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Abstract

In recent years, advancements in technologies such as optical coherent
communication, precision measurement, optical detection and ranging,
have raised the bar for the coherence, power, noise, and other key pa-
rameters of light sources. On-chip light sources have emerged as the
ideal solution when small size, low weight, low power consumption and
cost-effectiveness matter the most. Currently, integrated light sources in-
clude semiconductor lasers and chip-based optical parametric oscillators.
However, due to their small cavity volume, both types suffer from high
quantum noise, poor coherence compared to solid-state or gas lasers.

As a popular integrated photonic platform, silicon nitride has a sig-
nificant potential for addressing these challenges since it has high non-
linearity, wide transparent window, and good compatibility with other
materials. In our previous work, we have realized low-loss long waveg-
uides and high-Q microring resonators. In this thesis, we further reduce
the propagation loss of dispersion-engineered silicon nitride waveguides
by smoothing the sidewall roughness. By periodically modulating the
intrinsic and extrinsic Q factors of the microring resonator, we achieve
an on-chip optical parametric oscillator with an output power of 215
mW and an intrinsic linewidth of 220 Hz. In addition, we suppress the
frequency noise of both semiconductor lasers and soliton microsombs us-
ing an original self-injection locking method. We reduce the intrinsic
linewidth of the semiconductor laser from 818 000 Hz to 135 Hz, and
compress the intrinsic linewidth of comb lines of the soliton microcomb
to below 1 Hz. These results pave the way for on-chip integration of
high-power, narrow-linewidth lasers and optical parametric oscillators.

Keywords: integrated photonics, silicon nitride, low loss, frequency
noise, semiconductor laser, optical parametric oscillator, narrow linewidth
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Chapter 1

Introduction

1.1 Historical overview

Since the demonstration of the first laser in 1960 [1], the wavelength
range, output power, optical linewidth and other parameters have been
continuously improved, promoting the rapid development of information
technologies, scientific research, life sciences and other fields [2–6]. In
recent years, breakthroughs in technologies such as light detection and
ranging (LiDAR) [7], optical clocks [8], optical coherent communications
[9] and precision measurement [10] have put forward higher requirements
for parameters such as coherence and noise of light sources. Narrow-
linewidth light sources have become research hotspots [11–13].

Narrow-linewidth semiconductor lasers

Narrow-linewidth semiconductor lasers are a new generation of ideal light
sources due to their small size, light weight, low power consumption and
low cost [14–17].

The earliest semiconductor lasers have a single cavity, such as the
Fabry–Pérot (FP) cavity [18], which has two reflectors shown in Fig.
1.1(a). The transverse mode of a laser is determined by the lateral size
of the laser, while the longitudinal mode is determined by the laser cav-
ity length. Single-cavity lasers can be divided into short-cavity struc-
tures and long-cavity structures according to the cavity length. The
short-cavity laser structure has a larger longitudinal mode spacing and
can achieve single longitudinal mode operation without any assistance
or mode selection, but due to the short photon lifetime, the intrinsic
linewidth is large [19]. The long-cavity structure has a narrow linewidth
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Chapter 1. Introduction

characteristic, but the longitudinal mode spacing is too small, so the
technical difficulty of constructing this laser lies in how to achieve single
longitudinal mode operation.

In order to improve the stability of the laser system and integrate
the wavelength selective device into the laser cavity, a distributed Bragg
reflector (DBR) was proposed [20]. The DBR type cavity is designed
based on the FP cavity, and a periodic passive Bragg structure is used
instead as a mirror to provide wavelength selective optical feedback. The
DBR type cavity has certain filtering characteristics due to the periodic
perturbation by the Bragg structure. Combined with the large longitu-
dinal mode spacing brought by the short cavity, it is easy to attain a
single longitudinal mode.

By combining the Bragg structure with the gain region and adding a
phase shift region to the Bragg structure, a distributed feedback (DFB)
structure was formed [21]. The DFB structure combines the feedback
and amplification parts together, so the structure is more compact and
features tighter integration. The introduction of the phase shift region
further limits the light field distribution, so that the DFB structure can
overcome the defects of wavelength drift and mode hopping of the DBR
structure and works more stably.

(a) (b)

(c) (d)

Gain

Current driving

Current driving

Gain

Pump

Pump

Signal
Parametric gain

Current driving

Gain

Figure 1.1: (a) Schematic of a conventional semiconductor laser. (b)
Schematic of an external cavity semiconductor laser. (c) Schematic of a self-
injection locked semiconductor laser. The blue structure represents a micro-
sphere resonator with a coupling element. The microsphere resonator can pro-
vide a weak feedback to the semiconductor laser due to backscattering. (d)
Schematic of an OPO with an external cavity. The structure with stripes rep-
resents a frequency selective element for separating the pump and signal waves.

Limited by the short cavity length and high absorption loss of active
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1.1. Historical overview

materials, the linewidth of short-cavity semiconductor lasers based on
intracavity feedback is still higher than MHz [22]. In order to reduce
the laser linewidth, researchers introduced an external passive cavity
structure [23, 24]. Based on the semiconductor gain chip, the cavity is
extended outside the laser chip by using external mode selection ele-
ments or reflectors shown in Fig. 1.1(b). Compared with the intracavity
feedback semiconductor laser, an external cavity can obtain narrower
linewidth and wider wavelength tuning range by relying on its longer
cavity length and more flexible tuning components in the external cav-
ity. In 1993, researchers achieved a fine adjustment of the laser frequency
by fine-tuning the external cavity length [25]. Through special designs
of the external cavity, the intrinsic linewidth of semiconductor lasers can
be suppressed to kHz or below [26,27].

Around the same time, the self-injection locking (SIL) mechanism
was also proposed [28, 29]. This method introduces a weak external op-
tical feedback to interfere with the light in the laser cavity. The two
signals will be phase coupled and the laser frequency will be locked to
the feedback, which can effectively reduce the random drift and noise
of the laser frequency and prevent the laser from changing its frequency
during the excitation process. With the development of semiconductor
laser technology, self-injection locking technology has been increasingly
used in semiconductor lasers. Around the 1990s, researchers achieved
self-injection locking in semiconductor lasers, as shown in Fig. 1.1(c).
By introducing an optical feedback into the laser cavity, the output fre-
quency of the laser can be well stabilized and the linewidth can be signifi-
cantly reduced [30]. With the continuous development of this technology,
semiconductor lasers can reach sub-hertz intrinsic linewidth level [15].

Narrow-linewidth optical parametric oscillators

Most conventional narrow-linewidth lasers have their gain provided by
stimulated emission, so their operating frequency is limited by the gain
medium. Optical parametric oscillators (OPOs) derive their gain from
nonlinear polarization and their operating frequency is limited only by
the absorption properties of the nonlinear medium used and the wave
phase matching capabilities [31,32]. In principle, OPOs can achieve nar-
row linewidth and tunable coherent oscillators over an extended wave-
length range.

Various approaches to achieve narrow linewidth for OPOs have been
investigated over the past few decades. The most common approach is
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Chapter 1. Introduction

to use frequency-selective elements such as intracavity etalons or grat-
ings [33–35], as shown in Fig. 1.1(d), which is similar to external cavity
technologies. The approach can narrow the line shape of the signal wave
by several orders of magnitude and is compatible with broadband wave-
length tuning.

Integrated narrow-linewidth optical sources

With the maturity of micro-nano processing technologies, optical waveg-
uide platforms such as silicon (Si) [36,37], silicon nitride (Si3N4) [38–41],
III-V materials [42, 43], lithium niobate [44, 45] and so on, have been
greatly developed and provided low-loss propagation. Among them,
Si3N4 platform has relatively low waveguide loss, low thermo-optical co-
efficient, compatibility with complementary metal–oxide–semiconductor
(CMOS) processes, no influence of two-photon absorption in the telecom-
munications window, and high Kerr nonlinearity. Despite these advan-
tages of Si3N4 in passive photonic components, it has an indirect bandgap
and presents many issues when considering active photonic components
such as lasers.

So far, the common approach is hybrid integration or heterogeneous
integration, combining active photonic components with passive devices
in Si3N4, Si, etc. Hybrid integration is the process that connects mul-
tiple fully processed chips into a single package at the final packaging
stage [46–48]. The advantage is that the devices can be tested and char-
acterized before integration. Heterogeneous integration is a process of
bonding unpatterned thin films to a Si or Si3N4 wafer in a coarse align-
ment manner and then processing the entire wafer [49–51]. This pro-
cess technology achieves wafer-level manufacturing, and avoids coupling
alignment problems between different structures, thereby improving in-
tegration density and cost-effectiveness.

In recent years, researchers have used the above hybrid integration to
make a passive external cavity on Si3N4 chips and package them together
with active chips, using the ultra-low loss of Si3N4 external cavity to
help reduce the laser intrinsic linewidth to tens of Hertz [46,47,52]. The
on-chip external cavity still uses the relevant technical principles of the
previous external cavity, but on-chip integration makes the laser system
more compact, stable, and also makes the narrow-linewidth lasers with
external cavities more practical.

In addition, by using self-injection locking technology to provide a
weak feedback for semiconductor lasers through a low-loss Si3N4 mi-
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1.2. This thesis

croresonator, the intrinsic linewidth of the laser can be suppressed to
below 1 Hz [48, 53], which is comparable to low-noise fiber lasers. If
heterogeneous integration technology and dispersion-engineered Si3N4

microresonators are used, narrow-linewidth OPOs can be directly real-
ized on a single chip [54]. In this case, the integration of III-V lasers with
Si3N4 microresonators can provide higher stability and additional func-
tions, and the performance is better than a single III-V laser [14,55–58].

1.2 This thesis

This thesis mainly focuses on the research of integrated narrow-linewidth
optical sources. There are two types of optical sources: lasers that ex-
ploit stimulated emission from active materials and optical parametric
oscillators that exploit nonlinearities.

First, in order to realize a chip-based narrow-linewidth semiconductor
laser, a low-loss passive external cavity can be used to increase photon
lifetime, or self-injection locking can be used to provide a weak optical
feedback for semiconductor lasers to stabilize the generated frequencies.
In either case, an integrated platform with ultra-low propagation loss is
required. Therefore, based on the existing ultra-low loss silicon nitride
platform, we tried to reduce the roughness of the waveguide sidewall by
depositing a thin blanket layer after dry etching, to further decrease the
waveguide loss [Paper A].

In addition, when the microring resonator is too close to the bus
waveguide, the intrinsic loss of the microring will be high due to the
extra parasitic loss. However, through the bound states in the continuum
effect, high intrinsic Q factors or high ratio of intrinsic Q to extrinsic
Q can be achieved at some specific wavelengths [59]. By periodically
modulating the waveguide loss, mode competition is suppressed, thereby
realizing a high-power on-chip optical parametric oscillator [Paper B].

Finally, as mentioned above, self-injection locking technology is of-
ten used to realize narrow linewidth semiconductor lasers, but whether
it can be used for an OPO remains a question. One of the frequencies fil-
tered out from a microcomb-based OPO is fed back to the silicon nitride
microring via an optical fiber. By self-injection locking the frequency,
its frequency noise is diluted by the low-loss long optical fiber, thereby
suppressing the intrinsic linewidth of the frequency [Paper C].
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Chapter 1. Introduction

Thesis outline

In this thesis, Chapter 2 introduces the fundamentals of frequency noise
and linewidth, analyzes the noise limits of two types of optical coherent
oscillators (semiconductor lasers, soliton microcombs), and shows the
self-heterodyne method for measuring linewidth. Chapter 3 presents two
external cavity designs for semiconductor lasers (long waveguide based
and microring based) and their corresponding intrinsic linewidth calcu-
lations. It also demonstrates self-injection locking both theoretically and
experimentally. Chapter 4 briefly introduces waveguide loss limitations,
ultra-low loss silicon nitride process flow. Chapter 5 provides a summary
and future outlook.
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Chapter 2

Frequency noise in optical
coherent oscillators

This thesis focuses on the development of optical coherent oscillators
with narrow linewidth. In spite of its intuitive character, the definition
of the laser linewidth is an aspect that still today sparks significant in-
terest in the community and does not have a single unique metric for
its characterization. In this chapter, we discuss the main concepts that
permit analyzing the frequency noise of an optical coherent oscillator, in-
cluding the self-heterodyne technique used to measure quantitatively the
linewidth of our lasers. Therefore, this chapter provides the theoretical
foundation for establishing a comparative and quantitative assessment
of laser linewidth among different optical coherent oscillators.

2.1 Frequency noise

In reality, the amplitude, phase or frequency of an oscillator is not con-
stant over time, but fluctuates in an irregular manner that cannot usu-
ally be represented by an analytical function of time. These unwanted
fluctuations are often called noise or jitter. In order to describe these
fluctuations, statistical measurements must be applied.

2.1.1 Basics of frequency noise

In the optical oscillator model, the instantaneous output electric field
and instantaneous frequency of the optical oscillator are written as [60]

E(t) = (|E0(t)|+ |∆E0(t)|) · exp[j2πν0t+ j∆ϕ(t)], (2.1)

7



Chapter 2. Frequency noise in optical coherent oscillators

ν(t) = ν0(t) + ∆ν(t) = ν0(t) +
d∆ϕ(t)

2πdt
. (2.2)

|E0(t)| represents the amplitude of the electric field. |∆E0(t)| represents
the random amplitude fluctuation around |E0(t)|. Similarly, ∆ϕ(t) and
∆ν(t) are the random phase and frequency fluctuation, respectively. ν0
is the center optical frequency.

The power spectral density (PSD) is a time-domain statistical repre-
sentation of a random process - the Fourier transform of the autocorre-
lation function which reveals the similarity of the noise state at adjacent
moments. So the stability of physical quantities such as intensity, fre-
quency, and phase is usually expressed in the frequency domain by their
PSD. The PSD represents the distribution of the average power of a
physical quantity over a certain period of time as the Fourier frequency
changes. It represents the power carried per unit frequency, in units of
power per Hertz [61].

Rν(τ) = lim
T→∞

T∫
−T

∆ν(t+ τ)∆ν(t)dt. (2.3)

Sν(f) =

∞∫
0

Rν(τ)exp(−j2πfτ)dτ

= 2

∞∫
−∞

Rν(τ)exp(−j2πfτ)dτ. (2.4)

Sν(f) = f2Sϕ(f). (2.5)

Rν(τ) is the autocorrelation function of the frequency fluctuation ν(τ).
In practice, we are only interested in the positive Fourier frequency f ,
so here, Sν(f) is the single-sided PSD of the frequency fluctuation. The
PSD of the phase fluctuation Sϕ(f) has a similar definition [61].

If the PSD is integrated over the entire frequency range, the total
average power can be obtained. In essence, it reflects that the energy
of different frequency components that constitute the signal is generally
different, that is, the contribution of signal components of different fre-
quencies to the total energy of the signal is generally unequal. This is
why in the frequency domain the concept of spectral density is used to
describe stability rather than spectrum. The former has direct physical

8



2.1. Frequency noise

meaning within a finite measurement time and can be directly measured,
while the latter only exists in theoretical analysis of infinite time sam-
ples and will not converge once the samples are truncated within a finite
time, making it difficult to obtain directly in actual measurements.

~ 𝑓−2, random walk noise

~ 𝑓−1, flicker noise

~ 𝑓0, white noise

0 Fourier frequency

F
re

qu
en

cy
 n

oi
se

 P
S

D

𝑓

𝑆 𝜈
(𝑓

)

(a) (b)

Optical frequency

Power

Figure 2.1: (a) Schematic of the frequency noise PSD of a single-frequency
laser. Random walk noise and flicker noise dominate in the low frequency
range (long-term stability), while white noise dominates in the high frequency
range (short-term stability). Both axes are plotted on a logarithmic scale. (b)
Schematic of the laser spectrum. At short time scales, the frequency spectrum
is mostly a Lorentzian and very narrow (blue curve), while at longer time scales,
when flicker noise kicks in, the centroid of the Lorentzian changes over time
and the frequency spectrum looks broader, with a profile that resembles more
a Voigt function (orange curve).

Typically, the frequency noise PSD Sν(f) can be reasonably modeled
by the superposition of three independent frequency noise processes that
follow a power law with integer exponent 0 ≤ α ≤ 2 [60],

Sν(f) =
2∑

α=0

hαf
−α. (2.6)

In the Fig. 2.1, the frequency noise PSD is divided into different
regimes [62]. The contribution of low Fourier frequencies decreases with
increasing frequency and includes random walk noise and flicker noise
(also called 1/f noise). In the high frequency regime, PSD of the fre-
quency fluctuations is usually independent of frequency and called white
noise. For lasers, the random walk noise is caused by the influences
of environment like temperature, vibrations. The flicker noise can be
introduced by thermal noise within the laser cavity. The white noise
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Chapter 2. Frequency noise in optical coherent oscillators

is caused by the random processes of spontaneous emission and carrier
fluctuations [60].

2.1.2 Spectral line shape

Due to the frequency noise, the frequency spectrum distribution is no
longer an ideal single line, but extends to both sides of the optical carrier
frequency in the form of modulated sidebands, as shown in Fig. 2.1(b).
The frequency noise PSD can provide a lot of information about laser
noise, however, some experiments require a more complete understand-
ing of the laser frequency fluctuations. Knowing the frequency noise
PSD allows us to recover the laser line shape and thus the linewidth.
Therefore, the relationship between the frequency noise PSD and the
laser linewidth is discussed below.

By integrating over the full Fourier frequency range, the laser light
field PSD or the laser line shape can be calculated directly from the laser
frequency noise as follows [62–64]

SE(ν) = E2
0

∫ ∞

0
cos[2π(ν − ν0)τ ]× exp[−2

∫ ∞

0
Sν(f)

sin2(πfτ)

f2
df ]dτ,

(2.7)
where SE(ν), Sν(f) are the single-sided PSD of electric field and fre-
quency noise, respectively.

In the absence of low frequency noise, Sν(f) = h0 Hz2/Hz and

SE(ν) = E2
0

h0
(ν − ν0)2 + (πh0/2)2

. (2.8)

It leads to the Lorentzian line shape with a full width at half-maximum
(FWHM) of πh0 Hz. The Lorentzian linewidth is also referred in the
literature as fundamental linewidth or intrinsic linewidth [62].

If there is no high frequency noise, in the low frequency region (0,
fc], Sν(f) = h0 Hz2/Hz, and

SE(ν) = E2
0(

2

πh0fc
)1/2exp[−(ν − ν0)

2

2h0fc
]. (2.9)

The line shape is Gaussian with a FWHM of [8ln(2)h0fc]1/2 Hz that
depends on the cutoff frequency fc [63].

Combining the influence of the above frequency noises, the overall
line shape has a Voigt-like profile like Fig. 2.2(b) [65]. The FWHM of
the Voigt profile is called integrated linewidth [63]. The actual noise

10



2.1. Frequency noise

(a) (b)

0 𝑓

𝑆 𝜈
(𝑓
)

β seperation line

Low
modulation
index area

High
modulation
index area

0 𝜈𝜈0

𝑆 𝐸
(𝜈

)

Figure 2.2: (a) Frequency noise PSD of a single-frequency laser. Both axes are
plotted on a logarithmic scale. (b) Optical field PSD of the laser. The frequency
line shape of the laser is approximately Gaussian in the center frequency (ν0)
part and Lorentzian on both sides.

spectrum of a laser is much more complex and produces line shapes that
cannot be resolved and can only be determined by numerical methods.
According to [63], the frequency noise PSD can also be divided into
two regions using an approximate line (β separation line). As shown in
Fig. 2.2, in the first region, f < 8ln(2) · Sν(f)/π2 and the noise level
is high compared to the Fourier frequency f . It contributes more to
the integrated linewidth, this is to say, it provides a high modulation
index. While f > 8ln(2) · Sν(f)/π2, the noise contributes to the wings
of the Lorentzian line shape or the intrinsic linewidth. The modulation
speed of the frequency noise is too fast to have a significant effect on the
integrated linewidth. The approximate value of the integrated linewidth
follows the formula:

FWHM = [8ln(2)As]
1/2, (2.10)

where As is the surface area of the high modelation index area (shaded
area in Fig. 2.2(a)).

Figure 2.3 shows the frequency noise PSD of a semiconductor laser
(CTL 1550) from TOPTICA measured using self-heterodyne method. It
can be seen from the figure that the PSD value tends to be flat after 50
kHz. By calculating the average value of PSD from 50 kHz to 10 MHz as
h0, the intrinsic linewidth of this laser is around 190 Hz. Then calculate
the shaded area and use Eq. 2.10 to get the integrated linewidth of 179
kHz. It can be said that the frequency noise PSD is convenient to assess
the linewidth dynamics at different time scales.
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Figure 2.3: Measured frequency noise PSD of a semiconductor laser.

2.2 Linewidth theories of optical coherent oscil-
lators

For high-speed applications such as data communications, the laser noise
characteristics at high frequencies are more important because this noise
regime mainly affects the phase error variance of the coherent communi-
cation link [66]. In this case, the intrinsic linewidth is more applicable.
The target topic discussed in this thesis is the intrinsic linewidth. There-
fore, the influencing factors and calculation of the intrinsic linewidth of
semiconductor lasers and optical parametric oscillators will be introduced
below.

2.2.1 Linewidth theory of semiconductor lasers

The linewidth of a single-frequency laser is determined by the quantum
process of spontaneous emission. Each photon emitted spontaneously
into the laser mode can induce stimulated emission and the resulting
field amplitude is added to the field in the laser. Due to the statistical
fluctuation contribution of the spontaneously emitted photons, the phase
of the optical field in the laser cavity will fluctuate greatly, resulting in
a large intrinsic linewidth [67].

Firstly, assuming that the laser is based on a FP cavity, the steady-
state condition for the laser cavity is given by [68,69]

r1r2exp[2jkL+ (g − αc)L] = 1, (2.11)

where r1, r2 are the electric field reflectivities of the front and back facet,
k is the propagation constant, L is the physical length of the cavity, g is
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2.2. Linewidth theories of optical coherent oscillators

the modal gain and αc is the loss due to absorption and scattering in the
laser medium. From the real part of the above formula, the threshold
modal gain gth can be written by

gth = αc +
1

L
ln(

1

r1r2
)

= αc + αm = αtot, (2.12)

where αm is the facet loss of the two mirrors.
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Figure 2.4: Vector-based description of the electric field under noise perturba-
tion. I and ϕ represent the intensity and phase of the electric field, respectively.
The initial electric field E =

√
I · exp(jϕ), the random change ∆E = exp(jθi)

caused by the i-th spontaneous radiation, and unit amplitude fluctuation is
assumed. The instantaneous electric field E =

√
I +∆Ii · exp(jϕ+ j∆ϕi).

Fig. 2.4 shows the electric field vector of each photon. The shaded
area represents the random electric field fluctuation of the photon, in-
cluding amplitude and phase fluctuations. The phase change ∆ϕi of the
photon is the result of the combined effect of the random phase change
θi and the delayed phase change caused by the instantaneous change of
the field intensity.

From a physical standpoint, the phase of the photon electric field
is related to the real part of the medium’s refractive index, while the
imaginary part of the medium’s refractive index affects the intensity of
the photon electric field by affecting the net gain. Therefore, the phase
change of the photon electric field in a laser is related to the changes in
both the real and imaginary parts of the medium’s refractive index, and
the phase change caused by the change in light intensity or the imaginary
part of the refractive index is additional.

In semiconductor lasers, the intensity change or the photon number
change caused by spontaneous emission will cause a change in the carrier

13



Chapter 2. Frequency noise in optical coherent oscillators

density of the semiconductor active medium, and the carrier density
change modifies the refractive index of the medium, thereby introducing
the additional phase change. Compared with other types of lasers whose
intensity fluctuation has little effect on the refractive index, the coupling
between the amplitude and phase of the electric field is more pronounced
in semiconductor lasers [68]. In this sense, this is the reason why the
intrinsic noise or linewidth of semiconductor lasers is enhanced.

Here a linewidth enhancement factor α is introduced as [19,70]

α =
∆nreal

∆nimag
. (2.13)

∆nreal, ∆nimag are the fluctuations of the real and imaginary part of the
refractive index n = nreal - jnimag. α is related to the active medium.
And then, combined with the rate equations [19], the phase change ∆ϕi
can be expressed as

∆ϕi = − α

2I
+

1√
I
(sinθi − αcosθi), (2.14)

where θi ∈ (0, 2π], I = |E|2 is the field intensity. The first term is a
small but constant phase shift that can be ignored. Therefore, the total
phase fluctuation for spontaneous emission is

∆ϕ =

N∑
i=1

1√
I
(sinθi − αcosθi), (2.15)

where N is the number of spontaneous emission in a certain duration.
After a series of deductions, the intrinsic linewidth of semiconductor laser
becomes [19,71,72]

∆ν =
v2ghν0nspαmαtot(1 + α2)

4πPtot
, (2.16)

where vg is the group velocity of the laser, and h is the Planck constant
(6.62607015× 10−34J · s). nsp is the spontaneous emission factor, whose
physical meaning is the proportion of spontaneous emission entering the
laser modes [61]. αc and αtot are the propagation loss and total loss of
the laser cavity, respectively, as shown in Eq. 2.12. P0 is the output
power per facet, and the total output power Ptot = 2P0, if r1 = r2.

It can be seen that the intrinsic linewidth is inversely proportional
to the output power. Fig. 2.5 shows the measured intrinsic linewidth of
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Figure 2.5: The relationship between the intrinsic linewidth ∆ν of a semi-
conductor laser and the output power Ptot.

a semiconductor laser at different output powers (2, 4, 8, 16, 32 mW).
The intrinsic linewidths are obtained by measuring the PSD of white
frequency noise using the method in the previous section. The other
parameters such as wavelength and temperature are fixed, and the output
power is changed only by changing the driving current. The measured
data is basically consistent with the fitted data.

In addition, in order to obtain a narrow linewidth for a given output
power, αm and αc should be as low as possible [73]. According to Eq.
2.12, if the reflectivities of two facets r1, r2 are unchanged, extending
the cavity length L can effectively reduce αm. αc is the propagation
loss of the cavity, which depends strongly on the material, design and
manufacturing method. Decreasing the propagation loss can also reduce
the laser intrinsic linewidth.

2.2.2 Linewidth theory of optical parametric oscillators
based on soliton microcombs

Since the lasing wavelength of a laser depends on the bandgap of the
active material, currently relying solely on lasers as light sources may
not be able to cover the entire optical band, which limits optical appli-
cations and researches. An OPO is based on optical parametric ampli-
fication, and its gain wavelength is no longer limited by the material
bandgap, so the optical bands that cannot be covered by lasers can
be achieved by OPOs. As a special and practical OPO, a microcomb
has been increasingly studied. Microcomb is an optical frequency comb
generated in a nonlinear high-Q microcavity, which is widely used in
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Chapter 2. Frequency noise in optical coherent oscillators

high-precision time and frequency measurement, optical communication
and other fields [74–76]. It uses four-wave mixing (FWM) to generate
multiple equally spaced frequencies [77].

Conventional frequency combs are based on mode-locked lasers [78],
where the gain of a conventional frequency comb comes from stimulated
emission in the active gain medium, so its intrinsic linewidth is partially
determined by spontaneous emission. In contrast, the gain of soliton
microcombs is based on optical parametric amplification, and the noise
caused by spontaneous scattering is very weak. The pump laser is added
to the microcombs in a coherent manner, so its noise is uniformly trans-
mitted to all comb lines [79].

𝜈p 𝜈m
Frequency𝜈

𝑑𝜈p 𝑑𝜈m

Figure 2.6: Schematic of the comb line distribution and the repetition rate
change caused by the change of pump frequency. νp, νm are the frequencies of
pump and m-th comb line. The black line segments represent the initial comb
lines, and the red dashed line segments represent the comb lines after the pump
frequency is shifted.

Fig. 2.6 shows the distribution of the comb lines. The frequency of
the m-th comb line can be expressed as

νm = νp +mνrep, (2.17)

where m is counted from the pump, and νp, νrep are the pump frequency
and the repetition rate of the frequency comb. If the repetition rate
remains exactly the same, the pump frequency noise will be transferred
to each comb line. However, the pump frequency noise can also affect
the repetition rate due to intrinsic intra-pulse Raman scattering [80] and
dispersive wave recoil [81]. Therefore, a linear perturbation on Eq. 2.17
results into

dνm = dνp(1 +m
dνrep

dνp
), (2.18)

where dνp is the pump frequency fluctuation, dνm and dνrep are the
changes in m-th comb line frequency and repetition rate caused by pump
frequency fluctuation. According to experimental studies [82], dνrep is
positively proportional to dνp. If the pump light has a positive frequency
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offset, the repetition rate will increase. As shown in Fig. 2.6, for comb
lines with higher frequencies than the pump, the frequency offset in-
creases with increasing frequency. On the other side of the pump, there
may be some comb lines with a smaller frequency offset than the pump.

Because the PSD (calculated by Eq. 2.4) can be used to calculate
the linewidth of an optical source, the frequency noise PSD of the m-th
comb line Sν,m(f) is calculated as [82]

Sν,m(f) = Sν,p(f)(1 +m
dνrep

dνp
)2. (2.19)

Sν,p(f) is the PSD of the pump frequency noise. It can be seen that the
intrinsic linewidth of the microcomb due to pump frequency noise has a
parabolic relationship with the number of comb lines.

0 Comb line number

Shot noise

Pump intensity noise

Pump frequency
Pump intrinsic linewidth

noise

Total intrinsic linewidth

Figure 2.7: Schematic of intrinsic linewidth contribution of a soliton micro-
comb. Comb line 0 represents the pump frequency.

In addition to the pump frequency noise, the pump intensity noise
and shot noise also affect the intrinsic linewidth of the comb lines. As
shown in Fig. 2.7, the three noise sources are independent of each
other and all introduce a parabolic distribution to the intrinsic linewidth
[82–84]. The difference is that the linewidth distribution caused by the
pump intensity noise and the shot noise is symmetric about the pump
frequency, and the two contributions are usually weaker than the pump
frequency noise. After adding them together to get the total intrinsic
linewidth, there will still be some comb lines with an intrinsic linewidth
narrower than the intrinsic linewidth of the pump frequency.

Fig. 2.8 shows the optical spectrum and corresponding intrinsic
linewidth distribution of a soliton microcomb generated on a Si3N4 mi-
croring resonator with a free spectral range (FSR) of 100 GHz. Since a
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Figure 2.8: (a) Frequency spectrum of a soliton microcomb. (b) Measured
and fitted intrinsic linewidth distribution.

sufficient power is required for linewidth measurement, an erbium-doped
fiber amplifier (EDFA) is used to amplify the power of the comb lines.
The total number of comb lines which can be measured is limited by the
bandwidth of the EDFA. Nevertheless, comb lines from -42 to 9 can be
measured. One can see that the intrinsic linewidth has an almost perfect
parabolic profile, and the intrinsic linewidths of comb lines -16 to -1 are
below that of the pump frequency.

In the experimental data of [Paper C], a parabolic distribution of the
intrinsic linewidth of the soliton microcomb can be also observed regard-
less of whether there is optical feedback or not. Because the shape of the
parabola can be directly determined by two points, and the linewidth of
the pump is constant, only one frequency can be fed back to the main
cavity. However, if the optical frequency line can be far away from the
pump frequency, a low-linewidth multi-wavelength light source with a
broad bandwidth can be realized.

2.3 Self-heterodyne method

The self-heterodyne method is one of the most widely used laser
linewidth measurement techniques, especially for characterizing the co-
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herence of optical oscillators [85]. This method relies on the interference
principle to determine the frequency information by comparing the laser
signal with its delayed signal. The following is a brief introduction to
the principle, experimental steps, advantages and disadvantages of this
method.

Laser
50%

AOM
PC Fiber

delay

PC 50%
BPD

50%
BPD

Real-time
oscilloscope

Figure 2.9: Schematic of the correlated self-heterodyne measurement setup.
PC: polarization controller, AOM: acousto-optic modulator, BPD: balanced
photodetector.

As shown in Fig. 2.9, the laser signal is first split using a beam
splitter. One of the split signals is sent directly to the measurement
system as a reference. The other path is delayed in time and optionally
shifted in frequency by an acousto-optic modulator (AOM). The AOM
is driven with a 80 MHz radio-frequency carrier, and the sampling rate
of the oscilloscope is set to 625 MHz to prevent aliasing. A time delay
is introduced in the delayed path, which can be controlled by changing
the optical fiber length. The two outputs are split and received by two
identical balanced photodetectors (BPDs). Using BPDs helps suppress
relative intensity noise (RIN) and allows for cross-correlation between
the electrical outputs, thereby suppressing the independent BPD noise
[86]. The two signals interfere with each other and generate a beat
signal whose spectral properties depend on the laser linewidth. A wider
laser linewidth corresponds to a more significant frequency fluctuation
between the two signals. By analyzing the PSD of this beat signal, the
linewidth information can be extracted [86–88].

When performing the experiment, careful attention must be paid
to the system design. When the fiber delay is long enough, the two
interference paths will experience different phase changes, causing their
interference effect to be clearly visible. In this way, by comparing the
interference signals, the spectral information of the laser can be obtained.
We used the delayed fiber with the length of 1.5 km.
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It is relatively simple and easy to implement, as this method only
requires standard optical components such as beam splitters and delay
paths. More important thing is that it does not require an external
reference frequency, providing flexibility in experimental design. At the
same time, it has high sensitivity and can accurately detect frequency
fluctuations, making it suitable for measuring narrow linewidths [85].
According to the measured results in [Paper C], the measurement system
can measure an intrinsic linewidth down to approximately 0.1 Hz.

However, it also has some disadvantages. One limitation is the need
for sufficiently long time delays and the accuracy of the method depends
on the stability of the laser signal or other measurement components.
This measurement system is sensitive to environmental interference or
other system fluctuations. Since our measurement system is not vibra-
tion proof or temperature-controlled, and considering the storage space
of the oscilloscope, we believe that the frequency noise above 1 kHz in
the Fourier frequency is credible, as shown in Fig. 2.3. Finally, data
analysis requires advanced signal processing methods [86].

In summary, the self-heterodyne method is a mature and practical
linewidth measurement method with high sensitivity and wide applica-
bility, but it requires appropriate experimental setup and attention to
the data processing methods. With careful design and implementation,
this method can provide accurate and reliable laser linewidth measure-
ments.
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Chapter 3

Narrow-linewidth lasers and
self-injection locking

In the previous chapter, we mentioned that the intrinsic linewidth is
more applicable and this thesis mainly discusses the intrinsic linewidth.
In practical experiments, electrical feedback and locking techniques are
often used to reduce the linewidth of light sources They are very effective
for reducing low-frequency linewidth, but due to bandwidth limitations,
these techniques are less effective for high frequency noise [62]. Therefore,
it is necessary to use optical strategies to suppress the intrinsic noise of
light sources. This chapter introduces two common optical methods:
external cavity lasers and self-injection locking.

3.1 Narrow-linewidth lasers with external cavi-
ties

According to the description in Section 2.2.1, the intrinsic linewidth of
a semiconductor laser is related to the intracavity propagation loss and
cavity length. As can be seen from Eq. 2.16, when other parameters are
constant, a longer cavity length has a suppressive effect on the intrinsic
noise of a semiconductor laser. However, the propagation loss of active
media is relatively high. Simply increasing the length of the active media
cannot significantly reduce the intrinsic linewidth. Therefore, semicon-
ductor lasers are often combined with low-loss passive external cavities
to achieve narrow linewidth.

The configuration of a semiconductor laser with an external cavity
is shown in Fig. 3.1. The external mirror can be expressed by r3(ω)
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0-L Lp

P0

r1 r2 r3

0-L

P0

r1 effr (ω)(ω)

Figure 3.1: Schematic of a semiconductor laser with an external cavity and
its equivalent structure. The output power P0 is emitted from the front mirror.
The electric field reflectivities of the laser mirrors and external mirror are r1,
r2, r3(ω). r1, r2 may have weaker wavelength dependence, but we ignore it
here. The physical length of the laser cavity is L and the passive external
cavity is Lp.

which could be a frequency-dependent electric field reflectivity [89], such
as Bragg grating [51], multiple microrings [49], and so on. Generally,
the propagation loss of the external cavity is much lower than that of
the laser waveguide. Compared to simple FP lasers, the complexity of
the external cavity is relatively high. In order to use the theoretical
predictions in Section 2.2.1, the passive external cavity can be replaced
by an effective mirror with a complex wavelength dependence, denoted
as [62]

reff(ω) = t22 · tpassive(ω)
2 · r3(ω)

= (1− r22) · exp(−jωτp − αpLp) · r3(ω), (3.1)

where τp is the round-trip time of the external cavity. The propagation
loss of the passive external cavity is αp. The effective reflectivity reff is
the transfer function of the round-trip transmission of the entire passive
cavity. This term can be separated into amplitude and phase as

reff(ω) = |reff(ω)| exp[jφeff(ω)]. (3.2)

And the total losses of the semiconductor laser is

αtot = αc + αm

= αc +
1

L
ln(

1

r1 |reff(ω)|
). (3.3)

According to Eq. 2.16 in Chapter 2, combined with the above effective
reflectivity, the intrinsic linewidth becomes [16,62,89]

∆ν =
v2ghν0nspαmαtot(1 + α2)

4πP0

[
1 + r1

|reff(ω)|
1−|reff(ω)|2

1−r21

] · 1

F 2
, (3.4)
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3.1. Narrow-linewidth lasers with external cavities

where P0 is the output power emitted by the front mirror with reflectivity
r1. Due to the frequency dependence of the phase and reflectivity of the
external cavity, the intrinsic linewidth is reduced by F 2 [52, 90].

F = 1 +A+B, (3.5)

where
A =

1

τ0

dφeff(ω)

dω
, (3.6)

B =
α

τ0

d(ln |reff(ω)|)
dω

. (3.7)

τ0 = 2L/vg is the round-trip time in the semiconductor laser cavity. A
can be thought of as the ratio of the round-trip times between the passive
external cavity and the laser cavity. From this perspective, the longer
the passive cavity, the stronger the linewidth suppression. Due to the
existence of the factor α, B will only appear when α is non-zero. B
represents the additional linewidth suppression mechanism based on the
coupling of light field intensity and phase in semiconductor lasers [52].

3.1.1 Long-waveguide based external cavity

100 101 102 103 104

Lp (mm)

10-2
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106

(H
z)

100 dB/m
10 dB/m
1.4 dB/m
1 dB/m
0.1 dB/m
0 dB/m

Figure 3.2: Intrinsic linewidth calculation based on different external cavity
losses αp and lengths Lp. Parameters used in the simulation: α = 5, nsp = 2,
laser wavelength λ = 1550 nm, output power P0 = 1 mW, length of active part
L = 0.7 mm, group index ng,active = 3.6, ng,passive = 2, reflection coefficients
r1 = 0.9, r2 = 0.9, r3 = 1, propagation loss of active part αc = 13 cm−1.

Consider a semiconductor laser with a long external waveguide and a
frequency-independent external mirror (dr3(ω)/dω = 0, d|reff(ω)|/dω =
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0, B = 0). Based on Eq. 3.4, the intrinsic linewidth of that laser can
be calculated. As shown in Fig. 3.2, for the same waveguide loss, the
intrinsic linewidth decreases as the external cavity becomes longer, which
is consistent with the above discussion.

However, the suppression is finally limited by the propagation loss
in the external cavity. If the passive external cavity has no propagation
loss, the intrinsic linewidth of the laser will decrease endlessly. But when
the passive external cavity has a certain propagation loss, the intrinsic
linewidth of the laser will gradually converge as the physical length of
the external cavity increases. Light continues to lose energy in a lossy
extended cavity until its energy is substantially lost, at which point there
is no longer any benefit from increasing the external cavity length. Due
to the different propagation loss in the external cavity, the cavity length
is also different when the intrinsic linewidth converges.

In general, increasing the length of the passive external cavity is
very effective in reducing the intrinsic linewidth of the semiconductor
laser, but the propagation loss of the cavity ultimately determines the
effectiveness of this method.

3.1.2 Microring based external cavity

r3
Rring2

Rring1

Lp

Tunable Sagnac loop

Tunable Sagnac loop

r1

P0

L

Figure 3.3: Schematic of an on-chip external cavity semiconductor laser based
on multi-rings. The polygon with length L represents the active part, and the
blue structures represent the passive part. The two mirrors are tunable Sagnac
loops, and the reflection coefficients r1, r3 can be adjusted by thermal methods
using metal microheaters. The waveguide connecting the active part and ring1
can also be heated to change the phase shift, and its length is Lp. The lengths
of the two Sagnac rings are negligible. The radii of the two microrings are
Rring1 and Rring2, respectively, where Rring1 is slightly larger than Rring2.

If the external mirror is a Bragg grating or multi-rings, as shown in
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3.1. Narrow-linewidth lasers with external cavities

Fig. 3.3, the reflectivity will be frequency-dependent. Here, in the above
case, |reff| is frequency-independent, so B = 0. By adding the frequency
selective mirror, B is increased at certain wavelengths, so the intrinsic
linewidth is further suppressed.

The calculation of reff depends on the designs of the external cavities.
In the case shown in Fig. 3.3, reff is expressed as

reff(ω) = t22 · tpassive(ω)
2 · tring1(ω)

2 · t2ring2(ω) · r3, (3.8)

where t2 is the coupling between the active waveguide with the pas-
sive waveguide. tpassive, tring1, tring2 are the electric field transmission
coefficients of the passive phase shifter with the length of Lp, the two
microrings.

At the same time, the effective cavity length Leff can also be obtained
by calculating the time delay of the entire external cavity. Because the
time delay is calculated based on the round-trip time, half the round-trip
time should be used when calculating the effective cavity length.

Leff(ω) =
dφeff(ω)

dω
· vg,passive

2
. (3.9)

Based on the above equations, the external effective reflectivity reff,
effective cavity length Leff, coefficients A, B, F and intrinsic linewidth
∆ν are calculated as shown in Fig. 3.4. Because the effective reflectivity
reff of the external cavity is wavelength selective, the external reflector
has strong reflection only at the resonant wavelength shared by the two
microrings, which means that the loss of the external cavity is low at the
wavelength. The two microrings have slightly different sizes, so the FSR
caused by the Vernier effect is quite large. This undoubtedly filters the
original broadband active gain again in the wavelength selection of the
entire cavity. Similar to reff, the effective length Leff is also symmetric
with the common resonant wavelength and is maximum at the wave-
length, which is much longer than the physical length of the external
cavity.

In addition, since the effective length of the external cavity is max-
imum at the common resonant wavelength, the factor A is maximum
at the same location. The factor B is proportional to dln|reff(ω)|/dω =
d(αpLeff)/dω, which corresponds to the derivative of the effective length
Leff with respect to frequency [49, 52, 91], so it is centrally symmetric
and its maximum is located at longer wavelength than the common res-
onance. Under the combined effect of A and B, the maximum F is also
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Figure 3.4: (a) Magnitude of the effective reflectivity reff. (b) Effective length
Leff of the external cavity. (c) Coefficients A, B, F . (d) Theoretically estimated
intrinsic linewidth ∆ν. They are all related to the laser wavelength λ. Param-
eters used in the simulation: α = 5, nsp = 2, output power P0 = 1 mW, lengths
of active, passive parts L = 0.7 mm, Lp = 1 mm, group index ng,active = 3.6,
ng,passive = 2, reflection coefficients r1 = 0.9, r3 = 1, propagation losses of
active, passive parts αc = 13 cm−1, αp = 2 dB/m, the coupling coefficient be-
tween microrings with bus waveguides κ = 0.09, radii of two microrings Rring1
= 250 µm, Rring2 = 240 µm. Coupling loss between the active part with the
passive part is 0.5 dB, so t2 = 10(−0.5/20).

located on the long wavelength side of the resonant wavelength, and the
optimal intrinsic linewidth can be obtained at the maximum F point.
In other words, the linewidth suppression induced by effective mirror
feedback can theoretically perform better when the laser wavelength is
slightly increased relative to the common resonant wavelength.

Compared with long-waveguide based external cavities, the micror-
ing based external cavity is more complicated when calculating the ef-
fective reflectivity reff. On the one hand, the microring provides further
wavelength selection for the external cavity, but its Leff is similar to the
waveguide length Lp in the long-waveguide based external cavity. The
lower the propagation loss or the longer the Leff, the better the sup-
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pression effect on the intrinsic linewidth. It’s just that the Leff of the
microring based external cavity is wavelength selective. At non-resonant
wavelengths, the microrings are wasted because they are not utilized.
At the resonant wavelength, the equivalent length brought by the mi-
crorings is longer than the physical length, and the suppression of the
intrinsic linewidth is stronger. On the other hand, due to the wavelength
selectivity of the microring, the factor B is non-zero, so it can provide
additional suppression effect at certain wavelengths. Because of its wave-
length selectivity, the operating frequency and phase shifter need to be
finely adjusted during design or experiment.

3.2 Self-injection locking

For the semiconductor laser with the external cavity, the passive and
active parts can be considered as a whole. The reflectors at both ends
can be designed on the passive platform, and the active part is mainly
responsible for providing optical gain. The lasing frequency is deter-
mined by the two parts. Without the passive part, the laser would have
an extremely low Q factor, or even not be a laser due to the lack of
reflectors built into the passive part. When a semiconductor laser is
self-injection locked, the external feedback is mainly provided by the
backscattering which is very weak [92–95]. The generated frequency is
mainly determined by the semiconductor laser itself. Even without the
external feedback, the laser still operates normally, just with higher phase
noise. When the semiconductor laser is locked to the external resonator,
the generated frequency is determined by the resonator. It can only be
fine-tuned within a narrow wavelength range, otherwise the self-injection
locking will be interrupted due to the large frequency difference of the
two components. The following section will analyze the dynamics of
self-injection locking.

3.2.1 Dynamics of self-injection locked lasers

The self-injection locking system is shown in Fig. 3.5. The laser op-
erates at a single frequency and the instantaneous electric field E(t) =
|E(t)|exp(jϕ) is reflected from the output mirror with the reflection co-
efficient of r2. E(t) is the sum of the electric field reflected from both
mirrors and the electric field transmitted back to the laser cavity due to
the backscattering in the microring resonator [96]. The backscattering
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P
E(t) B(t)

r1 r2
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Γ(ω)

Figure 3.5: Schematic of a self-injection locked semiconductor laser. The
reflectivities of the mirrors on both sides of the laser are r1, r2, and the electric
field is E(t). The laser is incident from the left side of the microring resonator
and output from the right side. The electric field reflected by the microring is
B(t), and the reflection coefficient is Γ(ω). There are two modes in the micror-
ing resonator, one propagating in clockwise (cw) and the other propagating in
counterclockwise (ccw), and they are coupled to each other.

is introduced by the inhomogeneity of the waveguide interface [97]. So
the electric field in the laser cavity can be expressed as

|E(t)| exp[jϕ(t)] = jt2B(t)

+ r1r2 |E(t− τ0)| exp[jωτ0 + jϕ(t− τ0) + (g − αc)L],
(3.10)

where t2 =
√
1− r22 is the transmission coefficient, τ0 is the round-trip

time of the FP laser cavity, g is the gain coefficient, αc is the propa-
gation loss of the active medium, L is the laser cavity length, ω is the
instantaneous angular frequency of the generated light, ωd is the reso-
nant angular frequency of the FP laser cavity. In the self-injection locking
state, the frequency finally generated by the system may not be equal to
the resonant frequency of the FP laser cavity, so ω is used instead of ωd.
Similarly, the reflected electric field B(t) is

B(t) =
jt2Γ(ω)

r2
|E(t− τs)|exp[jωτs + jϕ(t− τs)], (3.11)

where τs is the round-trip time from laser coupling to the microring res-
onator, and Γ(ω) is the frequency-dependent reflection coefficient of the
microring resonator. If the resonant angular frequency of the microring
resonator is ωm, combined with the steady-state expression [96],

Γ(ω) = − jηκ2mγ/2

(κm/2− j(ω − ωm))2 + (κmγ/2)2
, (3.12)

where κm = κmi + κmc is the total decay rate of the microring resonator,
κmi, κmc are the intrinsic, extrinsic decay rate. η = κmc/κm, and γ is
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3.2. Self-injection locking

mode-splitting coefficient related to the mutual coupling between the cw
and ccw modes.

By taking the time-independent solutions (steady-state) for E(t),
ϕ(t) [95], and introducing the detuning of the laser cavity frequency
from the microring resonant frequency ξ = 2(ωd − ωm)/κm, as well as
the generation detuning of the generated frequency from the microring
resonant frequency ζ = 2(ω − ωm)/κm, their relationship is as follows

ξ = ζ +
K

2

2ζcosψ + (1 + γ2 − ζ2)sinψ
(1 + γ2 − ζ2)2 + 4ζ2

, (3.13)

where ψ = ωτs − arctanα+ 3/2π is the phase delay (α is also linewidth
enhancement factor). K is the combined coupling coefficient [96]. This
relationship is usually called tuning curve as shown in Fig. 3.6.
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Figure 3.6: Tuning curve of a semiconductor laser locked to a microring res-
onator. The horizontal axis represents the difference between the laser resonant
frequency and the microring resonant frequency, and the vertical axis represents
the difference between the system output frequency and the microring resonant
frequency.

For a free-running laser, the tuning curve is a straight line with a
slope of 1 as shown by the blue dashed line, so the output wavelength
is consistent with the laser resonant wavelength. For the self-injection
locked laser, the tuning curve has an almost horizontal part (point III
to iii). Tuning the laser cavity frequency ωd from low to high so that it
gradually approaches the microring resonant frequency ωm, the gener-
ated frequency ω initially follows a straight line until the inflection point
i. At the inflection point i, it jumps to the ultra-low slope part (point ii),
achieving locking. In this range , the effect of adjusting the laser cavity
frequency on the generated frequency can be ignored until the inflection
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Chapter 3. Narrow-linewidth lasers and self-injection locking

point iii arrives. In other words, within the locked region, the generated
frequency will depend on the resonant frequency of the microring rather
than the laser cavity frequency, which is called frequency pulling. The
same is true when the frequency sweep direction is opposite. The width
of the flat slope region is called the locking band.

In addition, the intrinsic linewidth reduction can also be seen from
the tuning curve. After simplifying and differentiating Eq. 3.13, the
linewidths of the free-running laser and the self-injection locked laser
can be approximately expressed as [96]

∆νlocked

∆νfree
=

dω

dωd
=
dζ

dξ
=

Q2
d

Q2
m

1

16Γ2
m(1 + α2)

, (3.14)

where Qd, Qm are the total Q factors (ratio of resonant frequency to
decay rate) of the FP laser cavity and the microring resonator. Gener-
ally, the Q factor of a laser is lower than that of a microring resonator.
The slope dζ/dξ of the flat region is a very small value. That is, the fre-
quency fluctuation of the self-injection locked laser is many times smaller
than that of the free-running laser. Therefore, self-injection locking can
suppress the intrinsic linewidth of the laser [98,99].

[Paper C] demonstrated a similar self-injection locking method, but
the optical source is a soliton microcomb instead of a semiconductor laser,
and the external resonator is a fiber loop. The Q factor of the fiber loop
is much higher than that of the Si3N4 microring. After filtering out a
frequency, inputting it into the fiber loop and feeding it back into the
Si3N4 microring, the intrinsic linewidth of that frequency is also greatly
suppressed.

3.2.2 Experimental study on self-injection locked lasers

Based on the integrated Si3N4 platform, self-injection locking is usually
achieved by locking a semiconductor laser to a high-Q Si3N4 microring
to suppress the linewidth of the laser [48,56,100,101].

The experimental setup of a self-injection locked semiconductor laser
is shown in Fig. 3.7(a). The half-packaged DFB laser has two pins for
drive current and four pins for temperature control. The highest output
optical power is around 80 mW at the driving current of 300 mA. The op-
erating wavelength is usually 1550 nm, and the tunable wavelength range
is about 0.5 nm. The operating wavelength can be tuned by changing
the driving current or temperature of the laser. The former allows for
more precise wavelength adjustment.
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(b)(a)

Lensed
   fiber

Si3N4
chip

Half-packaged
   DFB laser

Microring temperature

T
ra

ns
m

is
si

on

Figure 3.7: (a) Photos of experimental setup for self-injection locking. The
DFB laser on the left is butt-coupled to the Si3N4 chip in the middle, and the
light is then collected by the lensed fiber on the right. (b) Schematic of the
transmission of the Si3N4 microring as the microring temperature. The micror-
ing temperature is controlled by a metal heater. The orange curve indicates an
inappropriate phase shift between the DFB laser and the microring, and the
blue curve indicates an appropriate phase shift.

The laser chip extends 1 mm out of the package to facilitate coupling
with the Si3N4 chip. The laser’s mode spot diameter is roughly 2.8 µm,
slightly larger than the 2.5 µm mode spot diameter of the commonly used
lensed fiber. However, the laser has a large vertical divergence angle. In
order to improve the coupling efficiency, the distance between the Si3N4

chip and the DFB laser is only a few microns. In order to prevent the
light directly reflected from the Si3N4 chip facet from interfering with the
laser, the laser needs to be slightly tilted. The alignment stage where
the DFB laser is actually placed has a six-axis drive that can achieve
adjustment at any angle.

Once the laser is successfully coupled to the Si3N4 chip, the resonant
frequency of the microring should be aligned with the laser frequency to
achieve self-injection locking. There are three ways to achieve it: adjust-
ing the drive current of the laser, adjusting the operating temperature
of the laser, and adjusting the temperature of the microring. We use
the last method most often because it does not change the laser output
power, so we can determine if the two resonant wavelengths are aligned
by monitoring the output power of the microring. Usually when the two
wavelengths are aligned, the light will be coupled into the microring and
the output power will drop. This step only requires coarse adjustment
of the microring temperature.

According to Eq. 3.11, the round trip time of the laser-microring
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Chapter 3. Narrow-linewidth lasers and self-injection locking

coupling has an impact on the optical feedback. To achieve stable self-
injection locking, it is also necessary to carefully adjust the phase shift
between the laser and the microring. Based on the previous step, we
sweep the temperature of the microring and monitor the resonance wave-
form displayed by the oscilloscope to determine whether the phase shift
is appropriate, as shown in Fig. 3.7(b). When the phase shift is not
appropriate, the resonance is very narrow and shallow. By adjusting the
phase shift by the temperature of the connecting waveguide between the
microring and the DFB laser, it can be seen that the shape of the output
resonance is constantly changing [96,102]. As the phase shift is gradually
optimized, the resonance will become wider and eventually take on a ’U’
shape. The wide resonance or the flat resonance peak means that near
the resonant wavelength, the DFB laser is locked to the microring, and
the output wavelength of the system is controlled by the resonant fre-
quency of the microring, which is consistent with the frequency pulling
in the theoretical analysis in the previous section.

After optimizing the phase shift, stop scanning the microring temper-
ature but finely tune the temperature to align the resonant frequency of
the microring with the DFB laser again. When the output power reaches
the lowest and then self-injection locking of the DFB laser is achieved.
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Figure 3.8: (a) Beating spectrum from self-heterodyne measurement. The
frequency shift introduced by the AOM is 80 MHz. (b) Measured frequency
noise PSDs of the DFB laser with and without self-injection locking, and a
laser from TOPTICA.

As shown in Fig. 3.8(a), before self-injection locking, the linewidth of
the beating spectrum is relatively wide, but once the DFB laser is locked
to the microring with a Q factor of 15 million, the beating spectrum
immediately becomes narrower. If we look at the frequency noise PSDs
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3.2. Self-injection locking

shown in Fig. 3.8(b), when the DFB laser is free running, the intrinsic
linewidth of the DFB laser is about 818 kHz. After self-injection locking,
the intrinsic linewidth drops to 135 Hz, which is directly suppressed by
more than 6000 times. Its intrinsic linewidth is comparable to or even a
bit better than that of the commercial laser from TOPTICA (CTL 1550).
However, higher thermal noise due to the small volume of the microring
or the influence of environmental factors, the low-frequency noise of the
laser is still a little worse. If compared with the lowest noise self-injection
locked semiconductor lasers mentioned in Introduction [48], since the Q
factor of our microring is lower than that of thin Si3N4 microrings, the
intrinsic linewidth we obtained is still higher than theirs.
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Chapter 4

Ultra-low loss silicon nitride
waveguides

The previous chapters discussed in detail the intrinsic linewidth theory
and how to suppress the intrinsic linewidth of a light source. We found
that the reduction of the intrinsic linewidth depends strongly on the
propagation loss of the passive platform and the size of the external cav-
ity. Therefore, this chapter briefly introduces the waveguide losses, how
to manufacture ultra-low loss waveguides in silicon nitride, and consid-
erations for manufacturing long waveguides.

4.1 Waveguide losses

Taking the microring shown in the Fig. 4.1 as an example, there are four
main sources of waveguide losses: absorption loss due to the material
itself, bending loss introduced when the waveguide bending radius is
small, scattering loss caused by sidewall and surface roughness or film
defects, and radiation loss because of particles or other structures close to
the waveguide [38, 103–106]. Of course, except the absorption loss that
will be converted into heat dissipation, the other three losses usually
convert the guided modes in the waveguide into unconfined modes and
then dissipate. [38].

For Si3N4 films deposited using low-pressure chemical vapor deposi-
tion (LPCVD), high temperature annealing can break the N-H bonds and
eliminate the absorption peak near the wavelength of 1520 nm [107,108].
The bending loss can be reduced by increasing the bending radius. When
manufacturing waveguides, extra attention should be paid to the clean-
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TE0

Bending loss

Scattering loss

Absorption loss

Radiation loss

Figure 4.1: Schematic of waveguide losses. The orange solid arrows represent
fundamental mode (TE0) propagation, and the purple dashed arrows represent
waveguide losses.

liness of the chip surface, otherwise there will be too many particles
near the waveguides, which will greatly increase the radiation loss of the
waveguides.

When designing devices, increase the spacing between unrelated
waveguides to avoid potential coupling and radiation loss. If two waveg-
uides need to be closely coupled, such as a microring and a bus waveg-
uide, some special designs can be used to decrease the radiation loss.
For example, a racetrack type microring is used to increase the coupling
efficiency between the microring and the bus waveguide by extending the
coupling waveguide length instead of reducing the gap width [36].

In addition, as shown in [Paper B], in order to improve the conversion
efficiency and output power of OPOs, the gap between the bus waveguide
and the microring needs to be as small as possible. The bus waveguide
causes high radiation loss to the microring, but there is a Vernier ef-
fect between the fundamental mode and the higher-order mode in the
microring, so that at certain specific wavelengths, the radiation loss of
the microring waveguide will be reduced due to the bound state in the
continuum effect [59]. Although the radiation loss resulted from the bus
waveguide is reduced, the propagation loss of the microring waveguide is
still limited by the sidewall or surface roughness.

The surface roughness of the waveguide can be reduced by optimizing
the film deposition recipe or polishing [105], while the sidewall roughness
is mainly reduced by optimizing the exposure and etching recipes, or
using the method demonstrated in [Paper A], depositing an additional
layer of very thin Si3N4 film after etching to smoothen the waveguide
sidewall.

If the waveguide roughness cannot be optimized due to equipment
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Figure 4.2: Relationship between propagation loss of the fundamental TE
mode and waveguide width. The thickness of the Si3N4 waveguides is 740 nm.
The test wavelength is from 1560 to 1620 nm, avoiding the absorption peak of
LPCVD Si3N4. The measured propagation loss is the mean of statistical data
of 36 samples measured at different wavelengths on the same chip.

limitations, the scattering loss caused by the waveguide roughness can
also be reduced by increasing the waveguide size. As shown in Fig. 4.2,
from 800 nm to 2.5 µm waveguide width, the propagation loss of the
Si3N4 waveguides is reduced by more than ten times, and the lowest
waveguide loss is close to 1.4 dB/m, since the fundamental TE mode
is confined to the center of the waveguides. As the waveguide width in-
creases, the optical field at the sidewall weakens, the effect of the sidewall
roughness on the mode weakens, so the propagation loss caused by scat-
tering decreases [109]. This method is simple and effective, so multimode
waveguides are often used in low-loss applications.

4.2 Overview of process flow

The process flow for low-loss Si3N4 waveguides is shown in Fig. 4.3,
where each step is crucial to achieve low loss performance. The process
begins with the thermally oxidized 4-inch silicon wafers. Due to the high
stress associated with thick Si3N4 films, crack barriers are essential to
prevent cracking [110–112]. These barriers are created using photolithog-
raphy and wet etching. The trench patterns are identical, allowing for
the use of a mask aligner to expose the patterns. These patterns are
then transferred into the thermal SiO2 cladding through wet etching.

After standard cleaning to ensure a contaminant-free wafer surface,
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(I) Thermal oxidation (II) Photolithography (III) SiO  etching

(IV) Si N  deposition
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Figure 4.3: Process flow for low-loss thick Si3N4 waveguide with metal mi-
croheaters consisting of titanium and platinum on top. The Al mask in step
XI is prepared in the same way as step IX and X.

Si3N4 is deposited on the SiO2 cladding using LPCVD. Once the Si3N4

film reaches a thickness of approximately 400 nm, high-temperature an-
nealing is performed to relieve the stress in the thick film and to break
the N-H bonds formed during LPCVD [107,108]. Following annealing, a
second Si3N4 layer is deposited using the same deposition process.

The entire fabrication process follows a subtractive approach [108,
113]. Once the thick Si3N4 film is deposited, e-beam lithography and
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dry etching are employed to define the desired waveguide patterns. Most
of the Si3N4 film is removed during the dry etching process because it
is not protected by the negative resist. Fig. 4.4(a) shows the etched
Si3N4 waveguide, where the line roughness on the waveguide sidewall
is clearly visible. After etching the Si3N4 waveguides, a second high-
temperature annealing step is performed to further break the N-H bonds.
Subsequently, approximately 3 µm of SiO2 cladding is deposited layer by
layer, with additional annealing steps to release stress and densify the
films.

To improve tunability, microheaters are added to the wafer. The
refractive index of Si3N4 can be controlled by temperature. As the tem-
perature increases, the refractive index also increases. The microheaters
are fabricated using photolithography and lift-off. Since several heaters
often need to be controlled simultaneously in experiments, when de-
signing the heater contact electrodes, different heaters share the same
ground electrode, and different heaters are spaced as far as possible to
avoid thermal crosstalk.

For coupling light from lensed fibers into the Si3N4 chips, edge cou-
plers are used [114]. To release the chips from the wafer, dry etching is
employed. The release trenches are defined by photolithography, and an
aluminum (Al) film is evaporated to serve as a hard mask, improving
etching selectivity [115,116]. After the SiO2 cladding is fully etched, we
use another dry etching tool to perform the Si deep etching. Since that
tool only allows the use of photoresist as a mask, a final photolithography
step will once again define the trenches. Finally, the silicon substrate is
almost completely etched to release the chips.

4.3 Considerations for manufacturing long
waveguides

Whether it is a narrow-linewidth semiconductor laser with external cav-
ity or the self-injection locking method, ultra-low propagation loss and
a long feedback loop are both required. The previous section introduced
how to manufacture low-loss Si3N4 waveguides or microrings. This sec-
tion will introduce the matters that require extra attention when manu-
facturing low-loss long waveguides.

We use e-beam lithography to pattern Si3N4 waveguides. The writing
field of e-beam exposure refers to the maximum field that the electron
beam can be deflected to expose the resist without moving the sample.
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Figure 4.4: (a) SEM image of a Si3N4 waveguide. (b) SEM image of a long
Si3N4 waveguide with stitching error at the interface of adjacent writing fields.
(c) Arrangement of the writing fields for long waveguides. (d) A detailed writing
field. The black box represents a writing field, and the red curve represents the
waveguide.

The maximum writing field of the machine we use is 1040 µm × 1040
µm. Stitching errors may occur at the interface between adjacent writing
fields, as shown in Fig. 4.4(b). When exposing across the writing field,
the waveguide may break or be misaligned. These stitching errors may be
as large as several hundred nanometers and cause extra scattering losses.
Stitching errors are not mainly caused by the movement of the stage
that holds the sample, because the stage position is precisely controlled
by a laser interferometer. Stitching errors mainly come from imperfect
deflection of the electron beam [41]. The chip height must be strictly
checked before exposure to ensure that the chip surface is flat, which can
effectively reduce stitching errors.

The size of the microring is generally smaller than this size, so the
stitching errors at the interface of adjacent writing fields can be safely
avoided. When preparing meter-long waveguides, the same waveguide
inevitably spans multiple writing fields. In order to reduce the space
occupied by the waveguides, improve the compactness, take into account
the uniformity of the Si3N4 film thickness, and more importantly, avoid
excessive cross writing field exposure, the long waveguide is designed as
multiple cascaded spirals so that the long waveguide is distributed in a
smaller area as much as possible.

Each spiral waveguide is arranged in one writing field, as shown in
Fig. 4.4(c). The writing fields are exposed in sequence following the
propagation direction of the waveguide. Since the multi-pass mode (2
times) is adopted [117], that is, the writing field is exposed twice accord-
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ing to the same operation, so the number of write fields in the figure is
even. The maximum diameter of the spiral waveguide does not exceed
the size of the writing field, as shown in 4.4(d). Inside the writing field,
the electron beam exposes the waveguide following the geometric shape
along the propagation direction of the waveguide.
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Chapter 5

Summary and future outlook

This thesis analyzes the frequency noise sources in semiconductor lasers
and soliton microcombs, along with the theoretical predictions of their
intrinsic linewidths. It also demonstrates how passive external cavi-
ties and self-injection locking technologies effectively suppress frequency
noise. For the semiconductor laser noise suppression, a DFB laser is
self-injection locked to a low-loss silicon nitride microring resonator to
achieve an intrinsic linewidth of 135 Hz. Although this technology has
been realized in recent years, it is the first time it has been demonstrated
in our laboratory. Regarding the linewidth reduction for soliton micro-
combs, the intrinsic linewidth of the comb lines is reduced to below 1 Hz
through the use of an external low-loss and long fiber loop. This method
is novel and simple, and its performance is comparable to that of current
narrow-linewidth soliton microcombs.

Future research can be carried out from the following aspects.
The first is the semiconductor laser self-injection locking to complex

microresonator structures. So far, almost all reported work uses a semi-
conductor laser locked to a single microresonator. Would the dynamics
and performance be different if coupled microresonators are used? This
is a question worth studying.

Additionally, when the DFB laser is coupled to a low-loss silicon ni-
tride chip and the self-injection locked regime is overlapped with the soli-
ton generation regime by adjusting the laser’s driving current, tempera-
ture, a microcomb with narrow linewidth can be directly pumped by the
DFB laser. This configuration has good repeatability and is plug-and-
play, which can avoid the tediousness of other soliton generation meth-
ods. If self-injection locking can be used to achieve narrow-linewidth,
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high-efficiency soliton microcombs, it will be unprecedented.
The last is heterogeneous integrated soliton microcombs. Although

heterogeneous integration is relatively mature as mentioned in Introduc-
tion, most of the researches are on thin silicon nitride platforms, and
heterogeneous integration on dispersion-engineered silicon nitride plat-
forms needs to be further improved. Based on the previous questions, if
a fully on-chip narrow-linewidth and high-efficiency soliton microcomb
can be realized, it will provide great help for future soliton applications.
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Summary of papers

Paper A

Low-loss dispersion-engineered silicon nitride waveguides
coated with a thin blanket layer,
Conference on Lasers and Electro-Optics, San Jose, USA, paper
JW3B.183, 2022.

In this work, we coated an 8 nm thick Si3N4 blanket layer on etched
Si3N4 waveguides, and we found that the thin layer can effectively
reduce the propagation loss in the highly confined Si3N4 waveguide, but
does not affect the group velocity dispersion much.

My contributions: I simulated the mode and dispersion of Si3N4

waveguides, characterized the devices. I wrote the paper with support
from the co-authors and presented the work at CLEO 2022.

Paper B

High-power on-chip hyperparametric oscillator,
to be submitted, 2024.

In this work, we numerically demonstrated strong coupling and high
pump power can provide high output power for optical hyperparametric
oscillators. Microring based on bound states in the continuum period-
ically exhibit high intrinsic Q factors to suppress mode competition,
thereby achieving high-efficiency. After optimization, we experimentally
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presented a high-power optical hyperparametric oscillator whose signal
wave has an on-chip power of 215 mW and an intrinsic linewidth of 220
Hz.

My contributions: I did the simulation, fabricated and character-
ized the devices. I did the experiments. I wrote the manuscript with
support from the co-authors.

Paper C

Self-injection-locked optical parametric oscillator based on
microcombs,
Optica, vol. 11, no. 3, pp. 420-426, 2024.

In this work, we demonstrated a sub-Hz linewidth optical parametric
oscillator through self-injection locking a single comb line from a
soliton microcomb. We revealed a dynamics similar to that found in
conventional lasers using self-injection locking and showed that there
exists a dynamic regime where the frequency noise of the comb line can
be consistently reduced to three orders of magnitude below the pump.

My contributions: I assisted with the experiments and paper writ-
ing, and performed a supplementary experiment.
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