise sources

As was briefly mentioned in the introduction, the linewidth of a laser is a rather
complex output property. In fact, stating a single number for a linewidth is far from
describing the true degree of frequency stability. The residual frequency instability of
lasers is best described by the so called power spectral density of frequency noise, be-
cause there the frequency deviations from average are quantified versus the timescale
(Fourier frequency) at which they occur. This figure of merit then often allows to
even discriminate the main physical processes from each other, that contribute to
frequency noise at certain timescales. Figure 2.6 shows a schematic plot of the main
noise components found in hybrid-integrated diode lasers with their power spectral
density. The strongest noise typically occurs at long observation times (low Fourier
frequencies) and is addressed as technical noise, often following a 1/f dependence.
The underlying effects are, e.g., instabilities of the diode pump current, temperature
variations and acoustic perturbations. The laser line shape due to 1/f noise can be
approximated as a Gaussian, for which the linewidth can be calculated by integrating
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Figure 2.6: Schematic plot of the power spectral density (PSD) of frequency noise versus
the Fourier frequency. The noise contributions that are typically found in hybrid-integrated
diode lasers are shown in different colors.

the noise for frequencies above the so-called S-separation line [109]. A reduction of
this noise typically requires technical countermeasures, such as a laser resonator with
an intrinsically stable length, and, ultimately, an active stabilization of the laser fre-
quency with regard to a natural reference, for example a molecular transition. This
is described in chapter 5.

At the other extreme, at short timescales, laser frequency fluctuations are asso-
ciated with the well-known Schawlow-Townes limit, also addressed as fundamental,
intrinsic, and short-term stability, and quantum noise. The unique signature of this
type of frequency noise is that it has a constant, finite value even toward highest noise
frequencies, also called white noise. The line shape due to this noise can be approxi-
mated as a Lorentzian, for which the linewidth can be calculated by multiplying the
white noise level with m or 27, depending on whether the spectral density is spec-
ified as a single-sided or double-sided noise spectrum, respectively [109]. Reducing
this quantum noise requires to control the relative amount of random spontaneous
emission versus intended stimulated emission. It is important to apprehend that re-
ducing the quantum noise is an important precondition for an effective frequency
stabilization with active control methods. The reason is that the finite bandwidth of
photodetection, electronics and delay in servo loops limit the frequency range over
which noise can be actively reduced. A detailed physical description for the case of
diode lasers and quantum noise reduction by cavity length extension by narrowband
intracavity spectral filtering is described below.

Intermediate between technical and quantum noise lies noise of thermo-dynamic
origin. The spectral shape of this noise depends on quite some details, specifically
regarding the narrow spectral filters, named before. In integrated lasers, as investi-
gated here, the thermo-dynamic noise shows as so-called thermo-refractive noise, that
originates from small index fluctuations, even at constant temperature. Realizing an
integrated diode laser with low frequency noise across the entire spectrum is a rather



22

challenging task. To face this challenge, ultimately with short and long-term stabil-
ity, it is important to identify the parameters that determine the quantum noise and
thermo-refractive noise.

2.3.2 Spectral linewidth

The spectral purity of laser light is one of the main benefits of laser light. Schawlow
and Townes [2] suggested that the light generated in a resonator by stimulated emis-
sion has a much narrower linewidth than the linewidth of the resonator itself. Different
from a maser, where noise is mainly of thermal origin, in an optical laser it is the
spontaneous emission into the laser mode that causes random phase changes to the
intracavity laser field. Therefore, spontaneous emission would form the fundamental
limit to the laser linewidth. Since spontaneous emission is a random process with
equal strength at all Fourier frequencies, the resulting linewidth has a Lorentzian
shape [109]. Various names for this linewidth component can be found in literature,
namely, the fundamental, intrinsic, Lorentzian, or Schawlow-Townes linewidth of the
laser. To calculate its value for the lasers considered here, we use an adopted ver-
sion of the expression introduced by Schawlow and Townes, that is adapted for such
hybrid-integrated diode lasers using a separate feedback circuit with narrowband fil-
tering. In Appendix A we start with the approach as described in the textbook by
Milonni and Eberly [110], and we express the linewidth Avgr in terms of measurable
quantities for a hybrid laser that comprises an optical amplifier and a feedback circuit.

Here, we consider the special case as schematically depicted in Fig. 2.7 and ex-
pressed in Eq. A.23, where a feedback circuit contains a spectral filter with transmis-
sion T;,7. The amplifier has a back facet mirror (1) with reflectivity Ry = |r1|?, and
the feedback circuit includes an end mirror with a reflectivity Ry = |ra|?, where the
main output power P, is extracted from the laser cavity. In that case, the linewidth
can be expressed as

1 v2 AUy a
Avgy = — 9.0 W TepCm (2.19)
An Pout (1 + %:gl % ! >
2 1 4 /Tb—>
The group velocity of the light in the amplifier waveguide is v, = -= and hv is
9

the photon energy of the emitted light. The spontaneous emission factor ngp, also
called the population inversion factor [50] is given by 7sp, = Na/ (N2 — N1), where No
and Nj are the occupation densities of the upper (conduction band) and lower level
(valence band) of the lasing transition in stationary state, respectively. The factor

1-Ry /Ry 1 s . .
e\ & Wi accounts for additional output power emitted from the amplifier back

facet, which is not measured since no fiber is attached there typically. The mirror
loss coefficient per unit length, spatially averaged over the gain section is given by

1
2L,

Ay =

with L, the length of the amplifier chip. The total roundtrip loss coefficient per unit
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Figure 2.7: Schematic of a hybrid laser comprising an optical amplifier and a feedback circuit,
having length L, and L, respectively. Light propagates via waveguides on both chips that
are coupled with coupling efficiency 1. The gain and loss coefficients of the amplifier are
defined as g and «, respectively. The transmission through the feedback chip is defined as
T, (w), the mirror reflectivities are defined as R1 and Ry, and the light coupled out from
the resonator through the mirror on the right side is the main output power Pout.

length, spatially averaged over the gain section, is

1

TR [RT2n°T,” (w) Re] (2.21)

o (w) = —

where T, = e~ 7=l is the power transmission of a single pass through the gain section,
with 4 the loss coeflicient for passive loss in the gain section.

Although Eq. 2.19 predicts the inverse dependency of the laser linewidth vs. the
output power correctly, for diode lasers with spectrally narrow feedback, several cor-
rection factors need to be applied. In the following we discuss several of these correc-
tion factors.

The first correction comes from a mechanism that is present in diode lasers, called
gain-index coupling [111]. Spontaneous emission in any laser causes random intensity
changes next to phase changes. These intensity changes cause changes in inversion
and the gain coefficient, which changes the imaginary part of the refractive index.
Different from other lasers, in a diode laser, any change of inversion (any change of the
gain) is associated with a non-negligible change of the real part of the refractive index.
This is caused by the gain profile having a strongly asymmetric spectral shape. In the
high-frequency wing of the gain spectrum there is strong absorption, increasing with
the light frequency. In contrast, in the low-frequency wing, the gain becomes less as
well but there is no absorption below the band edge frequency. The Kramers—Kronig
relations then yields a gain-dependent index, with the following consequence for the
laser linewidth. A change in the real refractive index also causes a variation in the
optical length of the laser cavity, which broadens the laser linewidth. This broadening
effect is described by the Henry linewidth enhancement factor oy = %, which
expresses the ratio between the change in real refractive index dn’ versus the change
of the imaginary index dn” with a change of the carrier density dN. To account
for this broadening effect, a correction factor of (1+ %) is added to the linewidth
expression. In semiconductor lasers, this ay can be between and 3 and 6 [110], so
the linewidth is much increased by gain-index coupling.
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For lossy cavities due to low mirror reflectivities, a second correction factor needs
to be applied to describe excess spontaneous emission noise [110]. The consequence
of large output coupling is that high gain is required to balance these high losses to
enable laser operation. Due to the high gain, spontaneous emission will be amplified,
and this must be taken into account for the laser linewidth. This spontaneous emission
enhancement factor, also called the Peterman factor [88], is given [112] as:

(r1+72) (1 —ry72) ?
2rire In (r179)

(2.22)

The factor approaches unity, when the mirror reflectivities are close to 1. However,
for lower mirror reflectivities ap can be much higher.

Finally, for a laser with a spectrally narrowband feedback filter, the linewidth be-
comes much reduced [113, 88, 50], expressed using the third correction factor, namely
the so-called chirp reduction factor F' [114]

F(w)=1+A(w)+ B w) (2.23)

In this expression, A is the reduction factor, equivalent to the effective length extension
of the feedback circuit (see Eq. 2.18).

1d
A = —— 2.24
(@) = o den (@) (2:24)
with 7, = % the photon roundtrip time in the amplifying laser section. The

linewidth reduction factor B describes the additional linewidth reduction at the rising
slope of the feedback filter.

d
B(w) = ‘%H% In [reg (w) | (2.25)

The origin of this B-factor can be explained as an optical negative feedback effect that
helps to stabilize the laser frequency (also called detuned loading) [50]. When the
lasing frequency is at the rising slope of the feedback filter, and if some perturbation
slightly increases the light frequency, this also increases the mirror reflectivity, which
increases the photon density and reduces the carrier density. Due to the coupling
between the carrier density and the refractive index, described by the Henry factor,
the refractive index increases, which increases the optical cavity length and reduces
the laser frequency. Essentially the initial perturbation becomes undone via detuned
loading and gain-index coupling. In contrast to this stabilizing effect on the rising
slope, the linewidth becomes increased at the descending slope. The increase can
broaden the linewidth so much that it destabilizes the laser, such that it hops to a
more stable adjacent cavity mode.

To obtain the frequency dependent reflectivity reg and phase delay ¢og of the
feedback filter, we define an effective mirror as

Tt (W) = [refr (w) e o) (2.26)
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Symbol | Value | Unit Description Ref
L, 700 pm Length SOA waveguide [98]
Ng 3.6 Group index SOA waveguide
Qq 1607 | m~! Passive loss SOA waveguide
Ry 0.9 Reflectivity of SOA back facet
n 0.8 Coupling efficiency SOA and feedback circuit
Ry 0.2 Reflectivity of feedback circuit end mirror
Ngp 2 Spontaneous emission enhancement factor
ap, 5 Henry linewidth enhancement factor
P, 10 mW Output power at amplifier back facet

Table 2.2: Laser parameters for evaluating the laser linewidth of a typical hybrid-
integrated diode laser with two ring resonators.

with Reg (w) = |ref (w) |? and with ¢eg (w) the frequency dependent phase shift of the
feedback chip. The effective mirror reflectivity comprises the mode coupling loss 7 per
transmission from the gain chip to the feedback chip and vice versa, the transmission
trough the feedback chip 7,7 (w) and Ry the reflectivity of the end mirror of the
feedback circuit, and can be written as

Regr (w) = 0Ty (w) Ry. (2.27)

Using all the described correction factors, the laser spectral linewidth can be as
expressed as the following modified Schawlow-Townes linewidth

1 vg_ahunspamat
Avgr = — ’

4m 1-R Ry 1
Pout (1+ lfR; ﬁﬁ

To illustrate Eq. 2.28 with a numerical example, we fill in the realistic laser param-
eters from Table 2.2 and the Vernier filter as shown in Fig. 2.4 and plot the results
in Fig. 2.8. The mirror losses, linewidth reduction factors and laser linewidth are
displayed as function of the frequency detuning between the main laser mode and
the ring resonances, while both ring resonances are perfectly aligned to each other.
Due to the strong variation of the total mirror loss (see Fig. 2.8(a)) and the linewidth
reduction factors (see Fig. 2.8(b)), the laser linewidth also varies strongly with laser
detuning (see Fig. 2.8(c)) The lowest linewidth is obtained for a slightly red-detuned
laser frequency, due to the stabilizing detuned loading effect, underlying the linewidth
reduction factor B.

ap

(2.28)

Although Eq. 2.28 is the most complete linewidth expression for the lasers de-
scribed here, it should not be mistaken as if it can exactly predict the fundamental
linewidth of the laser. The mean-field approximation of a uniform optical field inside
the laser cavity leaves an uncertainty that could be up to a factor of two [112]. Fur-
ther uncertainties enter via several parameters of the laser. For instance the Henry
linewidth enhancement factor is usually not a constant but depends on internal diode
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Figure 2.8: Numerical results of an analytical model to predict the laser’s intrinsic linewidth
as function of laser detuning, for a typical hybrid integrated laser. The frequency detuning is
defined as the offset between the laser mode and the ring resonances. (a) Distributed mirror
losses for only the cavity end mirrors (red) and the total laser cavity (blue). (b) Linewidth
reduction factors for a narrow spectral filter A, B and F. (c) The laser’s intrinsic linewidth.
The lowest linewidth is obtained for a slightly red-detuned laser.

parameters that are difficult to access after fabrication, and also on the specific op-
eration conditions [115]. If an agreement between experiment and model within an
order of magnitude is achieved, we consider this successful.

2.3.3 Thermo-refractive noise (TRN)

Another main contributor to noise in hybrid lasers, especially in the kHz-to-MHz
frequency range, is thermo-refractive noise (TRN). Therefore, we treat this noise
source separately. Recently, it was demonstrated that thermo-refractive noise is a
dominant noise source in silicon nitride based ring resonators [116]. Since the hybrid
lasers described here are based on feedback from such ring resonators, any noise in
the resonant frequency also affects the frequency stability of the laser. From thermo-
dynamics it is well-known that the thermal energy of a medium in equilibrium at a
nominally constant temperature is only a temporally and spatially averaged value.
In analogy with the Brownian motion, the local thermal energy fluctuates on short
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time scales, which can be regarded as local temperature fluctuations [117]. The effect
of temperature fluctuations is that all temperature dependent material properties
fluctuate as well, specifically, the refractive index and, thus, the optical path length
of integrated waveguides.

The variance of the temperature fluctuation in a homogeneous medium is given
by ,
(T?) = kT
CpV
where T is the temperature, kg is the Boltzmann constant, C is the specific heat
capacity, p is the material density and V the volume of the medium. The physical
reason for the inverse volume dependence is simply that, over a larger volume, the
fluctuations average out to a higher degree, as with all statistical effects. Within a
feedback circuit, the components with the smallest volume are typically the microring
resonators. It can be seen from Eq. 2.29 that decreasing the mode volume of waveguide
resonators, and with it the size of photonic circuits, as desired in integrated optics,
will come at the cost of an increase in temperature fluctuations. These temperature
fluctuations are coupled to fluctuations of the device dimensions (thermo-elastic noise)
and refractive index (thermo-refractive noise). Thermo-refractive noise is expected
to be larger than thermo-elastic noise in silicon nitride ring resonators, since the
dimensional variations are averaged out over the full chip, while the thermo-refractive
noise is only averaged over the optical mode volume [116].

(2.29)

To model the amount of thermo-refractive noise as function of noise frequencies, an
approximate expression was originally derived for whispering-gallery modes in micro-
spheres [118], where the resonator is assumed to be surrounded by and in equilibrium
with an infinite heat bath. The expression was shown to deliver good agreement with
measurements of the thermo-refractive noise in whispering-gallery mode microres-
onators [117] and in silicon nitride ring resonators [116]. According to this model, the
spectral density of the temperature fluctuations Ssp in a microresonator is described
with the following expressions

kpT? 1 1 1
Ss = 2.30
T mRpCa 1 RB — &2 [1 R (md)?'/‘*r (2.30)
wl/3 pc )
Td = m7 r (231)

where x is the thermal conductivity and R is the resonator radius. The width d,
and height d, of the fundamental mode are defined as half width at half maximum
of the modal power distribution (in case that d, > d,., d, and d, should be swapped
in Egs. 2.30 and 2.31). Since this analytical model was derived for whispering-gallery
modes in microspheres [118], the mode numbers are defined with p as the meridional
mode number, given by

p=Il-—m (2.32)
where [ and m are the orbital and and azimuthal mode numbers, respectively. For the
fundamental mode in a waveguide, [ = m, so the meridional mode number p evaluates
to 0.
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Symbol Value Unit Description Ref
kp 1.381072 | m? kg s 2 K ! Boltzmann constant
K 30 Wm—! K! Thermal conductivity [116]
p 3.29-10% kg m—3 Density [116]
C 800 Jkg ' K1 Specific heat capacity [116]
a0 2.45-107° K—! Thermo-optic coefficient SizNy | [119]
%—jj\f 0.95-107° K-t Thermo-optic coefficient SiOs | [119]
d, 0.75-10~¢ m Mode half width [100]
d. 0.6-10~° m Mode half height [100]
1 1.535 Mode effective index [100]
fo 1.934-10'4 Hz Resonance frequency
R 135-1076 m Ring radius
T 300 K Temperature

Table 2.3: Physical constants, material parameters and ring dimensions for evaluating
thermo-refractive noise in a typical silicon-nitride ring resonator as used for the hybrid-
integrated lasers.
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Frequency noise PSD (Hz? / Hz)
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Figure 2.9: Calculated thermo-refractive noise in a silicon nitride ring resonator based on
the TripleX ADS cross-section. For (a) the TRN is evaluated for a constant temperature of
300 K, while the ring radii are chosen as a standard radius of 135 pm (blue curve), 10-times
larger (red curve) and 10-times smaller (green curve). For (b) the ring radius is set to 135
pm and temperature is set to a standard operation temperature of 300 K (blue curve), 500
K (green curve) and 100 K (red curve).

Finally, to convert the power spectral density of the temperate fluctuations Ssr
into that of the frequency fluctuations Ss¢, we use

2
Ssp = (f nOdT) Sst (2.33)

where ng is the mode effective index for a ring resonator, and % is the thermo-optic
material coefficient.

To present typical numbers of thermo-refractive noise for a silicon-nitride ring
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resonator as used for the hybrid-integrated lasers, we fill in the material constants as
found in literature, which are shown in Table 2.3. For the thermo-optic coefficient
we take a weighted average of the coefficients for SisNy and SiOs. The weight factors
of 15% and 85%, respectively, were found using a mode solver, and which are the
fractions of the mode field powers in the respective materials.

Figure 2.9(a) shows the thermo-refractive noise PSD for a ring resonator with a
standard radius of 135 pum, next to two examples with 10-times larger and 10-times
smaller radius. The noise is plotted in a range from 10? and 10% Hz, because that
frequency range is typically accessible in a standard noise measurement. For the
ring with a radius of 135 um, we calculate at high Fourier frequency (10% Hz) that
the level of TRN is at 8 Hz?/Hz. If a laser feedback circuit would be designed for
quantum noise around this level (corresponding to an intrinsic linewidth vg = 25
Hz), the ring radius should be larger than 135 pm, to reveal the white noise level
in a frequency noise measurement. For the ring with a 10 times larger radius, the
TRN level also reduces by an order of magnitude. Therefore, in order to design a
laser with an ultra-narrow linewidth, care should be taken that the ring radius is
sufficiently large, such that the low white frequency noise floor can be revealed in a
measurement. Alternatively, the ring resonator could be cooled down, for example
to 100 K, as illustrated with the red line in Fig. 2.9(b), to reduce the TRN level.
However, this is not a practical solution for standard room temperature operation of
the laser. Moreover, when heater elements are used for thermal wavelength tuning,
the TRN level will increase, depending on the applied heater power.

2.4 Conclusion

In this chapter we presented some central considerations regarding the design of feed-
back circuits and spectral filtering to reduce the frequency noise of hybrid-integrated
lasers. Based on the described dependencies of quantum noise and thermodynamic
noise on high contrast spectral filtering, it can be expected that tunable hybrid-
integrated diode lasers can be brought to intrinsic linewidths at the kHz level in the
infrared and even the visible spectral ranges. Such noise reduction using passive meth-
ods ten provides a strong base for active stabilization as well. The following three
chapters present the according experimental results on record-wide mode-hop-free
tuning with narrow linewidth (chapter 3), on the first hybrid-integrated laser in the
visible (chapter 4), the realisation of a kHz level linewidth for such lasers (section 4.3),
and the first demonstration of long-term active stabilization of a hybrid-integrated
extended cavity diode laser (chapter 5).
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Chapter 3

Ring resonator enhanced
mode-hop-free wavelength
tuning of an integrated
extended-cavity laser

Extending the cavity length of diode lasers with feedback from Bragg
structures and ring resonators is highly effective for obtaining ultra-narrow
laser linewidths. However, cavity length extension also decreases the free-
spectral range of the cavity. This reduces the wavelength range of con-
tinuous laser tuning that can be achieved with a given phase shift of an
intracavity phase tuning element. We present a method that increases the
range of continuous tuning to that of a short equivalent laser cavity, while
maintaining the ultra-narrow linewidth of a long cavity. Using a single-
frequency hybrid integrated InP-SizIN; diode laser with 120 nm coverage
around 1540 nm, with a maximum output of 24 mW and lowest intrin-
sic linewidth of 2.2 kHz, we demonstrate a six-fold increased continuous
and mode-hop-free tuning range of 0.22 nm (28 GHz) as compared to the
free-spectral range of the laser cavity. !

1This chapter is based on the following published work: Albert van Rees, Youwen Fan, Dimitri
Geskus, Edwin Klein, Ruud M. Oldenbeuving, Peter J. M. van der Slot, and Klaus-J. Boller, "Ring
resonator enhanced mode-hop-free wavelength tuning of an integrated extended-cavity laser," Opt.
Express 28(4), 5669-5683 (2020).


https://doi.org/10.1364/OE.386356
https://doi.org/10.1364/OE.386356
https://doi.org/10.1364/OE.386356
https://doi.org/10.1364/OE.386356
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3.1 Introduction

Diode lasers with single-mode oscillation, mode-hop-free wavelength tunability and
intrinsic low phase noise through a narrow Schawlow-Townes linewidth are instrumen-
tal in many applications. These include communication technology, for instance, to
raise the data flow in fiber networks with advanced phase encoding [7], or as on-chip
local oscillators for integrated microwave photonics [13]. Other applications include
retrieval of information with highest precision, sensitivity, and speed, such as with
spectroscopic detection, monitoring and sensing {120, 25, 121, 26|, for ranging with
diode-driven frequency combs [30, 122, 32], or to advance time keeping with chip-
integrated, portable optical clocks [17].

In all these cases, mode-hop-free tunability is as important as a narrow linewidth.
While the latter enables precision, tunability is essential to make systematic use of
the precision. There might be cases where quasi-continuous or even random tuning
is sufficient, provided that the data can be sorted and stitched afterwards. However,
continuous tuning, without mode hops, remains essential to ensure that all possibly
relevant frequencies are actually generated, so that no spectral feature can be over-
looked [123]. The actual range across which mode-hop-free tunability is required,
depends fully on the application. For instance, in wavelength division multiplexing
tuning is required across one channel spacing of the ITU grid, which is typically a
few tens of GHz. Similarly, electronic stabilization of lasers to absolute frequencies
requires mode-hop-free tunability around the corresponding reference line [124].

At first sight, there appears to be conflicting optical requirements between ob-
taining ultra-narrow linewidth versus the spectral range across which mode-hop-free
tuning is possible. The reason is that linewidth and tuning range both depend on
the cavity length of the considered laser, however, in an opposing manner. When in-
creasing the laser cavity length, L., this increases the cavity photon lifetime and the
number of photons in the resonator, which yields an inversely quadratic reduction of
the Schawlow-Townes or intrinsic linewidth, Avgr o« 1/L? [2, 125, 111]. However,
extending the cavity length also increases the longitudinal mode density, which, by
itself, decreases the range of mode-hop-free tuning, d\. o 1/L,, to the free-spectral
range (FSR) of the laser, and can lead to multi-mode oscillation. This is typically
resolved by inserting a tunable optical filter into the cavity. Narrow-linewidth, single-
mode oscillation that can be mode-hop-free tuned over a large range is then obtained
by tuning the lasing wavelength via moving one of the cavity mirrors and adjust the
filter center wavelength accordingly [126, 127, 128, 129].

Such a solution cannot be pursued for fully integrated lasers, as the lasing wave-
length cannot be controlled by moving parts, i.e., by changing the geometric length
of the laser cavity via displacement of a mirror. Instead, these lasers contain a phase
section (PS) [130, 131] to change the phase of the recirculating light and, hence, its
wavelength. Typically, the maximum phase tuning in integrated circuits is physically
limited by the small values of material coefficients that facilitate the phase tuning,
e.g., the thermo-optic, strain-optic or electro-optic coefficients. To nevertheless obtain
a large continuous tuning range, it is highly desirable to induce a large wavelength
shift, 0., per unit phase added by the phase section, d¢ps. Therefore, the tuning
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Figure 3.1: (a) Schematic view of three lasers having the same optical amplifier section but
with different cavity configurations. Laser (1) has a short cavity of length L1, including
a gain element of length L, and a bus section of length L;, which includes a phase tuning
element ¢,s. The bus section length is increased for laser (2), resulting in a cavity length
Lez > Lei. Laser (3), includes an optical filter with bandwidth Avy that provides for
both single-mode oscillation and significant enhancement of the cavity photon lifetime. The
resulting effective cavity length L.s is assumed to be equal to that of laser (2), while the bus
waveguide is taken the same as that of laser (1). (b) The tuning behavior of the three lasers.
(c) The corresponding Schawlow-Townes linewidth for the three lasers. See text for further
details.

sensitivity, defined as Fy = 0A./0¢ps, should be maximized.

Figure 3.1 illustrates the tuning and linewidth limitations of integrated lasers and
our strategy to obtain a large tuning sensitivity F) and at the same time maintain
single-frequency oscillation with a narrow intrinsic linewidth. Laser 1 in Fig. 3.1(a) is
a schematic representation of the simplest fully integrated laser which comprises a gain
element of length L,, and a bus section of length L, that includes a phase section. The
total cavity length L.; = L,+ L can be small and therefore the laser possesses a large
tuning sensitivity F) o« 1/L.;. The corresponding laser cavity free-spectral range is
large, enabling continuous tuning by the phase section over a range up to FSRy, as is
schematically shown in Fig. 3.1(b). On the other hand, such a configuration with a
small cavity length results in a broad Schawlow-Townes linewidth, as is schematically
shown in Fig. 3.1(c).

To obtain a small Schawlow-Townes linewidth, the bus waveguide can be extended
to a length L,s > Ly, as is schematically shown as laser 2 in Fig. 3.1(a). The total
laser cavity length, L.s, is now much larger than that of laser 1. Consequently, the
tuning sensitivity F\ o 1/L.o becomes smaller and the continuous tuning range is
limited to the small FSR of the long laser cavity, as shown in Fig. 3.1(b). Nevertheless,
laser 2 will have a narrow Schawlow-Townes linewidth as is shown in Fig. 3.1(c). Our
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demonstration experiment of such a laser with a long cavity will confirm both the
narrow Schawlow-Townes linewidth and the small tuning sensitivity F), when only
tuning the phase section.

In contrast to this, when a filter is added to the laser cavity that significantly
increases the cavity photon lifetime, the bus waveguide can be kept short, e.g., as
short as the bus waveguide of laser 1. Such a laser is schematically shown as laser 3
in Fig. 3.1(a). The important difference with laser 2 is that here the cavity length
is optically enlarged via enhancement of the photon lifetime by the filter, while the
geometrical length remains small. Filters that enhance the photon cavity lifetime are
typically resonator based (95, 53, 132, 97, 133, 134, 8, 55, 106, 45, 76| and rely on
the light circulating multiple times within the resonator per roundtrip through the
laser cavity. The multiple passes through the resonator effectively extend the cavity
length, L.3 to beyond the physical mirror spacing, as is schematically indicated by
the dashed mirrors. Maximizing the contribution of the optical filter to the cavity
photon lifetime ensures that the laser provides single-frequency oscillation with a
narrow Schawlow-Townes linewidth. Moreover, our demonstration experiment shows
that the tuning sensitivity F) of laser 3 can be increased to that of laser 1, for the
case of mode-hop-free tuning, which relies on synchronous tuning of the phase section
with the resonant filter (see Fig. 3.1(b)). This mode-hop-free tuning in combination
with the increased F) allows the continuous tuning range to extend far beyond the
free-spectral range of the laser cavity.

Specifically, for the case of a filter based on two microring resonators as used in our
demonstration experiment, mode-hop-free tuning requires phase shifters in both rings
to keep the resonant wavelength of the rings in synchronization with the oscillating
wavelength of the laser. Under this condition, the tuning sensitivity F) is given by
(see Appendix for derivation)

e 1 A2

= = — . 3.1
8¢ps s 27197@[/@ + 2ng7bLb ( )

Fy

In Eq. (3.1), A is the lasing wavelength, ny, and L, are the effective group index
of the waveguide in the optical amplifier and its length, respectively, and n,; and L
are the according quantities for the silicon nitride bus waveguide.

Equation (3.1) summarizes our central finding: the tuning sensitivity F) is in-
dependent of the optical or physical length of the microring resonators that extend
the overall cavity length. Therefore, Eq. (3.1) is also valid for any number of ring
resonators. Essentially, this allows to extend the laser cavity length to huge values
with many roundtrips through multiple ring resonators, to reduce the laser linewidth,
without reducing the tuning sensitivity F\ when the integrated laser is mode-hop-free
tuned.

We note that synchronously tuning frequency-selective elements, specifically the
cavity length, is well-known for mode-hop-free tuning of lasers [126, 127, 128, 129].
Our approach is novel because it goes beyond using high-finesse intracavity filters
only for frequency selection. We employ also their significant multiple roundtrip
length, and the variation of this length, to tune the laser cavity length and thereby
increase the mode-hop-free tuning range. This approach is of particular importance
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Figure 3.2: (a) Schematic view of the integrated laser. Shown are the semiconductor optical
amplifier with a high reflectivity coating on one facet, the phase section, the two sequential
microring resonators (MRR) in a loop mirror to provide wavelength selective feedback, and
a tunable coupler to direct part of the light to the output port of the laser. The output of
the laser is available via a fiber that is butt-coupled to the output port. (b) Photo of the
assembled hybrid laser, on top of a one Euro coin. The left part is the dielectric feedback
chip with the heaters for thermal tuning, and the right part is the semiconductor amplifier
chip on top of a submount.

in integrated lasers, when there is no way of tuning the cavity length mechanically.

3.2 Hybrid integrated extended cavity laser

For an experimental demonstration, we use a hybrid integrated InP diode laser as
shown in Fig. 3.2(a), with a waveguide circuit design similar to [53, 132, 97, 133,
134, 8, 55, 106]. For single-frequency operation, wide wavelength tuning, and for
narrow linewidth oscillation through cavity length extension, we use a low-loss SizNy
waveguide circuit, which provides frequency-selective feedback. Figure 3.2(b) shows
the hybrid assembly on top of a one Euro coin to indicate its small size. Due to the
presence of the microring resonators, the laser corresponds to laser 3 in Fig. 3.1(a).

The semiconductor chip [83] is fabricated by the Fraunhofer Heinrich Hertz In-
stitute and contains a multi-quantum well active waveguide based on InP with a
single-pass geometric length of 700 pum, an effective waveguide group index of 3.6,
and a gain bandwidth of at least 120 nm around 1540 nm. One facet has a high
reflectance coating of ~ 90% against air, which forms one of the mirrors of the laser
cavity. At the other facet, light is coupled to the dielectric chip, which forms the
other feedback mirror. To reduce undesired reflections at the interface between the
two chips, an anti-reflection coating is applied to the facet and the waveguide is tilted
by 9° with respect to the facet normal.

The function of the dielectric chip is to provide frequency selective feedback and
to increase the effective cavity length with very low loss. The feedback chip is based
on a symmetric double-stripe waveguide geometry of two SigNy stripes buried in a
SiO4 cladding as described by Roeloffzen et al [100]. This single-mode waveguide has
an effective waveguide group index of 1.72, exhibits a low propagation loss of about
0.1 dB/cm and enables small bending radii down to 100 um. We fully exploit the
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two-dimensional tapering capability of the Si3sN, platform for optimal matching of
the optical mode to the mode of the gain chip and to the mode of the output optical
fiber. At the facet for coupling with the InP gain chip, the waveguide is tapered two-
dimensionally and angled down with 19.85° with respect to the facet normal to match
the InP waveguide optical mode and angle at the interface. This mode and angle
matching allows efficient coupling and reduces spurious reflections to a minimum.

A frequency selective filter is implemented on the feedback chip using two sequen-
tial race-track-shaped microring resonators, MRR; and MRRg, in a Vernier config-
uration and placed inside a loop mirror (see Fig. 3.2(a)). The purpose of this filter
is to impose single mode operation, tuning over the gain bandwidth and to increase
the effective cavity length, which narrows the intrinsic linewidth [95]. The micror-
ings have a circumference of 885.1 um and 857.4 um, respectively. These are the
smallest lengths possible, based on the chosen implementation of racetrack resonators
with adiabatic bends, the requirement of bend radii of at least 100 ym and the filter
specifications. The total free-spectral range of the Vernier filter is 50.5 nm around
the nominal wavelength. Although the bandwidth of the InP gain chip is larger, this
free-spectral range is sufficient to obtain single mode lasing over a large part of the
gain bandwidth. Both rings are symmetric and are designed for a power coupling
coefficient to the bus waveguides of k2 = 0.1. We determined this value experimen-
tally as k2 = 0.071 & 0.003, resulting in a length enhancement by a factor of 13.7 at
resonance (c¢f. Eq. (3.7)). The length of the connecting bus waveguides and other
elements adds up to 6.7 mm. By taking into account that both rings are passed once
in every cavity roundtrip, the single pass effective optical cavity length is calculated
as 3.5 cm.

Further, a so-called phase section of the bus waveguide is added to control the
phase of the circulating light and to compensate phase changes when tuning any
other element. Typically, the phase section is set to provide maximum feedback for a
single longitudinal mode of the laser cavity, which restricts laser oscillation to a single
wavelength and provides maximum output power. However, the phase section can
also be tuned to provide equal feedback for two wavelengths and with this setting the
laser can generate a multi-frequency comb [106].

A tunable coupler, implemented as a balanced Mach-Zehnder interferometer, is
used to couple the circulating light out of the laser cavity. The extracted light is then
directed to a single-mode polarization-maintaining output fiber. To prevent undesired
external back reflections, the output fiber is terminated with an FC/APC connector
and connected to a fiber isolator (Thorlabs I0-G-1550-APC).

Thermal tuning is implemented via resistive heaters placed above the rings, the
phase section and the output coupler. The length of the phase section and output
coupler heaters is 1 mm and both heaters require an electrical power of 290 mW to
achieve a 7 phase shift and can induce a change in the optical phase of at least 2.57.
The slightly shorter heaters on top of the ring resonators require about 380 mW for
7 phase shift and were tuned up to 1.6m phase shift during the experiments.

The amplifier, feedback chip and output fiber were all aligned for optimum cou-
pling and fixed permanently. This hybrid assembly was mounted on a thermoelectric
cooler in a 14-pin butterfly package. The cooler, amplifier and heaters are wire-bonded
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Figure 3.3: Measured fiber-coupled output power of the laser as function of the amplifier
current. The thermoelectric cooler was set at 20 °C and the Vernier filter to a wavelength
of 1576 nm.

to the pins and connected to external drivers. This assembly of the hybrid laser en-
ables stable laser operation, which is a prerequisite for accurate and reproducible
wavelength tuning.

During the measurements presented here, the laser was operated with the following
parameters, unless otherwise specified. The temperature of the thermoelectric cooler
was set at 25 °C. Although this temperature is slightly above the temperature for
maximum performance, it keeps the diode just above ambient temperature to avoid
condensation and it reduces the optical output power only with a few percent. Fur-
thermore, the output coupler was set to 80% power outcoupling as this provides the
best operating point for single-mode operation with high output power. Finally, after
changing a laser parameter, the phase induced by the phase section was optimized
for maximum output power, e.g., to compensate for changes in the roundtrip phase
when the pump current is changed [123].

3.3 Results

3.3.1 Basic laser properties

The fiber-coupled output power as a function of the pump current is shown in Fig. 3.3
with the Vernier filter set to a wavelength of 1576 nm and the temperature of the
thermoelectric cooler to 20 °C, which are near optimum settings for this laser. A
maximum of 24 mW was obtained at a pump current of 300 mA and the threshold
current was 14 mA.

To illustrate the broad spectral coverage of the laser, we show in Fig. 3.4(a) su-
perimposed laser spectra, as measured with an ANDO AQ6317 optical spectrum
analyzer (OSA1), when the Vernier filter is tuned in steps of approximately 5 nm.
The pump current was increased to its maximum of 300 mA in order to obtain the
broadest spectral coverage. Figure 3.4(a) shows a spectral coverage of 120 nm, i.e.,
extending the full gain bandwidth of the laser. The spectral coverage larger than
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Figure 3.4: Superimposed laser spectra (a) showing the optical power in a 0.1 nm resolution
bandwidth when the Vernier filter is tuned in steps of 5 nm, and measured laser power in a
0.01 nm resolution bandwidth (b), showing a high SMSR of 63 dB. The spectrum shown in
(b) is an average over 10 measurements to reduce the background noise level and increase
the visibility of the side modes. The amplifier current is set to 300 mA.

the Vernier free-spectral range (~ 50 nm) was obtained because the tunable output
coupler, which becomes wavelength dependent for less than 100% outcoupling, was
set to produce a higher loss at the undesired Vernier resonances, which was suffi-
cient to prevent oscillation at these wavelengths. Optimum side mode suppression
was found for a wavelength of 1550 nm. Figure 3.4(b) shows the optical power in a
resolution bandwidth of 0.01 nm as a function of wavelength around 1550 nm, av-
eraged over 10 measurements to bring the side modes above the noise level, again
measured with OSA1. Note, Fig. 3.4(b) shows a higher side mode suppression ratio
than shown in Fig. 3.4(a) where the laser settings were not optimized for highest side
mode suppression. Figure 3.4(b) reveals two side modes with 63 dB suppression that
are 1.61 nm away from the main mode, which agrees well with the first side peak of
the Vernier filter. We used the high-resolution Finisar WaveAnalyzer 1500S optical
spectrum analyzer (OSA2) to verify that only a single cavity mode was present. We
expected to find the highest side-mode suppression for wavelengths around 1570 nm,
where the output power is maximum. However, with the Vernier filter tuned to that
wavelength, another mode at one Vernier free-spectral range away (~ 50 nm), builds
up as well, lowering the side-mode suppression to 60 dB. When the laser is tuned to
1550 nm, modes at ~ 50 nm distance are not detectable with OSA1, possibly because
these modes are suppressed by lower gain or higher losses.

3.3.2 Intrinsic linewidth and mode-hop-free tuning

To demonstrate that the effective optical cavity length of 3.5 cm of the hybrid laser
results in a high phase stability, we determined the intrinsic linewidth by measuring
the power spectral density (PSD) of the frequency noise with a linewidth analyzer
(HighFinesse LWA-1k 1550). This device was connected to the laser via the 10% port
of a 90:10 fiber optic coupler. The remaining 90% was distributed over OSA1 and a
photodiode. To obtain the lowest white noise level, we applied the maximum pump
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Figure 3.5: Single-sided power spectral density of the laser frequency noise, measured with
a HighFinesse linewidth analyzer (maximum bandwidth 10 MHz). The dashed line at
700 Hz?/Hz indicates the average noise for the noise frequency range between 1.3 and 3.5
MHz, excluding any spurious noise frequencies.

current of 300 mA from a battery-powered current source (ILX Lightwave LDX-3620)
to the gain section. The laser wavelength was set to 1550 nm by the Vernier filter.
Figure 3.5 shows the measured PSD of the laser frequency noise, as function of the
noise frequency. The frequency noise shown in Fig. 3.5 has the characteristics of 1/ f-
noise for noise frequencies below approximately 1 MHz and becomes white noise at
higher frequencies. A dip of the noise signal can be seen beyond 10 MHz, but this is
outside of the maximum bandwidth of the measurement device. The narrow peaks in
the spectral power density that can be observed at specific noise frequencies originate
likely from either electronic sources or RF-pickup in cables. The intrinsic linewidth
is determined from the average white noise level, excluding spurious peaks, for noise
frequencies between 1.3 and 3.5 MHz. Multiplying the single-sided PSD noise level of
700 4 230 Hz? /Hz with 7 results in an intrinsic linewidth of 2.2 4 0.7 kHz. This value
is 4.5 times smaller than the previously reported value of 10 kHz for a similar InP-
SizNy hybrid laser based on Vernier filters comprising two microring resonators [8].
We attribute this improvement mainly to a 4.6 times higher factor of pump current
above threshold current in our measurement.

To verify continuous tuning and the increased mod-hop-free tuning sensitivity of
the hybrid laser (see Eq. (3.1)), we measured the laser wavelength and output power
as a function of the electrical power applied to heater of the phase section with appro-
priate heater powers applied to the microring resonators (see Eq. (3.12)). For these
measurements, the laser was connected via a fiber optic coupler to OSA2, in order to
resolve the small step size in wavelength, and to a photodiode (Thorlabs S144C) to
monitor the output power. To avoid the appearance of any competing modes during
continuous tuning, the amplifier current was reduced to 70 mA. We note that the
continuous tuning range does not depend on a specific amplifier current. For zero
applied heater power to the phase section, we optimized the ring heaters to align the
Vernier filter transmission with the lasing wavelength using minimum heater power.
This resulted in an initial wavelength of 1534.25 nm and ensured having the full range
of the phase section available for continuous tuning.
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Figure 3.6: Measured laser wavelength (a) and output power (b) as function of the phase
section heater power. Synchronous tuning of the phase section with the Vernier filter is
shown by the red crosses, while tuning only the phase section is shown by the blue circles
for comparison. Mode hops are indicated with arrows.

For continuous tuning, we experimentally determined the optimum tuning ratios
for the phase section versus the ring resonators by maximizing the laser output power
as 0¢1/0¢ps = 0.107 and O¢2/Idps = 0.103 for ring resonators 1 and 2, respectively.
This agrees well with the values given by Eq. (3.12) of 0.108 and 0.105, respectively,
especially when considering the uncertainty in some of the laser parameters. Using
these ratios, the heater power for the phase section was increased in steps corre-
sponding to a change in lasing wavelength of 5 pm. The corresponding wavelength
and output power are shown as red crosses in Figs. 3.6(a) and 3.6(b), respectively.
For comparison, Fig. 3.6 also shows the same measurements when only the heater
of the phase section is varied while the heaters for the microrings are kept constant
(blue circles).

Figure 3.6(a) clearly shows that, when only the phase section is tuned, modes hops
occur that limit the continuous tuning range to 0.034 nm, which is the free-spectral
range of the laser cavity, corresponding to its optical cavity length of 3.5 cm. In
this case, the optical cavity length used to calculate the free-spectral range needs to
include the effective optical lengths of the microring resonators. Furthermore, the
optical power varies strongly and discontinuously during the tuning (see Fig. 3.6(b)).
The reason is that even a small detuning between the lasing wavelength and the fixed
position of the sharp Vernier filter transmission peak leads to a strong change in the
cavity losses and thus to a change in output power. Further tuning of the phase
section, beyond integer multiples of m phase shift, leads to mode hops, which can be
observed as discontinuities in the wavelength and output power of the laser.

On the other hand, when we tune the rings synchronously with the phase section,
the mode hops are removed and tuning becomes continuous, as can be seen in Fig. 3.6
(red crosses). This shows that the lasing wavelength stays aligned with the resonant
wavelength of the rings. It can be noted however from Fig. 3.6(b), that the alignment
is not perfect, because the output power still shows a residual variation with a period
that corresponds with the distance between mode hops.

The most apparent difference in Fig. 3.6(a) is that the tuning sensitivity OA./O¢ps



41

is indeed much larger for synchronous tuning compared to only tuning the phase
section. We find that OX./0¢ps = 0.31 pm/mW for synchronous tuning, while
it is 0.11 pm/mW when only tuning the phase section. The tuning sensitivity of
0.31 pm/mW agrees well with the value of 0.29 pm/mW predicted by Eq. (3.1), given
the uncertainty in some of the experimentally determined laser parameters. In ad-
dition, the synchronous tuning allows for a larger than 7 phase shift induced by the
phase section without invoking a mode hop. These effects together result in a total
mode-hop-free tuning range of 0.22 nm, which is a six-fold increase over the free-
spectral range of the laser cavity and only limited limit by the available phase shift
of the phase section. For comparison, we are not aware of any synchronous tuning in
any hybrid integrated lasers. The examples we find are restricted to only tuning the
phase section, where the tuning range remains a single FSR [55].

3.3.3 Acetylene absorption spectroscopy with mode-hop-free
tuning

In demonstrating the continuous tuning of the hybrid laser, we have applied wave-
length increments of 5 pm that can easily be resolved using OSA2. However, it should
be possible to tune the lasing wavelength in much smaller steps. Current resolution
of the electronics used to power the heaters allows mode-hop-free laser wavelength
tuning in steps below 0.1 pm, well beyond that what can be resolved by the avail-
able optical spectrum analyzers. We demonstrate this small step size by recording the
shape of an acetylene absorption line in high resolution. Acetylene (12CyH,) is chosen
because it has several well-known sharp absorption lines in the wavelength range of
interest, which can be modelled with high accuracy [135, 136]. For this experiment,
we choose the P19 ro-vibrational absorption line of acetylene with a center wavelength
of 1536.713 nm.

To measure the acetylene absorption line shape, we divided the laser output equally
by a fiber optic coupler over two outputs. One part was sent through an absorption
cell to a first photodiode (PD1, Thorlabs S144C), while the other part was split
again and divided over a second photodiode of the same model (PD2) and OSA1 for
calibration of the laser wavelength. The absorption cell is a standard sealed fiber-
coupled acetylene gas cell from Wavelength Reference Inc., with a 5.5 cm path length
and 50 + 5 Torr pressure at 295 K temperature.

The normalized transmission through the absorption cell was determined by divid-
ing the signal of PD1 by the signal of PD2 to compensate for any changes in output
power of the laser and then normalize it to the maximum transmission measured in
the total tuning range of ~ 0.23 nm. Using the total tuning range, OSA1 was used
to calibrate the increment in wavelength of the laser as 0.12 pm per 0.37 mW heater
power applied to the phase section. However, the resolution of the OSA was insuf-
ficient to determine an accurate starting wavelength. This starting wavelength was
calibrated by having the center wavelength of the measured P19 absorption line co-
incide with the value obtained from the calculated transmission. The required offset
of -1.8 pm applied to the wavelength of the laser falls well within the resolution of
OSA1l.
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Figure 3.7: Measured (red dots) and calculated (blue line) transmission through an acetylene
gas cell as function of wavelength for absorption line P19 at 1536.713 nm.

Figure 3.7 shows the measured normalized transmission through the gas cell as
function of the calibrated wavelength of the laser (red dots). The calculated trans-
mission, as obtained by a HITRAN-based simulation [135] for the specified absorp-
tion cell length, pressure and temperature, is shown as a blue line. We observe in
Fig. 3.7 an overall good match between the measured and calculated transmission.
The slightly broader measured transmission can be explained by the uncertainty in
gas cell pressure. By recording the P19 acetylene absorption line and comparing it
with an accurately calculated spectrum, we show that, once calibrated, the hybrid
extended cavity laser can be accurately tuned to any wavelength within the continu-
ous tuning range of ~ 0.23 nm (~ 29 GHz) with a resolution as small as ~ 0.12 pm
(~ 15 MHz), which is well below the resolution of both optical spectrum analyzers
used.

3.4 Discussion and conclusions

We have presented a novel method for increasing the continuous tuning range of
integrated single-frequency lasers with an ultra-narrow linewidth by increasing the
tuning sensitivity F). Ultra-narrow linewidth is provided by extending the cavity
length with a multi-pass resonator-based filter, as schematically shown as laser 3
in Fig. 3.1(a). In our demonstration experiment, the filter consists of two tunable
microring resonators that not only enable single-mode oscillation, but also contribute
to the optical length of the laser with multiple passes of the light through the rings per
roundtrip in the laser cavity. When only tuning the phase section, the laser behaves
like laser 2 in Fig. 3.1(a) and a small tuning sensitivity is found, corresponding to the
long external laser cavity. However, when the intracavity filter is synchronously tuned
with the phase section, the tuning sensitivity is significantly increased, corresponding
to that of an equivalent laser with a short cavity without the effective length of the
filter, i.e. to laser 1 in Fig. 3.1(a).

We experimentally demonstrated the extended continuous tuning with a hybrid
integrated semiconductor laser. The laser comprises a 700 ym long InP gain section,
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while the effective optical cavity length is extended to 3.5 cm, using a low-loss SizNy4
waveguide circuit, which narrows the intrinsic linewidth to 2.2 kHz. The circuit
comprises a phase section for continuous tuning and a highly frequency selective
Vernier filter with two tunable microring resonators. When only tuning the phase
section, the tuning range per phase shift, O\./0¢ps is only 10 pm/rad. If the Vernier
filter frequency is synchronously tuned with the oscillation frequency of the laser, the
tuning sensitivity is enhanced by a factor of 2.8, to 28 pm/rad.

The observed enhancement in tuning sensitivity agrees very well with the con-
tinuous tuning model we developed. This model shows that the enhanced tuning
sensitivity relies on the sum of the optical length of the amplifier and the optical
length of the bus waveguide. Since the tuning sensitivity is independent of the length
of the microring resonators, this allows independent optimization of intrinsic phase
stability and continuous tuning sensitivity. For further linewidth narrowing, the cav-
ity length of a laser can be increased without a penalty in the range of continuous
tuning, e.g., by increasing the ring diameter, lowering the bus to ring waveguide cou-
pling constants or by adding extra rings [45, 76]. The tuning sensitivity and hence the
range of continuous tuning can be increased by shortening the length of bus waveg-
uides not used as phase section. Alternatively, increasing the relative length of the bus
waveguides used as phase section extends the continuous tuning range as well. For
instance, the continuous tuning range of the laser investigated is limited by the maxi-
mum phase delivered by the phase section, since 88#4:; ~ 0.1 (¢f. Eq. (3.12)), while the
1 mm long phase section heater and the ring heaters can provide an approximately
equal phase shift. If the heaters were extended to cover all the 6.7 mm of connecting
bus waveguides, this would increase the continuous tuning range by a factor of 6.7 to
approximately 1.6 nm, while maintaining a 2.2-kHz linewidth. Once all bus waveg-
uides are phase-tunable, a further increase of tuning range requires a more effective
phase tuning material to be selected. Phase shifters that are more effective than the
current 2.5 phase shift per mm length, e.g., ITO-based electro-optical phase shifters
that provide 7 phase shift over 32 um length [137], would allow for laser designs with
continuous tuning over a much larger range, i.e, up to 20 nm. Ultimately, the limit
is the free-spectral range of the Vernier filter, in our case 50 nm.

An additional advantage of the synchronous phase-and-filter tuning is that it can
mitigate technological limitations in laser wavelength tuning, wavelength modulation,
or frequency locking to references. The reason is that the available phase shift of a
tunable phase section in integrated photonic circuits is often limited by material con-
stants, e.g., the thermo-optic, strain-optic, or electro-optic coefficients of the involved
materials. Our approach increases the tuning sensitivity F, which means that less
phase shift becomes sufficient for a given tuning range. This is an advantage in
many respects, such as to reduce power consumption in thermal phase shifters and
to increase the speed in laser tuning and frequency modulation, for facilitating, e.g.,
spectroscopic and metrologic applications.

The option of faster modulation and frequency control is specifically important
for stabilizing lasers to reference frequencies, for instance to absolute standards [124].
We experimentally demonstrated fine-tuning of the laser in steps of 0.12 pm over a
full P19 ro-vibrational absorption line of acetylene. Because the recording revealed
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the known line shape [136, 135] very accurately, we conclude that the laser can be
continuously and linearly tuned with steps smaller than the resolution of the available
optical spectrum analyzers. Furthermore, such tuning is essential for stabilization of
hybrid integrated InP-SigN, lasers to an absolute reference.

We expect that the demonstrated tuning method based on resonant intracavity
filtering can be applied to other types of lasers as well. Possible examples are photonic
crystal lasers [138, 139], Bragg waveguides [140, 141], other gain materials [142, 143] or
nonlinear gain. The expected advantages are linewidth narrowing without obstruct-
ing continuous tuning, increasing the tuning range without obstructing linewidth
narrowing, and reduced power consumption or higher speed in continuous tuning or
stabilization of single-frequency lasers.

Appendix - Mode-hop-free tuning

The hybrid laser produces maximum output power when each of the ring resonators
has a resonant wavelength \; (¢ = 1,2) that coincides with the lasing wavelength ..
Mode-hop-free tuning requires that the shift in each of the wavelengths is the same,
i.e., 0A¢ = 6A1 = dA2. Tuning of the resonant wavelengths is realized via resistive
heaters on top of the phase section and the microring resonators. Heating of the phase
section changes only the lasing wavelength, while heating a microring resonator will
concurrently change the resonant wavelength of the ring and the lasing wavelength.
As we will demonstrate, it is the latter property that causes the mode-hop-free tuning
sensitivity, ?‘:, of this hybrid laser with resonantly enhanced optical cavity length
to be larger than that of a standard semiconductor Fabry-Pérot laser of equivalent
optical length.

In order to model the action of the heaters, we assume that their sole action is to
add a phase, ¢;, to the light propagating through the waveguide section j below the
heating element. As the free-spectral range of a resonator is defined as an increase in
roundtrip phase of the light with 27 it is intuitive and straightforward to show that
the change in resonant wavelength, \;, for microring resonator, ¢, with phase added
by the heater on top of the ring, ¢;, is given by

N AN
8(% B 2’

(3.2)

where A); is the free-spectral range of ring 4. This free-spectral range is given by [99]
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where A is the wavelength in vacuum, ng; is the effective group index of the SizNy
ring waveguide and L; is the circumference of the ring resonator. In a similar way,
the change of lasing wavelength, \., with phase added by the phase section, ¢, is
given by

AN(N) = (3.3)
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as the light passes through the phase section twice per roundtrip. In Eq. (3.4), A\,
is the free-spectral range of the laser cavity given by

)\2
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(3.5)

where ny ; is the effective group velocity of the light in the semiconductor waveguide
(j = a), the SigNy bus waveguide (j = b) or the SisNy rings (j = i), L; is the
geometric length of section a or b and L. ; is the effective length of ring ¢ given by [95]
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with 6; the phase added to the light when it propagates through the ring from input
to drop port. For a symmetric microring resonator at resonance, L. ; reduces to [95]
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where k2 is the power coupling from the input waveguide to the ring and from the ring
to the output waveguide. The effective length is equal to the geometric length L;/2
from input to drop port to which a length is added, equal to the distance travelled by
the light in the time it effectively remains within the ring, which corresponds to the
maximum attainable effective length of the ring.

The laser wavelength is not only shifted by the phase induced by the phase section
(Eq. (3.4)), but also by the phase induced by the heaters on top of the rings. At
resonance, the total phase added to the light in the laser cavity by ring 4 is just
Gei = LL i, which results in a change in lasing wavelength of

OXei  AXe Le;

= —_—. 3.8
For the total change in lasing wavelength, § )., we then have
OAei
C 5dps + Z L5 (3.9)
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The mode-hop-free condition dA\. = d\; requires that the phase added to the light
in the rings is proportional to the phase added by the phase section. Using this and
substituting Egs. (3.2), (3.3), (3.4) and (3.8) in Eq. (3.9) gives

0Ae =

AN,
+ Z ng,iLe i~ 0. (3.10)

Using Eq. (3.5) in Eq. (3.10) gives the mode-hop-free change in lasing wavelength
with phase induced by the phase section, which we have introduced as the tuning
sensitivity F) in the main text, as
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Equation (3.11) shows our central finding, namely the increased tuning sensitivity for
synchronous tuning of the phase section with the microring resonators. In essence,
the synchronous tuning of the ring resonances with the phase section removes the
contribution of the effective ring lengths to the cavity length, which helps to expand
the tuning range. Equation (3.11) shows indeed that the mode-hop-free tuning sensi-
tivity does not include the effective length of the microring resonators that are part
of the laser cavity, and the tuning sensitivity corresponds to that of a laser with a
short cavity length.

To satisfy the mode-hop-free tuning condition, the phase added by the ring res-
onator heaters must be set with a fixed ratio to the phase added by phase section
heater. Using Egs. (3.2), (3.3) and (3.11) gives this ratio as

0p; ngiL;
a(7z$ps B ng,aLa + ng,bLb .

(3.12)

Equation (3.12) provides the phase tuning ratio, which needs to be fulfilled to achieve
the tuning sensitivity given in Eq. (3.11). The fulfillment can be limited for techno-
logical reasons, e.g., as the right-hand-side of Eq. (3.12) is typically less than 1 for
most laser designs, the phase added by the ring resonator heaters is usually less than
that by the phase section heater. Consequently, the total continuous tuning range is
often limited by the phase section heater.



Chapter 4

A hybrid-integrated diode laser
in the visible spectral range

Generating visible light with wide tunability and high coherence based on
photonic integrated circuits is of high interest for applications in biopho-
tonics, precision metrology and quantum technology. Here we present the
first demonstration of a hybrid-integrated diode laser in the visible spec-
tral range. Using an AlGalnP optical amplifier coupled to a low-loss SizgNy4
feedback circuit based on microring resonators, we obtain a spectral cov-
erage of 10.8 nm around 684.4 nm wavelength with up to 4.8 mW output
power. The measured intrinsic linewidth is 2.3 + 0.2 kHz. !

IThis chapter is based on the following published work: Cornelis A. A. Franken*, Albert van
Rees*, Lisa V. Winkler, Youwen Fan, Dimitri Geskus, Ronald Dekker, Douwe H. Geuzebroek,
Carsten Fallnich, Peter J. M. van der Slot, and Klaus-J. Boller, "Hybrid-integrated diode laser
in the visible spectral range," Opt. Lett. 46(19), 4904-4907 (2021). *These authors contributed
equally to this work.
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4.1 Introduction

Integration of diode amplifiers in low-loss passive photonic platforms enables highly
coherent light sources in the infrared range [45], where the integrated chip-sized format
provides superior stability, portability and scalability for optical systems. Extending
photonic integration into the visible has begun [79, 80] due to its high potential specif-
ically for applications in biophotonics, metrology and quantum technology. Various
optical systems for operation with visible coherent light have already been integra-
ted using the SigNy4 platform [79, 80|, such as for microscopy [144], neurophotonic
probing [29], fluorescence biosensing [145] or trapping of ions [41]. Nevertheless, all
photonic integrated systems in the visible have so far required external laser sources
for their operation, which is due to the lack of hybrid-integrated lasers in this spectral
range.

Integrating visible, widely tunable and narrowband lasers would provide several
important benefits. Having the laser integrated on chip removes the instability associ-
ated with coupling light into photonic circuits. Using low-loss and spectrally-selective
feedback circuits as integrated extended cavity enhances the laser’s spectral stabil-
ity by narrowing the Schawlow-Townes linewidth on chip [2, 88]. These advantages
carry over to, e.g., refractive index biosensors, which require stable lasers in the visi-
ble [28]. Biosensors based on optical resonance techniques particularly benefit from a
narrow linewidth source, because this enhances the spectral resolution of the sensor,
and, hence, lowers the detection limit [146]. Similarly, on-chip operation of multiple-
wavelength, highly-coherent visible lasers is important for all-integrated optical cool-
ing and trapping [42] for portable optical clocks [16] or for quantum information
processing [41].

In the infrared range, integration of semiconductor amplifiers with spectrally-
selective feedback circuits has made various kinds of widely tunable lasers available
that can be seamlessly integrated into photonic integrated circuits. These hybrid
and heterogeneously integrated diode lasers have been demonstrated at 2.6 pum [58],
1.65 pm [57], 1.55 pm [88, 45], 1.27 pm [62], 1.06 pm [61], 1.0 pum [64] and at
0.85 um [63]. For reaching into the blue spectral range, an InGaN-based laser had
been epitaxially grown on a Si wafer [147]|, however, the integration into a photonic
circuit has not been demonstrated yet. To avoid two-photon absorption for high
photon energies in the visible, photonic circuits require dielectric waveguides with
a high band gap, e.g., based on TiOy or SigNy. In addition, suitable waveguides
with reduced scattering loss are required, as scattering due to roughness of the core-
to-cladding interface strongly increases towards shorter wavelengths (~ 1/A3) [148].
Heterogeneous integration, using vertical tapers for evanescent coupling between an
InGaN laser and passive TiOy waveguides, was investigated, but successful bonding
would require reduced surface roughness [149]. To date, no successful realization of
a hybrid or heterogeneously integrated diode laser for the visible spectral range has
been reported.

In this work we demonstrate the first operation of a hybrid-integrated diode laser
in the visible. Using SizN, waveguides, we provide a feedback circuit with negligible
absorption loss and low scattering loss via a weakly confined optical mode. This hybrid
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Figure 4.1: Schematic overview of the hybrid laser comprising an AlGalnP optical amplifier
butt-coupled to a SizN4/SiO2 feedback chip. The chip contains two sequential microring
resonators (MRR1, MRR2) that form a Vernier filter within a loop mirror. Directional
couplers are indicated by red arrows. Heaters (yellow) are placed on the MRRs, on the
intracavity phase section and near the output Y-junction.

integration enables on-chip narrow-linewidth lasers in the visible spectral range.

4.2 Laser design and hybrid integration

The design of the hybrid laser is shown schematically in Fig. 4.1. The laser cavity
is formed by a semiconductor chip coupled to a SizN,/SiO, based feedback chip.
The multiple quantum well AlGaInP semiconductor optical amplifier (SOA, Sacher
SAL-0690-25) is 600 pm long and provides a gain bandwidth of approximately 10 nm
around 685 nm, with up to 25 mW output power in Littrow configuration. Its back
facet has a high reflectivity (HR) coating of 95%, which forms one mirror of the laser
cavity. The other mirror is a reflective Vernier filter formed by a y-junction and two
cascaded microring resonators (MRRs) to provide highly frequency-selective feedback.

To minimize propagation losses and to support only single-mode propagation, the
feedback circuit is implemented using a high aspect ratio SigNy4 core that is 2 pum
wide and 25 nm thick. This core is centered in a 16 um thick SiO5 cladding to guide
the TEq mode [100, 80]. The smallest bending radius for this waveguide geometry
is chosen as 1200 pm to ensure that bend radiation loss is small compared to the
straight propagation loss. Key to low propagation loss is the small height of the
sidewalls to minimize the scattering loss, as the sidewall etching produces a larger in-
terface roughness than the layer deposition process, which defines the top and bottom
surface of the waveguide. To characterize the straight-waveguide propagation loss, we
measured the light transmission through 1-cm and 4-cm long straight waveguides
and 58-cm long low-curvature spirals. The measured propagation loss is 0.07£0.02
dB/cm at the wavelength of 685 nm. To obtain the overall propagation loss of the
rings, we scanned a tunable laser across several ring resonances. This resonator loss
is 0.13+0.02 dB/cm, based on fitting the calculated ring responses to the measured
transmission. The excess resonator loss is probably due to bending loss and parasitic
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loss in the symmetric coupler section [150]. In order to optimize the mode matching
with a single-mode, polarization-maintaining output fiber (Nufern PM460-HP), the
waveguide width is tapered down to 0.8 um at the fiber side to obtain a simulated
coupling efficiency of 85%. The waveguide is not tapered at the gain side, as calcu-
lations predicted a comparably high overlap of 89% with the estimated mode of the
SOA (MFDpor = 3.6 um, MFD,¢ry = 1.5 pm).

The functionality of the feedback circuit is twofold. Frequency filtering is realized
using two high-quality MRRs with slightly different radii. These rings have radii of
1200 and 1205 um and an estimated loaded Q-factor of 9.5-10°. The measured Vernier
free spectral range (FSR) is 9.90£0.05 nm at the nominal wavelength of 685 nm [88].
This FSR is approximately equal to the gain bandwidth of the SOA, to avoid multiple
wavelength oscillation. The second function is to lower the intrinsic laser linewidth
with a long effective length of the feedback circuit. At resonance, the effective length
of each ring is enhanced by a factor of 18 to 14 cm, which is calculated by the group
delay [95], using the ring radius, the measured resonator loss and the power coupling
between bus waveguide and ring. This power coupling 2 = 0.043 £0.011 is measured
using a separate directional coupler, identical to the ones in the rings.

Summing the optical lengths of all elements gives a maximum effective roundtrip
length of 49 cm for the laser cavity. As the length of the laser cavity is strongly
frequency-dependent [95], the cavity modes are non-equidistant with a calculated
minimum mode spacing of 1.0 pm (0.67 GHz). Single longitudinal mode oscillation is
expected, because this mode spacing is larger than the calculated 0.46 pm (0.30 GHz)
full-width-at-half-maximum (FWHM) of the Vernier resonance.

Thermo-optic phase tuning of the feedback circuit is realised via chromium-based
resistive heaters [100]. Tuning the ring heaters is used for wavelength selection, while
tuning the intracavity phase section is used to align a cavity resonance with the ring
resonances. The light extracted from the cavity is combined using a Y-junction before
coupling it into the output fiber. To balance the phase in both extraction paths with
minimal thermal tuning for maximum output coupling, one of both heaters placed
near this Y-junction can be tuned. Introducing a phase shift of 27 with the resistive
heaters requires approximately 400 mW of dissipated electrical power.

To enable stable laser operation via hybrid integration, the amplifier, feedback chip
and output fiber were all aligned for optimum coupling and bonded with an adhesive.
The SOA and heaters were wire bonded to an adapter board for electrical connections.
The SOA pump current and heater currents were supplied with a Thorlabs LDC205B
current source and a Nicslab XPOW-8AX-CCvCV multi-channel power controller,
respectively. To remove the generated heat, the hybrid assembly was placed on a
common subcarrier with a heat sink, which was temperature-controlled using an ade-
quately dimensioned Peltier element. For all measurements, the temperature was set
at 20 ° C.



o1

\

- guesegensuguevep ‘,
SOA Wire bonds Vernier filter ~ Output fiber

Figure 4.2: Photograph of the hybrid laser pumped at 90 mA. Bright scattered light from
both rings indicates that a cavity mode is tuned to be aligned with both ring resonances.
This light is partly blocked by heaters on top of the rings.

4.3 Experimental results

When pumping the SOA above treshold, scattered red light from the feedback chip
can be observed. Figure 4.2 shows a photograph of the assembled laser when pumped
at the maximum allowed pump current of 90 mA. This photo demonstrates the first
operation of a hybrid-integrated diode laser in the visible spectral range. We tuned
the phase section to align a cavity resonance with a Vernier resonance of the two
rings, which is confirmed by the bright scattered light from both rings.

To measure the laser output power and spectral characteristics, the laser was con-
nected via a fiber coupler (Thorlabs TW670R5A2) to a power sensor and an optical
spectrum analyzer (OSA, ANDO AQ6317). Figure 4.3(a) shows the measured fiber-
coupled output power as function of pump current, corrected for the 50:50 splitting
ratio of the fiber coupler. For each measurement, the heater on the phase section was
optimized for maximum output power, while other heaters were not activated. Fig-
ure 4.3(a) indicates a threshold current of 46 mA. Above threshold, the output power
increases approximately linearly with a slope efficiency of 0.11 mW/mA, indicated
with the linear fit line through all points except the four low outliers. These out-
liers were likely caused by spectral mode hops, since current-induced refractive index
changes of the SOA caused the laser to hop to modes that were less efficiently coupled
out. We measured a maximum output power of 4.8 mW at the maximum specified
current of 90 mA. For this setting, we also measured the laser’s output spectrum with
the OSA using a 0.01 nm resolution bandwidth (RBW). This spectrum, as shown in
Fig. 4.3(b), reveals a resolution-limited single-wavelength peak at 683.9 nm with a
high signal-to-noise ratio of 40 dB. As the resolution bandwidth of the OSA is insuf-
ficient to distinguish adjacent cavity modes, additional measurements are described
below to confirm single-mode oscillation.

To determine the spectral coverage of the laser, we varied the electrical power
to the heater on MRR1. This shifts the resonant frequency of the underlying ring,
thereby changing the Vernier feedback frequency. Fig. 4.4(a) shows several super-
imposed laser spectra as measured with the OSA. The pump current was reduced
to 50 mA to record the spectral coverage already obtainable with a few mA above
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Figure 4.3: a) Fiber-coupled output power versus pump current, with optimization of the
phase section heater. b) Optical power spectrum measured for a pump current of 90 mA.
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Figure 4.4: a) Superimposed laser spectra, as measured with an OSA set to 0.01 nm resolu-
tion bandwidth and obtained by varying the heater power to MRR1. The pump current was
set to 50 mA. b) Peak laser wavelength extracted from the laser spectra in a) as function of
heater power.

threshold. The phase section and a heater near the output Y-junction were coarsely
optimized for each measurement to obtain single-wavelength laser emission with op-
timum output power. We observe that the laser wavelength can be tuned, in discrete
steps, over a range of 10.8 nm around 684.4 nm, which covers the entire gain band-
width of the amplifier. The highest output power was measured near the peak of
the gain spectrum, as expected. Further variation in power can be explained by the
nonuniform gain spectrum and by nonoptimal heater settings, since the outcoupling
ratio strongly depends on the fine-tuning of the ring resonances. For a better qualifi-
cation of laser tuning, Fig. 4.4(b) shows the extracted peak wavelengths as function
of the heater power at MRR1. The laser wavelength decreases approximately linearly
with increasing heater power, except for large hops when the laser is operated near
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Figure 4.5: Optical spectrum (a) and RF spectrum (b) of the laser output with the laser
optimized for single longitudinal mode oscillation. The pump current was set to 90 mA.

the edge of the gain bandwidth. We fitted two parallel lines through the data points
to retrieve the hop distance. The wavelength spacing between these lines is 9.9 nm,
which agrees well with the separately measured FSR of the solitary Vernier filter.

To verify that optimized heater settings provide oscillation in a single longitudinal
mode, i.e., to spectrally resolve also adjacent longitudinal modes, we used a setup to
detect the beating of laser modes in the radio frequency (RF) domain. For this pur-
pose, the laser output was sent through an isolator (Thorlabs IO-F-690APC) directly
to the OSA and directly to a fast photodiode (Thorlabs DXM12CF) connected to an
RF spectrum analyzer (RFSA, Agilent E4405B). The RFSA was set to a resolution
bandwidth of 1 MHz, and swept over a range up to 8 GHz, which would be sufficient
to detect the beating between multiple longitudinal modes within a single Vernier
resonance. We emphasize that the RF range is wider than the 0.01 nm (6 GHz) reso-
lution bandwidth of the OSA, which ensures that multiple mode oscillations would be
noticed. Figure 4.5 shows an example of the recorded (a) optical and (b) RF spectra,
when the laser was optimized for single longitudinal mode oscillation. This optical
spectrum shows a single wavelength, while corresponding RF spectra, recorded be-
fore and after this OSA measurement, show no indication of the presence of any beat
frequencies. We note that several beat frequencies showed up in the RF spectrum
with non-optimized settings of the laser. The RF and optical spectra combined let us
conclude that, with proper settings, the laser oscillates in a single longitudinal mode
with a side mode suppression ratio of at least 39 dB.

To determine the intrinsic linewidth of the laser, the output was sent through an
isolator to a delayed self-heterodyne detection setup. The setup uses a fiber-based
Mach-Zehnder interferometer, where one arm contains a 200 MHz acousto-optic mod-
ulator, while the other arm contains a 1-km long single-mode fiber as a delay (Thorlabs
SM600), limited in length because of 6 dB/km propagation loss. The beat signal was
recorded using the fast photodiode connected to the RFSA, set to a radio and video
bandwidth of 10 kHz, and averaged over 50 sweeps. Fig. 4.6 shows the measured
power spectrum as the blue trace. To reduce current noise for this measurement,
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Figure 4.6: Recorded beat signal (blue trace) and background (grey trace) from the delayed
self-heterodyne measurement setup, together with a fitted Gaussian profile (green curve) and
a fitted Lorentz profile (red curve).

the pump current was supplied by a battery-operated current source (ILX Lightwave
LDX-3620), set to 90 mA. We tuned MRR2 to set the laser’s wavelength near max-
imum gain at 685.6 nm and fine-tuned the phase section to minimize the intrinsic
linewidth. The recorded RF signal is well above the noise floor of the setup, displayed
as the grey trace. In the blue trace, periodic modulations of approximately 200 kHz
can be observed, consistent with the 1-km fiber delay and an even longer coherence
length of the laser [151]. By fitting this trace to a Gaussian profile, as shown with the
green curve, we find that the central peak has a predominantly Gaussian line shape
with a FWHM of 56.3+0.4 kHz. This line shape of the free-running laser, which is
associated with 1/f frequency noise [152] caused by technical noise sources, can be
narrowed by locking the laser frequency to a high-finesse cavity or a Sr transition [42].
To estimate the intrinsic linewidth, which arises from white frequency noise, we fit
the wings of the recorded signal to a Lorentz function, as shown with the red curve.
The fitted Lorentzian linewidth is 2.340.2 kHz, which confirms that the laser has a
very narrow intrinsic linewidth.

4.4 Conclusion

To conclude, we demonstrate the realization of the first hybrid-integrated diode laser
in the visible spectral range. The maximum output power is 4.8 mW for a pump cur-
rent of 90 mA and the spectral coverage amounts to 10.8 nm around 684.4 nm. The
hybrid integration of an AlGalnP optical amplifier with a Si3N,4 feedback chip, used
for sharp Vernier filtering with high-quality microring resonators, enables single longi-
tudinal mode laser oscillation. The long effective optical cavity roundtrip length of up
to 49 cm provides a narrow intrinsic linewidth of down to 2.340.2 kHz. Improving the
laser design, e.g., by increasing the core thickness, would enable a smaller bend radius
and a thinner top cladding for more efficient heaters. Second, adding an intracavity



95

tunable coupler for the extraction of the output power independent from the frequency
filtering [88], would improve the overall performance of the laser, including more spec-
trally uniform and higher output power and lower intrinsic linewidth. The concept of
hybrid-integrated diode lasers with very small intrinsic linewidth could possibly cover
the whole visible spectral range. Realization of a fully integrated multi-color visible
laser engine [153] would then become feasible for numerous applications.
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Chapter 5

Long-term absolute frequency

stabilization of a
hybrid-integrated InP-Si3N4
diode laser

Hybrid integrated diode lasers based on combining semiconductor optical
amplifiers with low-loss SizIN,-based feedback circuits enable great laser
performance for advanced photonic circuits. In particular, using high-Q
SisN4 ring resonators for frequency-selective feedback provides wide spec-
tral coverage, mode-hop free tuning, and high frequency stability on short
timescales, showing as ultra-narrow intrinsic linewidths. However, many
applications also require long-term stability, which can be provided by
locking the laser frequency to a suitable reference. We present the stabi-
lization of a hybrid-integrated laser, which is widely tunable around the
central wavelength of 1550 nm, to a fiber-based optical frequency discrim-
inator (OFD) and to an acetylene absorption line. By locking the laser
to the OFD, the laser’s fractional frequency stability is improved down to
1.5 - 1072 over an averaging time of 0.5 ms. For absolute stability over
longer times of several days, we successfully lock the laser frequency to an
acetylene absorption line. This limits the frequency deviations of the laser
to a range of less than 12 MHz over 5 days. !

1This chapter is based on the following published work: Albert van Rees*, Lisa V. Winkler*,
Pierre Brochard, Dimitri Geskus, Peter J. M. van der Slot, Christian Nolleke, and Klaus-J. Boller,
"Long-term Absolute Frequency Stabilization of a Hybrid-Integrated InP-SizNy4 Diode Laser," IEEE
Photonics J. 15(5), 1502408 (2023). *These authors contributed equally to this work.
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5.1 Introduction

Chip-integrated and frequency-stable diode lasers tunable to various wavelengths in
the infrared or visible range are central for a wide range of applications, such as
scalable quantum technology [40, 41, 43], integrated optical atomic clocks [17], signal
processing [13, 33] and data transmission [8, 9, 11]. A high short-term stability,
also expressed as a low intrinsic linewidth, can routinely be achieved with diode
lasers in a chip-integrated format, by extending the cavity length with a low-loss
waveguide feedback circuit [50, 76, 88, 45]. An alternative is using laser-external
high-Q resonators for line-narrowing at the predefined frequencies of standard Fabry-
Perot, DFB and DBR diode lasers through self-injection locking [46, 49, 73, 70]. To
also achieve high long-term frequency stability, active stabilization to highly stable
frequency references is required.

When considering bulk lasers, gas lasers such as helium-neon lasers are tradition-
ally well-suited for long-term stability, allowing frequency stabilization with drifts of
only around 2-10~% over several months [154, 155]. More recently, enormous progress
has been achieved with frequency stabilization of diode lasers, enabling similar perfor-
mance [156, 157, 158]. Furthermore, the lowest fractional frequency instabilities have
been achieved using state-of-the-art bulk extended cavity diode lasers (ECDLs) [159]
and fiber lasers [160]. Notably, a stability of 4 - 10717 up to 10 s was reached by sta-
bilizing a fiber laser to an ultra~stable Fabry-Perot cavity [160]. On the other hand,
a waveguide-based diode laser has recently exceeded the short-term frequency stabil-
ity of high-performance fiber lasers, due to feedback from an ultra-high-Q integrated
resonator [49]. Such chip-sized lasers enable seamless integration into mass-produced
photonic circuits. Long-term active stabilization of these integrated diode lasers would
be key for repeatability and reliability for a wide range of photonic applications.

To enable long-term stability over multiple hours or even longer, integrated diode
lasers require additional properties. First, the laser should not make any mode hops
in the required time frame, as they are challenging to correct for by electronic sta-
bilization. While operation with individual chips aligned on stages is sufficient for
investigating the short-term stability [46, 49], temperature drifts or acoustic per-
turbations are prone to cause mode-hops in such a configuration. To avoid this, the
passive stability of the entire waveguide circuit needs to be improved through integra-
tion of the feedback chip with the diode laser. Second, to provide electronic feedback
for stabilization, the laser must have a wavelength tuning mechanism with sufficient
bandwidth and range. For also accessing any target wavelength within the laser’s gain
bandwidth, specifically single lines of absolute reference absorbers [161, 162, 158]|, a
suitable diode laser concept has to be chosen. Diode lasers that use feedback from
Bragg waveguides for spectral selection [140, 163, 47] offer only very limited tunability.
Lasers where frequency noise reduction is based on self-injection locking from micror-
ing resonators [46, 49, 73, 70| offer wider tuning, however, this linewidth narrowing
method requires careful adjustment of the feedback phase for constructive interference
inside the laser cavity [70]. On the other hand, diode lasers employing Vernier-filter
based extended cavities provide wide tuning over the entire gain bandwidth [51] and
enable wide mode-hop free tuning over absorption lines [98].
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Active stabilization of such a widely-tunable laser based on semiconductor inte-
grated photonics has recently been demonstrated with a best frequency stability of
2.5-10713 at 1 s integration time [164]. An even better frequency instability of 10714
below 1 s was achieved with a heterogeneously integrated DBR-laser, self-injection
locked to a spiral resonator, and actively stabilized to a lithographically fabricated
Fabry-Perot cavity [47]. However, such stabilization schemes have only been demon-
strated over intermediate time scales up to several minutes.

Here we demonstrate the absolute frequency stabilization of a hybrid-integrated,
widely tunable diode laser over several days. The laser is formed by hybrid integration
of an InP diode amplifier and a SigNy feedback circuit. For the free-running laser,
we observe mode-hop free operation over several days, achieved by electronic, ther-
mal and optical packaging of the laser in a standard diode laser housing. To access
reference lines for long-term absolute stabilization, the laser is widely tunable using
two microring resonators in Vernier configuration. Active stabilization of the laser
frequency to the acetylene P11 absorption line at 1531 nm provides a best stability
of 2.0 - 10719, This scheme enables the desired long-term stability, demonstrated by
continuous frequency stabilization for over 5 days with a residual drift below 12 MHz.
For completeness, we also present short-term stabilization of our laser. This is realized
by locking to a fiber-based optical frequency discriminator (OFD), which provides a
best relative frequency stability of 1.5 - 1072 over an averaging time of 0.5 ms.

5.2 Hybrid-integrated diode laser

5.2.1 Laser design

For the experiments, we use a narrow-linewidth hybrid-integrated tunable laser (Chi-
las CT3, similar to [98]) as schematically shown in Fig. 5.1(a). The laser comprises a
semiconductor chip, which is hybrid-integrated with a waveguide-based feedback cir-
cuit [97]. The semiconductor chip contains an InP-based multi-quantum well optical
amplifier, fabricated by the Fraunhofer Heinrich Hertz Institute. The feedback circuit
is based on low-loss SisN, waveguides with a TriPleX asymmetric double-stripe cross
section [100]. One mirror of the laser cavity is formed by a high-reflectivity (90%)
coating on the back facet of the optical amplifier. The other mirror is a frequency-
selective loop mirror, formed by two sequential microring resonators (MRRs) on the
feedback circuit. The circumferences of these resonators are 787 pym and 806 pm
for MRR1 and MRR2, respectively. According to the Vernier principle, this enables
wavelength selection for single-frequency laser operation over 70.4 nm around the
central wavelength of 1.55 um.

In addition, these rings provide a low intrinsic linewidth by extending the effective
cavity length with multiple passes through the MRRs. The power coupling coefficient
to the rings is designed as x? = 0.05, which increases the optical effective length on
resonance [95] to 23 and 24 mm for MRR1 and MRR2, respectively. In total, the
effective cavity roundtrip length is increased to approximately 7 cm when the cavity
resonance and ring resonances are aligned. To couple light out of the cavity to the
output port, an 80% directional coupler is part of the feedback circuit. The output
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Figure 5.1: (a) Schematic view of the hybrid-integrated laser. The InP-based amplifier is
coated with a high-reflection (HR) and an anti-reflection coating (AR). The SizN4-based
feedback chip contains two microring ring resonators (MRR). Heaters for thermal tuning
are indicated in yellow. (b) Photograph of the hybrid laser assembly comprising the the
amplifier, feedback chip and output fiber fixed together in a 14-pin butterfly package.

port is connected to a polarization-maintaining single-mode fiber, that is terminated
with an FC/APC connector. Since extensive lengths of fibers may generate additional
spectral broadening [165], the output and connected fibers are short, up to a few
meters, such that fiber broadening can be safely neglected.

For thermal tuning, resistive heaters are located on top of the rings and a phase
section. The phase section enables tuning a cavity resonance to align with a common
resonance of the MRRs. All heaters can provide at least 27 phase shift by applying
an electrical power of up to 1.0 W per heater.

For long-term optical path length stability, the laser is hybrid integrated. This
is done by permanently edge-coupling the diode, feedback chip and output fiber by
bonding the facets with transparent adhesive. The diode and feedback chip are placed
on a thermoelectric cooler (TEC) element in a 14-pin butterfly package, shown in
Fig. 5.1(b). The heaters and amplifier are wire bonded to separate pins. For computer
controlled heater tuning and low-noise laser operation, we use the internal heater
driver of a Chilas tunable laser controller and external TEC and laser diode drivers.

5.2.2 Laser characterization

We characterized the laser in terms of output power and wavelength tuning. For this
purpose, we connected the laser via an optical isolator (Thorlabs I0-G-1550-APC)
and a 90:10 fiber coupler to a photodiode power sensor (Thorlabs S144C) and an
optical spectrum analyzer (OSA, ANDO AQ6317).

The fiber-coupled output power as function of the pump current and the corre-
sponding amplifier voltages are plotted in Fig. 5.2(a). The plotted output power is
corrected for the measured transmission loss through the isolator and fiber coupler.
For exploring the maximum output power that can be generated with the laser, we
provided a pump current of up to 500 mA using an external current source (ILX
Lightwave LDX-3620). For all other measurements we do not exceed the maximum
specified current for the laser of 300 mA. To obtain maximum output power and
single-frequency operation, the phase section and rings were fine-tuned for each mea-
surement. The Vernier filter and the TEC element were set to 1569.9 nm and 20 °C,
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Figure 5.2: (a) Fiber-coupled output power (red dots) and amplifier voltage (blue crosses)
versus amplifier current. The threshold current is 7.5 mA and the maximum measured fiber-
coupled output power is 36.4 mW. (b) Superimposed laser spectra, as measured with an
OSA set to 0.1 nm resolution bandwidth. The spectra are obtained by varying the heater
power on MRR1 in steps of approximately 23 mW and then fine-tuning MRR1 and the phase
section heater for maximum output power. The laser’s wavelength coverage reaches from
1510.5 to 1583.8 nm. The side mode suppression ratio (SMSR) extracted from these spectra
varies between 55 and 66 dB.

respectively. Figure 5.2(a) indicates a threshold current of 7.5 mA and a maximum
measured fiber-coupled output power of 36.4 mW. Above threshold, the output power
increases approximately linearly until power roll-off can be observed, which we ad-
dress to local self-heating of the lasing region. The small oscillation in output power
at high pump currents can be attributed to non-optimal settings of the heaters due
to thermal and electrical crosstalk and the finite voltage step size of the heater driver.

To characterize the wavelength tuning of the laser, we varied the heater power on
ring resonator MRR1 and measured the laser spectra with the OSA set to 0.1 nm
resolution bandwidth. The diode pump current was set to the specified maximum of
300 mA for all measurements. The measured power level of the OSA was calibrated
using a separate power meter. Figure 5.2(b) shows the superimposed spectra, when
the heater power on MRR1 is changed in steps of approximately 23 mW and then
fine-tuned together with the phase section for maximum output power. As a result,
the laser wavelength changes in steps of about 1.7 nm, which corresponds to the free
spectral range of the other ring resonator (MRR2). The wavelength coverage as shown
in Fig. 5.2(b) spans from 1510.5 up to 1583.8 nm. This range of 73.3 nm agrees well
with the calculated Vernier tuning range. The measured spectra display a high side
mode suppression ratio (SMSR) between 61 and 66 dB throughout the tuning range
of the laser, except for one outlier at the lower edge of the tuning range with a SMSR
of 55 dB. We have also verified single-mode operation using a high-resolution OSA
(Finisar 15008, spectral resolution 180 MHz). The high SMSR confirms excellent
single-mode operation over the full tuning range.
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For active frequency stabilization, laser frequency deviations from a set target have to
be detected using a frequency discriminator. Next, a feedback loop is required to set
the laser frequency back to its target value. To adjust the laser frequency, this laser
offers multiple tuning mechanisms, which differ in tuning sensitivity and bandwidth.
In an earlier measurement using a similar laser, we found that the bandwidth for
thermal tuning by the phase section is limited to approximately 50 kHz, while tuning
the diode laser frequency by the amplifier current provides a higher bandwidth of at
least 0.33 MHz, which was limited by the equipment used for that measurement [166].
To reduce noise up to MHz Fourier frequencies, we apply a feedback signal to the
amplifier current.

We investigate two different fiber-coupled frequency discriminators that can be
conveniently coupled to the laser’s fiber output. For stabilization on sub-second
timescales, we use a commercial ultra-stable fiber-based frequency discriminator,
which provides many closely spaced reference lines with a steep discriminator slope.
The availability of many reference lines, that are much closer spaced than the laser’s
cavity modes, enables locking for any Vernier heater setting. An additional advan-
tage of a fiber-based interferometer is that large path imbalances can be achieved to
increase the frequency discriminator slope [167]. Maximizing this slope is important,
since the highest achievable frequency stability is determined by the discriminator
slope and its noise contribution, in the limit of large servo gain [168]. However, pro-
viding absolute stability is not possible, because long-term drift of the reference lines
cannot be avoided completely, even with excellent thermal shielding.

To investigate long-term absolute frequency stabilization over multiple days, we
use an acetylene absorption line as the second frequency reference. In this case, locking
requires tuning the laser wavelength to a single, selected absorption line. The success
of long-term stabilization critically depends on the absence of mode hops. Therefore,
we also characterize the frequency stability of the free-running laser, and demonstrate
mode-hop free operation over multiple days.

5.3.1 Sub-second frequency stabilization by locking to a fiber-
based OFD

The setup to stabilize the laser frequency on sub-second time scale, using a fiber-
based optical frequency discriminator (Silentsys OFD), is shown in Fig. 5.3. To show
typical stabilization behavior, the laser current and TEC were set to 100 mA and
25 °C, respectively for these measurements. For optimum free-running operation,
all heaters were turned off to remove any noise that might be added by the heater
driver. The fiber-coupled laser output first passes an optical isolator and then a 90/10
fiber-optic coupler. 90% of the light is directed to a delayed self-heterodyne setup for
analysis and 10% is directed to the OFD for stabilization. The OFD is an ultra-low
noise optical frequency discriminator based on a fiber-interferometric process with a
free spectral range of 2 MHz. To improve its thermal stability, the OFD is placed
in a thermally insulated enclosure with active temperature control. The error signal
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Figure 5.3: Frequency stabilization setup using a fiber-based optical frequency discriminator
(OFD) and a setup for frequency noise characterization. The laser’s output light first passes
a fiber-optic isolator (—) and a 90/10 fiber coupler, which directs 90% of the input light to
the characterization setup and 10% to the stabilization setup. Here the OFD, which serves
as a frequency reference for stabilization, generates an error signal, which is fed into a servo
controller for feedback to the laser. This feedback signal is added to the laser drive current.
For frequency noise characterization, a delayed self-heterodyne setup is used, which consists
of an acousto-optic modulator (AOM) and a 150-m long fiber delay. The photodiode beat
signal from this setup is recorded on an oscilloscope and processed to retrieve the frequency
stability.

from the OFD is fed to a servo controller equipped with double integrators (Liquid
Instruments Moku:Lab, PID), which generates a feedback signal. This feedback signal
is added to the laser’s amplifier current through the modulation input of the diode
current driver (Koheron DRV200).

We characterize the frequency stability of the laser with out-of-loop delayed self-
heterodyne measurements, using a similar setup as described in [34]. The setup com-
prises a fiber delay of 150 m and an acousto-optic modulator (AOM, Opto-Electronic
MT80-IIR30-Fio-PMO0.5-J1-A-Ic2) driven at 80 MHz. The resulting beat signal is
recorded for 100 ms using a balanced photodetector (Thorlabs PDB450C set to 150
MHz bandwidth) connected to an oscilloscope (PicoScope 5444D) and processed to
retrieve the frequency-noise power spectral density (PSD) of the laser. The record-
ing time window distorts the PSD calculation at low noise frequencies, thus the data
points below 40 Hz are discarded. To retrieve the PSD at high noise frequencies more
accurately [169], the PSD for multiple time segments is averaged, after dividing the
original time trace in 2" non-overlapping segments, where n = 0 for the lowest Fourier
frequencies up to n = 10 at the highest frequencies. Measurements of the PSD were
carried out for the free running laser and for the locked laser. When the laser was
locked to the OFD, we optimized the settings of the servo controller to reduce the
PSD in the frequency range below 100 kHz.

Figure 5.4(a) shows the recorded frequency noise PSD of the free-running laser
and the stabilized laser, as well as the noise floor of the measurement setup. For
the free-running laser, the PSD decreases with Fourier frequency, which is typical for
thermo-refractive noise and noise stemming from thermal drifts, acoustic vibrations
and flicker noise from electronics. At high Fourier frequencies, beyond 2 MHz, the
noise appears to reach a white noise level of 0.7 kHz? /Hz. Multiplying this level with
7 yields an upper limit of 2 kHz for the intrinsic linewidth. Noise occurring at a
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Figure 5.4: (a) The single-sided frequency-noise power spectral density (PSD) retrieved for
the free running laser (blue trace) in comparison with the frequency stabilized laser (red
trace) and the setup noise floor (gray trace). Frequency stabilization strongly reduces noise
for Fourier frequencies up to 10% Hz. Toward higher Fourier frequencies, the measured noise
reaches approaches a white noise level of approximately 0.7 kHz? /Hz, which corresponds to
an intrinsic linewidth of 2 kHz. (b) Allan deviation for the free running laser (blue trace) in
comparison with the frequency stabilized laser (red trace) and the noise floor of the system
(gray trace). The Allan deviation of the free-running laser indicates a best stability of
6.2-107 ! for an averaging time of 50 us. Locking the laser frequency to the OFD improves
the stability for averaging times > 7 pus, reaching a minimum of 1.5 - 1072 over 0.5 ms.

frequency of 1.3 MHz and its multiples cannot be resolved due to fringes, which is
inherent to self-heterodyning with a 150 m fiber delay length.

Next, we measured the frequency noise when the laser frequency was stabilized
to the OFD, also shown in Fig. 5.4(a). Stabilizing the laser frequency to the OFD
strongly reduces the noise, especially for Fourier frequencies between 0.5 and 18 kHz,
where an average noise level of 12 Hz?/Hz is reached. At Fourier frequencies around
250 KHz, a servo bump is clearly visible. Due to the finite bandwidth of the control
loop, for these Fourier frequencies, the feedback signal lags behind and is out of phase
with the frequency deviations, so the deviations are amplified rather than suppressed.

To investigate whether the measured frequency noise is limited by the characteri-
zation setup, we estimated the noise floor of the setup by removing the delay line to
balance the path lengths in both arms of the delayed self-heterodyne setup. Note, by
removing the delay line, we may also have removed acoustic or thermal fluctuations
in this long fiber from the noise floor measurement. A small contribution of the laser
noise is still present in the measured noise floor, which can be seen in Fig. 5.4(a)
by the servo bump at 250 kHz, indicating that the path lengths were not exactly
balanced. From this estimation of the noise floor, we find that the noise floor is suffi-
ciently low for noise measurements at Fourier frequencies between 60 Hz and 1 kHz,
and above 10 kHz. Between Fourier frequencies of 1 and 10 kHz, the measured noise
PSD of 13 Hz?/Hz is close to the noise floor of the measurement setup. To investi-
gate whether the noise PSD was here limited by the oscilloscope, we used a different
oscilloscope (Rohde & Schwarz RTE1024) and indeed found a slightly lower noise
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PSD of 5 Hz? /Hz, while the noise floor in this frequency range was reduced to about
0.2 Hz? /Hz.

To display the frequency stability for different averaging times, Fig. 5.4(b) shows
the Allan deviation for the free-running and the stabilized laser. Both traces are
calculated from the recorded PSD, using Eq. 5.12 from [170]. The fringes at 1.3 MHz
and its multiples were excluded as they are an artifact of the measurement method.
For the free-running laser, the Allan deviation reaches a minimum of 6.2 - 10~!! for
an averaging time of 50 us. Stabilization to the OFD improves the laser’s frequency
stability by up to two orders of magnitude, reaching a best value of 1.5-107'2 for an
averaging time of 500 us.

5.3.2 Long-term absolute frequency stabilization by locking to
acetylene

For all applications using lasers for measurements, stability over the entire duration
of the measurement is required. Since many applications require long-term absolute
stability, we also investigate the frequency stability over longer times, up to several
days. For this purpose, we require an absolute frequency reference within the laser’s
spectral coverage. A suitable reference is an acetylene gas cell, as the influence of
changes in environmental conditions, such as temperature, pressure and electromag-
netic fields, on the absorption lines is negligible [171] compared to the measurement
accuracy here.

A central prerequisite for successful long-term stabilization is that the laser emis-
sion does not hop to other cavity modes, as mode hops are hard to correct for in any
stabilization scheme. Even a mode hop to a neighboring mode would shift the laser
frequency outside the capture range of the frequency reference, since the calculated
4.6 GHz minimum mode distance for this laser is larger than the sub-GHz linewidth
of an acetylene reference line. To avoid mode hops, a high passive stability of the
laser cavity length is required. Hybrid integration of the diode amplifier with the
feedback chip aims on providing this stability with permanent and robust fixation of
the aligned waveguide circuits. To detect any mode hops and, to more detail, record
the laser’s emission frequency over several days, we use a broadband and ultra-precise
wavelength meter.

Figure 5.5 shows the setup used for long-term stabilization. The laser current
and TEC were again set to 100 mA and 25 °C, respectively. The fiber-coupled laser
output first passes an optical isolator and then a 90/10 fiber-optic coupler. To max-
imize the photodetector signal, the largest fraction of the laser output is used for
frequency stabilization. The stabilization scheme is based on top-of-fringe locking us-
ing the principle of frequency modulation (FM) spectroscopy [172]. The light passes
an electro-optic phase modulator (EOM, Thorlabs LN65-10-P-A-A-BNL) driven at a
modulation frequency of 12.5 MHz. The modulated light then propagates through a
fiber-coupled gas cell (Wavelength References C2H2-12-H(16.5)-4-FCAPC), filled with
acetylene (2CyHy), which serves as the frequency reference. Although a Doppler-free
measurement of a saturated acetylene absorption line would provide the narrowest
reference [124], this also requires a gas pressure that is lower than available for stan-
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Figure 5.5: Frequency stabilization setup using a fiber-coupled acetylene (C2Hz) gas cell.
Behind the isolator (—), the laser light passes through a 90/10 fiber coupler, which directs
90% of the input light to the stabilization setup. This setup for top-of-fringe locking com-
prises an electro-optic modulator (EOM), a fiber-coupled acetylene (**C2Hz) gas cell, a fast
photodiode and an electronic servo controller. The controller generates a 12.5 MHz signal
for modulating the light and for demodulating the photodiode signal. Feedback from the
servo controller is added to the laser’s amplifier current. To characterize the frequency sta-
bility of the laser, 10% of the output light is directed to a wavelength meter, which is hourly
calibrated using a reference diode laser stabilized to a Doppler-free rubidium line.

dard fiber-coupled reference cells. We used a fiber-coupled gas cell with a path length
of 16.5 cm and a pressure of 4 Torr, that provides a narrow line of approximately
600 MHz width and 74% peak absorption, as predicted with a HITRAN-based simula-
tion [135]. The power transmitted through the gas cell is measured using an amplified
photodetector (Thorlabs PDB450C). The detector signal is fed into a locking module
(Toptica DigiLock 110), which demodulates the signal and provides feedback to the
laser current using a proportional integral differential (PID) controller.

To measure the long-term stability of the laser, 10% of the laser output is directed
to a Fitzeau-interferometer based wavelength meter (HighFinesse Angstrom WS Ul-
timate 30 IR). The specified relative accuracy is 3- 107 and the absolute accuracy is
30 MHz, however, we suspect that the measurement accuracy is well below this speci-
fication [173, 174]. The sampling time of the wavelength meter was set automatically
with typical sampling times between 50 and 200 ms. To counteract the long-term drift
of the wavelength meter, it was calibrated every hour using a reference diode laser
stabilized to a Doppler-free rubidium line (8°Rb, Dy, crossover F' = 3 — F' = 3 4) at
780.2 nm. For increasing the accuracy also between calibrations, all measured data
points are corrected by assuming a linear drift of the wavelength meter between these
hourly calibration points.

To characterize the frequency stability of the free-running laser, we first tuned
the laser wavelength to 1531.5879 nm by setting the heaters on the MRRs and the
phase section accordingly. This wavelength is at the P11 absorption line, to which we
later locked the laser. Figure 5.6(a) shows, as the blue trace, the recorded frequency
deviations of the free-running laser over a measurement time of 66 hours. We note
that, if any mode hop had occurred during that time, the laser’s frequency would
deviate by a discontinuous step at least ten times the 400 MHz vertical range chosen
for this plot. However, the trace remaining continuously within the displayed vertical
range proves that no mode hop occurred for the entire duration of the measurement.
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Figure 5.6: (a) Recorded emission frequency, relative to the initial value, of the free-running
laser over 65 hours (blue trace) and of the stabilized laser over 121 hours (red trace). A
zoom-in of the stabilized laser’s relative frequency is displayed in the inset. The frequency
of the free-running laser does not show any discontinuities, which confirms the absence of
mode hops. The frequency drift remains within a range of 352 MHz, which is small compared
to the free spectral range of the laser cavity. The frequency variations follow the 24-hour
rhythm of the room temperature. Frequency stabilization to an acetylene absorption line
greatly reduces the drift to a range of less than 12 MHz. (b) The overlapping Allan deviation
of the free-running laser, as shown with the blue trace, indicates a best frequency stability of
5.7-1071° for an averaging time of 0.15 seconds. Locking the laser frequency to the acetylene
absorption line, as shown in red, improves the long-term stability, reaching a minimum of
2.0-107*% over 1.2 seconds.

This high passive stability is obtained by the robust hybrid integration of the diode
amplifier with the feedback circuit and makes this laser well suited for long-term
frequency stabilization.

In free-running operation, the laser frequency drifts within a frequency range of
352 MHz over three days. We found that the frequency drift is strongly correlated with
the variation in lab temperature of 1.9 K over 24-hour intervals. This is expected, as
the waveguide effective index and therefore the effective length of the laser cavity, are
temperature dependent. Although the temperature of the laser submount is stabilized
by a TEC controller, the local temperatures in the waveguide circuit can vary due
to lab temperature variations. The observed frequency drift is of the same order
of magnitude as described in [175] for a similar laser with several different heater
settings, which drifted no more than 120 MHz in 90 minutes.

To counteract the drift, we lock the laser’s emission frequency to the center of the
acetylene absorption line by providing feedback to the diode current. The recorded
frequency deviations for the stabilized laser are shown in red in Fig. 5.6(a) for a
recording time of over 5 days. It can be seen that the laser remains locked to the
absorption line over the 121-hour duration of the measurement. The frequency de-
viations are within a range of 12 MHz, which is a great reduction of more than one
order of magnitude compared to the free running laser. The residual variations in
frequency displayed by the wavelength meter can be partly addressed to the thermal
sensitivity of the wavelength meter [173], because we observe a remaining correlation
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with room temperature.

To further analyze the frequency stability on different time scales, Fig. 5.6(b) dis-
plays the overlapping Allan deviation of the frequency deviations of the free-running
and the stabilized laser. On short timescales below 0.1 s, we find that the mea-
sured stability is only slightly improved. We suspect the limit here is given by the
wavelength meter, since [176] reports a measurement of an ultra-stable laser using
a higher resolution variant of the wavelength meter used here, where only a slightly
lower level of stability is measured. Over longer averaging times, we observe that the
frequency of the locked laser is more stable than for the free-running laser, since drifts
over longer times can be very well detected and corrected with this locking scheme.
The best frequency stability for the free-running laser is 5.7 - 1071° over an averaging
time of 0.15 seconds. For the locked laser, the frequency stability is improved on all
timescales, reaching a minimum of 2.0 - 1071° over an averaging time of 1.2 seconds.

5.4 Conclusion and outlook

We have demonstrated the frequency stabilization of a widely-tunable hybrid-integrated
diode laser, both on short and long time scales. To provide a steep error signal for
short-term stability, we used a fiber-based optical frequency discriminator (OFD) as
a reference. By locking the laser to the OFD, the laser’s fractional frequency stability
reaches a relative stability of 1.5 - 10712 over an averaging time of 0.5 ms. For abso-
lute long-term stability, we locked the laser frequency to an acetylene absorption line,
which limits the frequency deviations of the laser to a range of less than 12 MHz over
5 days. To further improve the frequency stability, one could use a Doppler-free ab-
sorption line [124] which provides a steeper error signal than the pressure-broadened
acetylene line used here. Similarly to the approach described in [177], the two refer-
ences could also be combined by stabilizing the laser to the OFD which in turn could
be stabilized to an acetylene absorption line to avoid long-term drifts. As a next
step, a fully integrated laser system with reduced frequency noise or absolute stabil-
ity could be realized by combining a hybrid-integrated laser with an on-chip reference,
for example using a spiral resonator [178, 163], a thermally-insensitive ring-resonator
readout [179] or a full spectroscopic unit [180, 181].

Long-term stable, low-noise lasers in the telecom range are of great importance for
data transmission, where the carrier frequency must comply to a predefined grid [175].
Such chip-integrated lasers will also be of great interest for precision metrology, opti-
cal clocks and quantum technology. Typically, these applications require tuning and
stabilizing a laser’s emission frequency to address particular atomic or molecular tran-
sitions, many of them in the visible spectral region. Recently, the wavelength coverage
of widely-tunable chip-integrated lasers has been greatly expanded. Heterogeneous
integration of III-V materials with SigN, waveguides has increased its wavelength
coverage from the telecom wavelength range toward the 1.0 pm range [61, 66]. On the
other hand, hybrid integration with SigN4 and Al,O3 waveguides poses less restric-
tions on material properties and fabrication technologies, which has enabled hybrid
integrated ECDLs to enter also the visible spectral range [72, 182, 75]. Such lasers,
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stabilized to according references, e.g., to iodine, strontium and rubidium lines, will
open up new possibilities for advanced photonics circuits in terms of portability, scal-
ability and stability.
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Chapter 6

Conclusion and outlook

6.1 Conclusion

For this thesis, we investigated hybrid-integrated diode lasers, bringing them to more
advanced performance. Such lasers, via integration of semiconductor optical amplifiers
with low-loss and frequency-selective waveguide feedback circuits, enable robust chip-
sized lasers with unique spectral output properties. Specifically, deploying high-Q
SigNy microring resonators as feedback filters, to form extended cavity diode lasers
in chip format, provides single-mode operation with wavelength coverage over widest
ranges. In addition, the named feedback from high-Q ring resonators resonantly
enhances the laser cavity length, from the the millimeter regime to tens of centimeters.
Such extension of the laser cavity length results in high frequency stability on short
timescales, showing as an ultra-narrow intrinsic (Schawlow-Townes) linewidth. This
thesis demonstrates i) that these lasers are also continuously tunable, ii) that the
laser concept and thus the spectral coverage can be extended into the visible spectral
range, iii) and that these lasers can be long-term frequency stabilized.

In chapter 3 we presented a novel method to increase the range of continuous
tuning to that of a short equivalent laser cavity, while maintaining the ultra-narrow
linewidth of a long cavity. The combination of broad spectral coverage and wide
continuous tunability is of importance for spectroscopic applications and is a pre-
condition for electronic frequency stabilization to optical transitions of reference ab-
sorbers. We presented an analytical model for extended continuous tuning, confirmed
with an experimental demonstration of the extended mode-hop free tuning. Using a
single-frequency hybrid integrated InP-SigNy diode laser with 120 nm coverage around
1540 nm, with a maximum output of 24 mW and lowest intrinsic linewidth of 2.2 kHz,
we show a six-fold increased continuous tuning range of 0.22 nm (28 GHz) as com-
pared to the free-spectral range of the laser cavity. Laser tuning was also used to
record several Doppler broadened absorption lines of acetylene (CoHs) molecules.

In chapter 4 we presented the first realization of a hybrid integrated laser operating
in the visible spectral range, while all previous such lasers had been restricted to the
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infrared. Providing chip-sized diode lasers in the visible that offer wide coverage and
high coherence is of interest for applications in biophotonics, precision metrology and
quantum technology. Our laser is based on an AlGalnP optical amplifier for the
685 nm range, coupled to a low-loss SigN, feedback ring resonator circuit. The laser
showed a spectral coverage of 10.8 nm around 684.4 nm wavelength with up to 4.8 mW
output power and a measured intrinsic linewidth of 2.3 + 0.2 kHz.

For long-term stability, we described in chapter 5 our results on the first frequency
locking (electronic stabilization) of an extended cavity hybrid-integrated laser to two
optical references, namely an acetylene absorption line and a fiber-based optical fre-
quency discriminator (OFD). By locking the laser to the OFD, the laser’s frequency
stability was improved to a residual fractional instability as low as 1.5 - 1072, mea-
sured at an averaging time of 0.5 ms. For extending the stability over longer times of
several days, we demonstrated locking the laser frequency to an acetylene absorption
line, which limited the residual frequency deviations of the laser to a range of less
than 12 MHz within 5 days.

We note that during the course of this thesis, my colleagues have demonstrated
important progress with hybrid integrated lasers in various other aspects, which is
listed as co-authored publications. These comprise a widely tunable diode laser with
an ultra-low intrinsic linewidth of 40 Hz, achieved with a long cavity length of 0.5 m
on a chip [45], the generation of frequency combs with close to 20 equidistant lines
around 1.55 pm and record-low intrinsic optical linewidth of 34 kHz [106], and the first
hybrid-integrated laser using the AloO3 waveguide platform, covering a violet range
from 403.7 to 408.1 nm with up to 0.74 mW fiber coupled output [75]. Using a laser
designed and fabricated in Twente, with a special feedback circuit comprising three
(co-prime) ring resonators as described in section 2.2.2, colleagues in the University
of Hannover have employed the hybrid integrated laser as fully on-chip quantum light
source for the generation of optical entangled quantum states [43].

6.2 Outlook

Based on the described technological developments, it is important to ask in what
directions the field of integrated lasers would move. On the one hand, research into
these lasers, especially for telecom wavelengths, appears to have been completed to
the point where these lasers are developed as a products to be marketed. Next to
hybrid integration, such developments can be supported by alternative fabrication
and integration techniques, such as heterogeneous integration [85, 77|, micro-transfer
printing [86, 87|, flip-chip bonding techniques [93, 94| or photonic wire bonding [92].
For product development, additional aspects will come into focus, such as environmen-
tal robustness [183], calibration, reproducibility, long-term performance and upscaling
of production.

Other directions of technological development should focus on higher speed phase
actuators with lower power consumption. So far, all feedback circuits described here
made use of thermal phase shifters as tuning elements. While straightforward to
implement, these phase shifters also have a limited tuning speed (a low bandwidth in
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the kHz range). Another problem of thermal phase shifters is their elevated electrical
power dissipation, which can be as high as 1 W for a 27 phase shift. To increase the
bandwidth into the MHz range and also reduce power consumption, the development
of PZT phase shifters on silicon nitride looks very promising [184, 24]. Even faster
electro-optic modulation, to reach GHz bandwidths, might require integration with
an electro-optic waveguide platform such as based on lithium niobate [185, 22]. The
option of faster modulation and frequency control is specifically important for coherent
laser ranging and for laser frequency stabilization to external references. Reducing
the power requirement of phase shifters is instrumental for upscaling towards many
components or devices.

On the other hand, there are fundamental limits that need to be further explored.
Specifically, there is the observation of the last years that a different approach to spec-
tral control, so-called self-injection locking, has caught up and meanwhile reached even
narrower short-term linewidths than the extended cavity lasers presented here. So far,
there are approximate expressions for the linewidth of either approach, for extended
cavity lasers such as in section 2.3.2, and for self-injection locking as in [186, 187] and
either approach would ultimately be limited by the fundamental Schawlow-Townes
limit. However, other properties need to be compared as well, specifically, spectral
coverage and mode-hop free tuning. For instance, external feedback to diode lasers,
such as is the case in self-injection locking, can cause chaotic behaviour, depending
on the phase of feedback and its delay time [188]. Such comparison should comprise
experiments, in order to explore also potential technological advantages of either
method.

A related fundamental obstacle regarding further narrowing of the intrinsic line-
width was not explicitly mentioned in the bulk of the thesis, namely that we have
aimed to reach the sub-Hertz range with feedback circuits comprising high-Q ring
resonators. Although theoretically possible with sufficiently high Q-values, we found
that thermo-refractive noise was dominating in the RF range that was accessible to
us in measurements, masking a fundamental Hertz-level linewidth, especially because
of using small ring resonators (radius ~ 100 pm). Furthermore, reducing the coupling
coefficients (k2 ~ 0.001) to increase the Q-value of the feedback resonators was found
to lead to a buildup of undesired back-scattering from the resonators, which com-
petes with the transmission signal through the Vernier filter. Improving the design of
the Vernier filter, using much larger ring resonators with a high mode volume based
on thin and high aspect ratio waveguides, might reduce thermo-refractive noise and
undesired back-scattering. This route appears quite promising to pursue, because it
would provide a great combination of ultra-low linewidth with high tunability, which
does not seem to be present in lasers based on self-injection locking.

Besides linewidth, mode-hop free tuning and wavelength coverage, central issues to
explore are the laser output power and the relative intensity noise. While the intensity
noise of hybrid integrated lasers can be brought close to the shot noise limit [88],
applications benefit from a high signal-to-noise ratio via increasing the output power.
This might be achievable with several intracavity amplifiers, or with external diode
amplifiers [189], such as tapered amplifiers. Intermediate solutions might be more
practical and cost-effective, e.g., using erbium doped fiber amplifiers to amplify the
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laser output power, such as was used for the investigation of an integrated Brillouin
dynamic grating [190].

Regarding the wavelength coverage, we presented the first hybrid integrated diode
laser for the visible spectral range, and several other demonstrations have been fol-
lowing. These examples [70, 73, 74, 75| include also work of our group colleagues
addressing red-visible color centers [71], suggesting that numerous further color cen-
ters, quantum dots, atomic, ionic, and molecular transitions throughout the visible
to near-infrared range can now be considered as well. We expect that present visible
sources will stimulate these developments, although moving to much shorter wave-
lengths will have to involve different waveguide platforms. These will pose new chal-
lenges in many respects including design and fabrication of low loss components. A
significant challenge will form expansion towards the UV, requiring deep-UV trans-
parent materials, while also the transverse mode size scales down with the wavelength,
making mode-coupling between chips more sensitive to misalignment.

The exploration of widely-tunable and ultra-stable diode lasers has just begun. It
will be followed by the implementation of on-chip applications, where many exciting
developments are to be seen.



Appendix A

As was described by Schawlow and Townes [2]|, spontaneous emission into the laser
mode adds a random phase to the intracavity field, which leads to a finite value of the
laser linewidth. Various expressions for the Schawlow Townes linewidth can be found
in textbooks, since both the derivation and notation are often tailored for a specific
laser type. To derive an expression of this linewidth, one could for example start
with the increase of the cold cavity lifetime due to gain [191] or with the definition
of the coherence function of the laser output field [110]. Here, our goal is to find the
expression for the linewidth of a hybrid integrated lasers as described in this thesis,
using measurable quantities. !

We follow the approach as described in section 15.4 of the textbook by Milonni
and Eberly [110], where a laser is considered that comprises of a resonator based on
two mirrors and a gain medium filling the entire resonator. When the auto-correlation
of the laser field is calculated, a finite coherence time 7.}, is found as as a consequence
of spontaneous emission into the laser mode. The Fourier transform of this coherence
function yield’s the laser’s spectrum with a Lorentzian line shape, where the full-width
at half-maximum linewidth is given by (see Eq. 15.4.5 from [110])

1 _ insp%‘/ (A 1)
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where ¢, is the number of intracavity photons when the laser is in steady state. Since
the number of photons can become very large, the laser output becomes spectrally
very narrow. The factor 7, is called the spontaneous emission factor or the population
inversion factor [50], which is given by ns, = Na/ (N2 — Ni), where Ny and N, are the
occupation densities of the upper (conduction band) and lower level (valence band)
of the lasing transition, respectively. ~; is the total loss rate of photons leaving the
resonator per unit time and is related to the cavity photon lifetime 7, and the cold
cavity linewidth Ay, by

Y= 1o 2rAv, (A.2)

Tp

The temporal loss rate v; can also be expressed as the spatially averaged total loss
coefficient (per roundtrip cavity length) a; multiplied by the group velocity vy

Tt = VgQiy (A3)

IThe derivation as presented here is a continuation of initial work by dr. Peter van der Slot.
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For deriving Eq. A.1 it was assumed that both amplitude and phase fluctuations
of the intracavity laser field contribute to the laser linewidth. However, above laser
threshold, the amplitude fluctuations are stabilized due to gain clamping. As a con-
sequence, for above threshold operation, only the phase fluctuations contribute to the
linewidth, which results in a factor of 2 reduction of the laser linewidth. The linewidth
expression including this reduction factor is also called the modified Schawlow-Townes
linewidth [191]

Avgy = Tt (A.4)

To express this laser linewidth Avgrt via the cold cavity linewidth Av., we insert
Eq. A.2 in Eq. A.4 and find

Avgy = = p2Ve (A.5)

The hybrid lasers as described in more detail here are different as they consist
of two separate components. These are an optical amplifier and a feedback circuit,
which are referred to using subscript 'a’ and ’b’, respectively. Consider such a laser,
as schematically shown in Fig. A.1, where the optical amplifier has a back facet mirror
with reflectivity Ry = |r1|?> and the optical power that leaves the resonator through
this mirror is defined as P;. Light from the amplifier is coupled to the feedback
circuit, and vice versa, with a coupling efficiency of 7. The feedback circuit includes
an end mirror with reflectivity Ry = |r2|?. The optical power P; is that is extracted
through this mirror is the main output power of the laser, which is measured using
an optical power sensor. Note, this is different from the situation as assumed in [8§]
for simplification where the main output power P is extracted from the back facet of
the optical amplifier. For the lasers described in this thesis, it is more convenient to
attach a fiber to the feedback circuit, and therefore we consider that the main output
power P, is extracted there. The feedback circuit also contains a spectral filter for
the selection of a single resonator mode. Integrated feedback circuits can be designed
such that the filter transmission function between amplifier and end mirror is different
from the filter function in the other direction. Therefore, we distinguish between the
spectral filter transmission 7, (w) and T;" (w) for both directions. The length of the
gain chip is designated as L,. The length and corresponding phase delay through
the feedback chip are disregarded at this point, since these are included later on as a
separate linewidth reduction factor.

To express the internal cavity photon number ¢, in terms of externally measured
powers, we follow the changes of the photon number along a laser cavity roundtrip.
This allows to calculate the number of photons at the mirror positions, and relate it
with the reflectivity of both mirrors and the measurable output power. Let ¢;” be
the number of photons at the location of mirror 1 travelling towards mirror 2. The
number of photons incident on mirror 2 is

gy = ey g (A.6)

with g and «a, the gain and absorption coefficients per length unit of the optical
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Figure A.1: Schematic of a hybrid laser comprising an optical amplifier and a feedback circuit,
having length L, and L, respectively. Light propagates via waveguides on both chips that
are coupled with coupling efficiency 1. The gain and loss coefficients of the amplifier are
defined as g and a, respectively. The transmission through the feedback chip depends on
the transmission direction as T, (w) and Ty~ (w). The mirror reflectivities are defined as
R1 and R, while the corresponding optical powers coupled out from the resonator at these
mirrors are defined as P and P». The photon numbers ¢i~, qi”, g5 and g3~ close to the
mirrors 1 and 2 are dependent propagation direction, as indicated with the arrows.

amplifier. The output power, measured at mirror 2, becomes

h
Py = (1= Ry) el bayTy g
e

(A7)

where hv is the photon energy of the emitted light and 7, is the resonator roundtrip
time. The number of photons reflected at mirror 2 is ¢5- = Rag3”. Continuation of
the resonator roundtrip towards mirror 1 gives the number of photons incident on
mirror 1 as

i = Roe®9 ) e’ T T g (A.8)

The optical power of the light coupled out from the cavity through mirror 1 is then

h
pPy = Tl (1= Ry) Rpe? 0= l? T, Ty g

(A.9)

To complete the roundtrip, the photons incident on mirror 1 are reflected again de-
scribed as ¢;7 = Rigi, ie.,

47" = Ry Rye?9— o) laprome oo (A.10)

After completing one roundtrip, we can conclude using Eq. A.10 that the laser is
in steady state if the gain g is depleted to a value such that it compensates all the
losses and output coupling

Ry Rye?—ca)lap2omic — (A.11)

To simplify Eq. A.11, we introduce the so-called distributed mirror loss coefficient a,

as
1

2L,

Oy = — In [RlRQ] (A12)
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Using this, the steady state condition Eq. A.11, can be simplified to
e?l—ca=am) a2 me — (A.13)

To find the relation between the optical powers P; and P, emitted from the cavity
mirrors, we first rewrite the steady state condition Eq. A.11 as

1
Ao—ea)la = — A4
‘ Ry Ron®T, T (A.14)

Next, we use this expression to eliminate e(9~®)La and e2(9=)Le from Eqs. A.7 and

A9
hw1-Ry, Ty

P, — A.15
2 RiRs /T, T a (A-15)
and hv (1— Ry)
14 — 1)
Pp=—""7 Al
1 T Rl ql ( 6)

Combining Egs. A.15 and A.16 gives

1— JTETE
P = Rl,/fé b "b p, (A.17)

1— R, T,

as the relation between the optical powers P; and Ps.

To rewrite the Schawlow-Townes linewidth expression, which depends on the num-
ber of intracavity photons, we need to relate the number of intracavity photons .
with the measured output power P». However, from the derivation above, it can be
concluded that the number of intracavity photons in steady state varies spatially, due
to losses in the amplifier and filter, and outcoupling at the mirrors. If these losses are
low, the optical field inside the cavity can be assumed to be uniform, and the mean
value of the intracavity photons can be considered. This assumption is also called the
mean-field approximation. For hybrid lasers, which typically have high intracavity
losses, numerical modelling is required to obtain a fully realistic linewidth value [112].
For the ease of deriving an analytic expression, we proceed with the the mean-field
approximation as an estimate. We retrieve the number of intracavity photons trav-
elling in the both directions through the cavity, by relating these photons with the
total power leaving the resonator and the temporal mirror loss rate v,;,, i.e.,

P+ Py = hvymeo (A.18)
The temporal mirror loss rate is defined as
Tm = VgQim (A.19)

where we use the distributed mirror loss «,, as defined in Eq. A.12, to convert the
temporal loss to a spatially distributed loss, similar as in Eq. A.3. Using Eqgs. A.17
and A.19 we can rewrite Eq. A.18 as

L <1+1R1 B v TP) (A.20)

vghvog, 1-R VR 1,7

Goo =
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Finally, filling Egs. A.20 and A.3 into Eq. A.4 gives an expression for the Schawlow-
Townes linewidth for the hybrid laser as schematically introduced in Fig. A.1

1 V2 huns,
Avst = In g ke \/t; (A.21)
0 1-R; [Ro VI T~
Py (1+1R; i qll;b )

In case the filter transmission function is symmetric for a cavity roundtrip, i.e.
T, (w) = T (w), this can be simplified to

2
1 v hyns A Ot
Avgp = —— 4L

1+ 2 /)
A comparison of Eq. A.22 with the expression Eq. (1) provided in [88] reveals that
exchanging P; and P, as the main output power requires that also R; and Rs are
exchanged in the linewidth expression. For the laser feedback circuits as schematically
shown in Figs. 3.2(a) and 5.1(a), a filter is placed only between the amplifier and the

end mirror Ry. In that case, the transmission function T~ (w) equals unity and A.21
reduces to

(A.22)

2
1 v hunsp e iy
AI/ST = — g P

m 1-R; /Ry 1

Py <1+ T\ R’ ﬁTﬁ)
The Schawlow-Townes linewidth expressed in the form of Eq. A.23 is used as the
starting point in section 2.3.2, before introducing several extra linewidth enhancement

factors that are required to incorporate additional physical effects in semiconductor
lasers and hybrid-integrated lasers.

(A.23)
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Summary

This thesis describes our investigation into diode lasers based on hybrid integration
with frequency-selective waveguide feedback circuits. Deploying intra-cavity ring res-
onators as feedback filters, implemented using low-loss SisN, waveguides, enables
single-mode laser operation with wavelength tunability over very wide ranges. Using
high-Q ring resonators for cavity length extension is also very effective for improving
the laser’s short-term frequency stability, which shows as an ultra-narrow intrinsic
(Schawlow-Townes) linewidth. We demonstrate in this thesis that these lasers are
also continuously tunable, that the spectral coverage can be extended from the in-
frared to the visible range, and that these lasers can be frequency locked to optical
references to greatly enhance their long-term frequency stability.

In chapters 1 and 2 we describe an introduction to the field of chip-integrated
lasers and the relevant theory regarding optical feedback circuits and laser frequency
stability. In chapter 3, we present a novel method to increase the range of continuous
tuning for hybrid-integrated diode lasers, based on feedback from ring resonators.
Although laser cavity length extension using high-Q ring resonators is highly effective
for obtaining ultra-narrow linewidths, it also decreases the wavelength range of con-
tinuous laser tuning that can be achieved with a given phase shift of an intracavity
phase tuning element. To increase the range of continuous tuning to that of a short
equivalent laser cavity, while maintaining the ultra-narrow linewidth of a long cavity,
we describe an analytical model for synchronous tuning of the ring resonators with
an intracavity phase tuning element. This method is confirmed with an experimental
demonstration by recording Doppler broadened absorption lines of acetylene (CoHs)
molecules using a hybrid-integrated InP-SigNy4 diode laser. The laser has a 120-nm
coverage around 1540 nm, a maximum output power of 24 mW, and a lowest intrinsic
linewidth of 2.2 kHz. We demonstrate a six-fold increased continuous and mode-hop-
free tuning range of 0.22 nm (28 GHz) as compared to the free-spectral range of the
laser cavity.

In chapter 4 we present the first realization of a hybrid-integrated diode laser in
the visible spectral range. Before this, all previous realizations of such lasers had been
restricted to the infrared. Providing chip-sized diode lasers to generate visible light
with wide tunability and high frequency stability is of great interest for applications in
biophotonics, precision metrology and quantum technology. For this demonstration
in the 685-nm (red) wavelength range, we coupled an AlGalnP optical amplifier with
a SigNy circuit for feedback from a ring resonator-based spectral filter. The laser
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delivers up to 4.8 mW output power, has a spectral coverage of 10.8 nm around
684.4 nm wavelength and exhibits a low intrinsic linewidth of 2.3 + 0.2 kHz.

In chapter 5 we describe our results on long-term frequency stabilization of a
hybrid-integrated laser with a ring-resonator based extended cavity, by electronic lock-
ing to two optical references. Although feedback from high-Q ring resonators improves
the laser’s short-term frequency stability, long-term stability is often also required. By
locking a widely tunable hybrid-integrated laser with a central wavelength of 1550 nm
to suitable references, namely a fiber-based optical frequency discriminator (OFD),
and an acetylene absorption line, we greatly enhance the laser’s long-term frequency
stability. Locking the laser to the OFD improves the laser’s fractional frequency sta-
bility down to 1.5-10~'2 over an averaging time of 0.5 ms. Locking the laser frequency
to an acetylene absorption line, reduces the residual frequency deviations of the laser
to a range of less than 12 MHz within 5 days.

The thesis is concluded with chapter 6, where we provide an outlook to the exciting
developments that can be expected regarding these widely-tunable and ultra-stable
hybrid-integrated diode lasers.



Samenvatting

Dit proefschrift beschrijft ons onderzoek naar diodelasers gebaseerd op hybride in-
tegratie met frequentieselectieve feedbackcircuits gebaseerd op golfgeleiders. Door
intra-cavity ringresonatoren in te zetten als feedbackfilters, geimplementeerd met be-
hulp van SizN4 golfgeleiders met een laag verlies, wordt single-mode laserwerking
mogelijk gemaakt met golflengteverstemming over zeer brede bereiken. Het gebruik
van hoge-Q-ringresonatoren voor het verlengen van de laserholte is ook zeer effectief
voor het verbeteren van de frequentiestabiliteit van de laser op korte termijn, wat tot
uiting komt in een ultra-smalle intrinsieke (Schawlow-Townes) lijnbreedte. We laten
in dit proefschrift zien dat deze lasers ook continu verstembaar zijn, dat het spectrale
bereik kan worden uitgebreid van het infrarood naar het zichtbare bereik, en dat deze
lasers in frequentie kunnen worden gestabiliseerd aan een optische referentie om de
frequentiestabiliteit op lange termijn aanzienlijk te verbeteren.

In de hoofdstukken 1 en 2 beschrijven we een inleiding op het gebied van lasers
geintegreerd op chip en de relevante theorie met betrekking tot optische feedbackcir-
cuits en laserfrequentiestabiliteit. In hoofdstuk 3 presenteren we een nieuwe methode
om het bereik van continue verstemming voor hybride-geintegreerde diodelasers te
vergroten, gebaseerd op feedback van ringresonatoren. Hoewel de verlenging van de
laserholte met behulp hoge-Q ringresonatoren zeer effectief is voor het verkrijgen van
ultrasmalle lijnbreedtes, verkleint het ook het golflengtebereik van continue laseraf-
stemming dat kan worden bereikt met een gegeven faseverschuiving van een verstem-
mingselement in de laserholte. Om het bereik van continue verstemming te vergroten
tot dat van een korte equivalente laserholte, terwijl de smalle lijnbreedte van een lange
laserholte behouden blijft, beschrijven we een analytisch model voor synchrone afstem-
ming van de ringresonatoren met een fase-verstemmingselement in de laserholte. Deze
methode wordt bevestigd met een experimentele demonstratie door Doppler-verbrede
absorptielijnen van acetyleen (CoHs) moleculen vast te leggen met behulp van een
hybride-geintegreerde InP-SigN, diodelaser. De laser heeft een golflengtebereik van
120 nm rond 1540 nm, een maximaal uitgangsvermogen van 24 mW en een laagste
intrinsieke lijnbreedte van 2.2 kHz. We demonstreren een zesvoudig vergroot continu
en mode-hop-vrij verstemmingsbereik van 0.22 nm (28 GHz) ten opzichte van het
vrije spectrale bereik van de laserholte.

In hoofdstuk 4 presenteren we de eerste realisatie van een hybride-geintegreerde
diodelaser in het zichtbare spectrale bereik. Voordien waren alle eerdere realisaties
van dergelijke lasers beperkt tot het infrarood. Het leveren van diodelasers ter
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grootte van een chip om zichtbaar licht te genereren met een brede verstembaarheid
en hoge frequentiestabiliteit is van groot belang voor toepassingen in biofotonica,
precisiemetrologie en kwantumtechnologie. Voor deze demonstratie in het golflengte-
bereik van 685 nm (rood) hebben we een AlGalnP optische versterker gekoppeld
aan een SigNy circuit voor feedback van een op ringresonatoren gebaseerd spectraal
filter. De laser levert een uitgangsvermogen van maximaal 4.8 mW, heeft een verstem-
baarheid van 10.8 nm rond een golflengte van 684.4 nm en heeft een lage intrinsieke
lijnbreedte van 2.3 + 0.2 kHz.

In hoofdstuk 5 beschrijven we onze resultaten op het gebied van frequentiestabili-
satie op lange termijn van een hybride geintegreerde laser met een op ringresonatoren
gebaseerde laserholte, door elektronische stabilisatie aan twee optische referenties.
Hoewel feedback van hoge-Q ringresonatoren de frequentiestabiliteit van de laser op
de korte termijn verbetert, is stabiliteit op de lange termijn vaak ook vereist. Door een
breed verstembare hybride-geintegreerde laser met een centrale golflengte van 1550 nm
te stabiliseren aan geschikte referenties, namelijk een op glasvezels gebaseerde opti-
sche frequentiediscriminator (OFD) en een acetyleen absorptielijn, verbeteren we de
frequentiestabiliteit van de laser op de lange termijn aanzienlijk. Het stabiliseren van
de laser aan de OFD verbetert de fractionele frequentiestabiliteit van de laser tot
1.5 - 1072 over een middelingstijd van 0.5 ms. Door de laserfrequentie aan een ab-
sorptielijn van acetyleen te stabiliseren, worden de resterende frequentieafwijkingen
van de laser teruggebracht tot een bereik van minder dan 12 MHz over een periode
van 5 dagen.

We sluiten het proefschrift af in hoofdstuk 6, waar we een vooruitblik geven op de
ontwikkelingen die kunnen worden verwacht met betrekking tot deze breed verstem-
bare en ultrastabiele hybride-geintegreerde diodelasers.
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