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Abstract—This paper presents recent results on widely-tunable
narrow-linewidth semiconductor lasers using a ring-resonator
based mirror as the extended cavity. Two generations of lasers
on the heterogeneous Si/InP photonic platform are presented. The
first-generation lasers, with a total footprint smaller than 0.81 mm2,
showed an intrinsic linewidth of ∼2 kHz over a 40 nm wavelength
tuning range across C+L bands. The second-generation lasers
using ultra-low loss silicon waveguides and a novel cavity design
achieved an intrinsic linewidth below 220 Hz. The lasers also
possess an ultrawide wavelength tuning range of 110 nm across
three optical communication bands (S+C+L). These are records
among all fully integrated semiconductor lasers reported in the
literature.

Index Terms—Semiconductor lasers, tunable lasers, optical ring-
resonators, ultra-low noise.

I. INTRODUCTION

LOW noise, widely tunable lasers, with spectral linewidth of
kHz level or lower, are in demand by an increasing number

of applications, such as coherent communications, LiDAR, op-
tical sensing and spectroscopy [1]–[5]. Such low noise is only
commercially available in solid-state lasers, fiber-based lasers
and blazed-gratings or fibers based external cavity lasers. Thus,
these lasers tend to be bulky, expensive and not scalable for mass
production. Semiconductor diode lasers, although attractive for
their low form factor, mass producibility and compatibility to
integrated circuits, intrinsically have low coherence with typical
linewidth in the 100 kHz range or worse.

It is well known that the linewidth of semiconductor lasers
can be narrowed by utilizing an external cavity [6]–[8]. With
proper design, the external cavity can provide both wavelength
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tunability and linewidth reduction. Many types of external cavity
lasers have been commercialized with outstanding performance
such as blazed grating lasers [9], high Q whispering resonator
lasers [10], and fiber Bragg grating lasers [11] among others. In
recent years, with the advance in integrated silicon photonics,
there has been a great interest in external cavity lasers formed
by assembling a passive photonics chip as an external cavity to
a gain chip. This hybrid approach is attractive because it allows
for the gain chip and external cavity to be separately optimized.
External cavities based on planar light wave circuits (PLC) [12],
low loss silicon nitride [13]–[15], and silicon [16], [17] have
been demonstrated. The drawback regarding these assembled
hybrid semiconductor lasers is their limited scalability, as each
laser must be individually assembled. Alignment between the
chips is critical, which slows down the process and increases
cost. Furthermore, many of the applications listed above require
that the lasers are resistant to vibration and shock. This is another
reason why a fully integrated solution is preferred over hybrid
solutions, as environmental factors can impact the coupling
between the two chips.

Heterogeneous silicon photonics enables the possibility to
integrate extended cavity lasers on a single chip. Heterogeneous
integration on silicon involves the wafer bonding of unpro-
cessed materials on a wafer level scale, providing a clear path
towards scaling and high-volume production [18]. The resulting
devices also lie on the same chip. Similar to hybrid integration,
heterogeneous integration also has the benefit of selecting the
best material to perform each function (i.e., lasers, low-loss
waveguides, detectors) to form highly complex photonic in-
tegrated circuits (PIC) [19]. Thus, heterogeneously integrated
lasers possess all the scaling benefits of monolithic integration
while obtaining greater flexibility in material selection, which
can lead to superior laser noise performance.

In this paper, we present the architecture, design and charac-
terization of widely tunable lasers on silicon. The key to these
lasers is the designs of the mirrors, using multiple ring res-
onators, as well as heterogeneous integration of InP on silicon.
The ring resonator-based mirror simultaneously provides the
tuning mechanism of the laser as well as the linewidth reduction
[20], [21]. The first generation of these lasers use standard rib
silicon waveguides with typical loss ∼1.2 dB/cm to achieve
>40 nm tuning span and linewidth in the single kHz range.
In the second generation, a novel design utilizing ultra-low loss
silicon waveguides [22] to form large, high-Q ring resonators
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Fig. 1. Schematic structure of a basic widely tunable Si/III-V laser based
on multiring mirrors. Here, the three ring resonators are used to illustrate the
multiring mirror structure, in which add-drop rings are cascaded within a loop.

[23], [24] is used to demonstrate lasers with a wavelength tuning
range of 110 nm and ultra-low phase noise (<220 Hz linewidth).
The term “linewidth” throughout this paper, if not specified
otherwise, refers to the quantum noise limited Lorentzian
linewidth (also called “fundamental”, “intrinsic” or “Schawlow-
Townes” linewidth) characterized from a frequency noise
measurement [25].

The organization of the paper is as follows. In Section II, we
describe the laser architecture and then explain the principles of
wavelength tuning and linewidth reduction. In the next section,
we present the details of the design, fabrication and the results
achieved on the two generations of tunable lasers. We conclude
the paper with discussion on future directions for further im-
proving the laser performance.

II. RING-RESONATOR BASED TUNABLE LASER THEORY

A. Laser Architecture

The generic configuration of lasers throughout this work is
shown in Fig. 1, involving the following components.

Front mirror (low reflectivity mirror): The front-side (output)
mirror is formed by a Sagnac-type loop mirror. The reflectivity of
the mirror is determined by the coupling strength of the coupler.

Optical amplifier Si/InP waveguide (gain section): The gain
section consists of a silicon rib waveguide etched 231 nm out
of 500 nm, with bonded III-V material on top. The Si width
in the amplifier is chosen to be 850 nm which balances out
the low internal loss and high gain requirements for the laser.
Three InAlGaAs quantum wells are used in the gain material
[26]. The length of this active element can be varied depending
on the lengths and losses of other components in the laser.
Transitions from the optical amplifier Si/InP waveguides to
passive Si waveguide are realized with a taper structure detailed
in [26], [27] with typical loss of−0.5 dB per transition and lower
than −33 dB reflection.

Phase section: A metal strip is deposited vertically on the
top of the oxide cladding of the Si waveguide, forming the
microheater for phase tuning using the thermo-refractive effect.
This is used to tune the cavity modes of the laser.

Multi-ring resonant mirror: The back-side mirror of the laser
is a reflector formed by multiple ring resonators, with thermal
phase tuners on each ring to enable spectral alignment. This
tuning mechanism is preferred over other methods using carrier
injection or depletion because it is simple to implement and more

Fig. 2. Typical configuration of a) multi-rings within a loop mirror b) multi-
rings separated from a loop mirror. Here we only show dual-ring configurations
as an example, but the number of ring resonators can be larger.

importantly it does not affect the waveguide loss. This reflector
serves as a single wavelength filter for the laser, and its design
is the focus of the following sections.

B. Wavelength Tuning

A ring-resonator mirror refers to a structure in which one
or multiple rings are cascaded in add-drop configuration. The
rings can be placed inside a loop mirror, as in Fig. 2a, or
a separate loop mirror can added to the end in Fig. 2b. The
former is used in the lasers in this work, while the latter is more
commonly found in lasers consisting of separate gain and passive
chips. In each case, the loop of the structures can be formed
by a 2 × 2 or 1 × 2 waveguide couplers. Broadband and/or
tunable couplers are preferred to maintain the 50:50 splitting
ratio across the operational wavelength range. Within this loop,
ring resonators with slightly different radii are cascaded to shape
the Vernier spectrum needed for wavelength tuning. The Vernier
free spectral range (FSR) formed by two ring resonators is
determined by Equation (1), where FSRm is FSR of the mth

ring.

FSR V ernier =
FSR 1 · FSR 2

|FSR 1 − FSR 2| (1)

FSRm =
λ2

2πRmng
(2)

Here, the cross-coupling ratios for each ring, ring radius and
amplitude propagation loss constant are denoted byκm, Rm, αm

(m = 1, 2). Assuming symmetric coupling for each ring, i.e.,
coupling ratios to the two bus waveguides are the same, the
complex amplitude reflectivity of the mirror is given by the
following equations:

rmirror = −2j
√
(1− κ2

c)κ
2
c ·

∏

m

tdrop (κm, κm, Rm, αm)

(3)

tdrop (κm, κm, Rm, αm) =
−κ2

m(2πRmαm)1/2ej2πRmβp/2

1− (1− κ2
m) 2πRmαmej2πRmβp

(4)

As an example, the spectral responses of the dual-ring mirror
reflection with ring-bus power coupling ratios κ1 = κ2 = 0.125
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Fig. 3. (a) Reflection spectra of individual rings (b) Combined spectrum of
the dual-ring mirror. Dispersion is neglected for simplicity.

Fig. 4. Modeling of the dual-ring mirror laser for steady-state analysis
(a) Block diagram representation of the laser sections (b) Equivalent cavity
with effective mirror to model the extended passive sections.

are calculated using (3) and (4). Fig. 3a shows the individual
spectra of the rings with several-nm FSR. The synthesized
spectral response of the dual-ring mirror, Fig. 3b, shows a much
broader FSR. This Vernier FSR sets the range for the wavelength
tuning of our lasers. Heaters are used to tune the individual
resonances of the rings. The heaters can either be controlled
together for continuous wavelength tuning within a single ring’s
FSR, or controlled individually for discrete wavelength tuning,
stepping by a single ring’s FSR.

C. Spectral Linewidth Narrowing

The lasers can be modelled as a three-section laser shown in
Fig. 4a. Following the effective mirror model, the laser is simpli-
fied in Fig. 4b. Here, the gain section (formed by heterogeneous
Si/III-V waveguide) and the front mirror can be lumped into
a single active section on the left-hand-side with the reflection
coefficient r1. The phase section and silicon waveguides used
for routing are lumped into the passive section, connecting to
the ring mirror on the right-hand-side. As the reflection on
the active-passive transition is low [26], it is neglected in our
analysis.

Next, we replace all the passive sections in Fig. 4a by an
effective mirror with complex wavelength dependence repre-
sented by reff (ω). This substitution is valid since we are looking
for steady-state solutions in this analysis [28]. The effective
reflectivity is the product of transfer functions of all passive
parts and the active-passive transition, given by Equation (5).

reff (ω) = t2transition (ω) · t2passive (ω) · rmirror (ω) (5)

Here, ttransition(ω) is simply an attenuation constant rep-
resenting the transmission loss at the active-passive transition,
which is equivalent to −1 dB (or ∼80%) on average over the
C+L bands accounting for two tapers on both ends of the Si/III-V

amplifier waveguide. For a total length Lp of about 1 mm ac-
counted for all passive waveguide routing and phase section, the
transfer function for the passive waveguides is given by Equation
(6), where αp and βp are respectively the waveguide electric
field propagation loss and the effective propagation constant in
the silicon waveguide:

tpassive (ω) = exp (−αpLp − jβpLp) (6)

The last term for the dual-ring mirror reflection rmirror(ω)
has been expressed in (3) previously. To study the laser linewidth,
we use the formalism carried out by Patzak et al. in [29] and
Kazarinov and Henry in [30]. Due to the frequency dependence
of the phase and reflectivity of the extended passive section in
Equations (4) and (6) and Fig. 3b, the linewidth of the other-
wise solitary Fabry-Perot laser is reduced by a factor F2 where
F = 1+A+B. Analytical calculation of the Lorentzian linewidth
of our laser is carried out following the equations below:

Δν =
Δν0
F 2

=
Δν0

(1 +A+B)2
(7)

A =
1

τ0
Re

{
j
d ln reff (ω)

dω

}
=

1

τ0

dϕeff

dω
(8)

B = −αH

τ0
Im

{
j
d ln reff (ω)

dω

}
=

αH

τ0

d ln |reff (ω)|
dω

(9)

Δν0 =
1

4π

vghvnspαtotαm

P0

[
1 + r1

|reff (ω)|
1−|reff (ω)|2

1−r21

]
(
1 + α2

H

)
(10)

The effective mirror term reff (ω) can be separated
into effective amplitude and phase parts as reff (ω) =
|reff (ω)| exp(−jϕ(ω)). The real part, amplitude factor r0(ω),
represents the field feedback from the extended passive sec-
tion to the gain section; τ0 =

2ngLa

c is the photon round-trip
time in the active section. In Equation (7), Δν0 represents the
Schawlow-Townes linewidth of a solitary Fabry-Perot diode
laser with mirror reflectivities r1 and |reff (ω)|. As output power
P0 from the laser is collected on the low reflective side (r1), the
equation for Δν0 is given by (10) where vgis the group effective
index, h is the Planck constant, ν is the lasing frequency, nsp
is the spontaneous emission factor, αtot = αi + αmis the total
loss, αm = − 1

La
ln(r1|reff (ω)|) is the mirror loss and αi is the

internal loss of the active section.
Let us discuss the physical meanings of these factors and equa-

tions to obtain some intuitive understanding of the mechanisms
for linewidth narrowing phenomena involved.

First, the factor A reflects the increase in roundtrip accumu-
lated phase – equivalent to the effective cavity length enhance-
ment mainly provided by the ring resonances in our case. An
increase in the factor A means the passive length of the laser
cavity becomes longer, hence the total volume occupied by
photon in the laser cavity is effectively enlarged. In contrast,
the carrier occupied volume i.e., the volume of active layer
(typically quantum wells or quantum dots, is unchanged. The
ratio between the total carrier volume to the total photon volume
is defined as confinement factor parameter. By enlarging the



1500514 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 26, NO. 2, MARCH/APRIL 2020

Fig. 5. (a) Illustration of the role of factor A in lowering laser confine-
ment factor in longitudinal orientation (b) Lowering the confinement factor on
transversal orientation (c-d) Illustrative explanation of the detuned loading (or
optical negative feedback) effect provided by a dispersive mirror.

total photon volume via an increase in A using extended cavity,
we basically lower the net confinement factor by reducing the
confinement factor in the longitudinal direction (length along
the cavity), as illustrated in Fig. 5a. One should note the term
“volume” in this context refers to the optical mode volume – not
the physically occupied by the said layers. Since spontaneous
emission events only happen within the carrier occupied volume,
lower confinement factor results in lower rate of a spontaneous
emission coupling into the lasing mode, hence, lower noise.
That is the so-called noise dilution mechanism for lowering
the linewidth, here achieved by leveraging the magnitude of the
factor A.

It is worth noting that another design strategy is to lower
the net confinement factor in transversal orientation, as illus-
trated in Fig. 5b. By lowering the physical volume of active
layer (e.g., number of quantum-well layers) and/or lowering the
optical mode confinement of the active layer to the transversal
mode, one can effectively reduce the net confinement factor.
In the Si/III-V heterogeneous waveguide system, lowering the
confinement factor comes with the benefit of lower internal loss,
as loss in silicon is typically much lower than III-V claddings.
This allows for a high-Q cavity in a seemingly solitary laser con-
figuration. Good results using this high coherent laser concept
have been demonstrated by Santis et al. [31], [32].

On the other hand, the factor B represents the magnitude of
the optical negative feedback effect [30] (also known as detuned
loading [33]), that helps stabilize the laser frequency via the
phase-amplitude coupling of the lasing field – a unique phe-
nomenon in semiconductor lasers characterized by the linewidth
enhancement factorαH . As illustrated in Fig. 5c and d where the
mirror reflectivity is a resonant function of the optical frequency.
When the lasing frequency is at the marked point (i.e., the
positive slope side), an increase in laser frequency increases
the reflectivity, leads to the increase of the photon density in the
cavity, and hence decreases carrier density, which in turn causes
the frequency to decrease due to the carrier plasma effect. This

negative feedback loop helps stabilize the laser frequency, hence
lower the laser frequency noise. In contrast, if the lasing occurs
on the other side of the mirror resonant peak (i.e., negative slope
side), a positive feedback loop is formed with which frequency
noise is amplified and linewidth is broadened.

Since the strength of the negative feedback effect is dependent
on the strength of the coupling between carrier density and
optical frequency via the carrier plasma effect, factor B is pro-
portional to the linewidth enhancement factor αH [34], the very
factor that accounts for the broadening of the linewidth in solitary
lasers. In other words, the detuned loading effect diminishes
the role of factor αH in the frequency noise of an extended
cavity laser. This phenomenon makes integrated extended cavity
lasers almost reliance-free onαH ; that is a significant advantage
compared to solitary lasers in which the linewidth scales with
(1 + α2

H).
To end this section, we combine all equations from (7) to

(10) to derive the full form of the linewidth for extended cavity
laser in Equation (11) shown at the bottom of the next page. As
can be clearly seen, both nominator and denominator parts in
(11) contain α2

H term, signifying the meaning of the two afore-
mentioned physical processes involved in linewidth of extended
cavity lasers.

III. LASER DEMONSTRATIONS

In this section, we will present the details of our achievement
of the two generations of tunable lasers heterogeneously inte-
grated on silicon based on the multi-ring mirror architecture in
Fig. 1. The first-generation (Gen. 1) lasers, with kHz-level spec-
tral linewidth, were built upon the standard process-design-kit
for the heterogeneous Si/InP developed at UCSB. The second-
generation (Gen. 2) lasers with the inclusion of ultra-low loss
waveguides reached down to hundreds-Hz level linewidth. The
design parameters for the design and simulation of two laser
generations are listed in Table I. Detailed reasonings for these
design parameters is explained in the text that follows.

A. Generation 1: kHz Level Spectral Linewidth Lasers

For this first generation of tunable lasers, a rib waveguide
etched 231 nm out of 500 nm is used for the resonators. Thermal
oxide serves as the bottom buried oxide (BOX) while the top
cladding is deposited with PECVD oxide. Both cladding layers
are 1 μm thick to minimize substrate leakage and loss due to
the metal heaters, which are put on the top of the waveguide for
phase tuning.

The waveguide loss is measured to be to be 1.2 dB/cm and
1.0 dB/cm at 1550 nm for quasi single-mode waveguides with
widths of 650 nm and 800 nm. For the ring resonators, we
have chosen 650 nm as the waveguide width. Wider waveguides
will have less propagation loss, but lower power coupling into
the resonator for a given gap between the ring and the bus
waveguide. The ring radii of the Vernier rings are chosen to
be larger than 60 μm, for which bending loss can be neglected.

1) Gen.1 Laser Design and Fabrication: The configuration
of the laser (Fig. 6) follows the architecture described previously.
In this particular design, the front-side mirror formed by looping
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TABLE I
LIST OF LASER DESIGN PARAMETERS FOR TWO LASER GENERATIONS

Fig. 6. Schematic structure of a dual-ring mirror-based laser. The front-mirror
is a loop mirror formed with a bent-straight coupler. Gain section is an optical am-
plifier heterogeneous Si/III-V waveguide, bridged to the Si passive waveguides
via two Si/III-V tapers. The phase tuner is a microheater on the top cladding of
the Si waveguide. The back-mirror is a multiring mirror with two ring resonators
of radii R1 and R2 and 3-dB multimode interferometer (MMI) coupler. There
are also microheaters on the ring resonators for tuning the resonances.

the two ports of a bent-straight coupler has a designed∼40–50%
power reflectivity. The length of the laser gain section is 1 mm
and a MMI coupler was used to tap out 15% from the front side
to a photodiode for on-chip monitoring.

Design parameters necessary for laser analysis were listed in
Table I. The estimated values of the three parameters A, B, F
as functions of frequency detuning from the lasing wavelength
(1575 nm) are shown in Fig. 7a. Based on that, the Lorentzian
linewidth is then estimated using Equation 11. The calculation
result plotted in Fig. 7b shows that at ring resonance, the
linewidth is about 5 kHz. A slight detuning of the frequency
to the lower side reduces the linewidth down to the minimum
level of about 2 kHz.

Fig. 7. (a) Calculated values for coefficients A, B and F (a) estimated
Lorentzian linewidth as functions of frequency detuned from the dual-ring
mirror’s resonance frequency assuming an output power of 10 mW. Values of
parameters used for these calculations are listed in Table I.

The designed laser is then fabricated in a standard Si/InP het-
erogeneous process [35], [36]. Scanning electron microscopic
images of the dual-ring mirror after silicon etching, a photo of
the bonded wafer after InP substrate removal, and another SEM
image of the Si/III-V taper (details can be found in [27]) after
InP mesa etching are shown in Fig. 8a-c. A completed laser has
a footprint of about 2.7 × 0.3 mm2 as shown in Fig. 8d. The
angled facets of the lasers were mechanically polished to couple
to a lensed fiber.

2) Gen. 1 Laser Characterization: The laser was measured
on a temperature-controlled stage set at 20°C. The output light
is coupled into a 2.5 μm spot-size lensed fiber for characteriza-
tion of spectral properties such as wavelength tuning, spectral
linewidth and frequency noise. A Faraday based in-line optical
isolator with larger than 50 dB extinction ratio was used imme-
diately after the laser to eliminate any unintentional reflections
towards the laser.

The light-current-voltage (L-I-V) curve of the laser was mea-
sured by ramping up the injection current while both heaters on
the rings are off. The lasing wavelength is stable near 1565 nm
under these conditions. For each current value, the power applied
to phase section heater of the laser was tuned to maximize the
output power based on the tap signal received at the monitor
photodiode. This aligns the longitudinal mode of the laser with
the peak reflectivity formed by the Vernier rings, and results in
the smooth, kink-free L-I curve in Fig. 9. The output power was
measured using a broad-area photodetector. The plots shown in
Fig. 9 shows a threshold current of about 33 mA.

a) Gen. 1 laser wavelength tuning: We characterized the
laser wavelength tuning characteristics at a fixed injection cur-
rent of 120 mA (∼4x threshold current) to the gain section of
the laser. A coarse wavelength sweep was first performed to
acquire the lasing spectra across the tuning range, as shown in
Fig. 10. The spectra show stable single mode lasing across a
40 nm tuning range with side-mode suppression ratio (SMSR)
larger than 50 dB.

Next, a full two-dimensional sweep of the ring tuners is carried
out to achieve the tuning map for the laser. In our test procedure,

Δν =
1

4π

vghvnspαtotαm

P0

[
1 + r1

|reff (ω)|
1−|reff (ω)|2

1−r21

]
(
1 + α2

H

)

(
1 + αH

τ0

d ln|reff (ω)|
dω + 1

τ0

dϕeff

dω

)2 (11)
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Fig. 8. (a) An SEM image of the dual-ring mirror on silicon (b) The patterned SOI wafers with bonded InP materials after substrate removal (c) An SEM image
of the Si/III-V taper for the active-passive transition (d) Microscopic image of the fabricated laser. A photodiode at the end of a tap-out coupler is used to monitor
the output power from the laser and to assist the wavelength tuning.

Fig. 9. L-I-V curve of the dual-ring laser with lasing wavelength of 1565 nm.

the electrical power applied to the heaters on top of two ring
resonators are stepped by equal amounts. For each operation
point, the power applied to the phase heater is optimized to
achieve the maximum output power, and the resulting laser
wavelength is recorded. The procedure is automated using the
monitor photodiode as real-time feedback. A linear and smooth
tuning map was obtained as shown in Fig. 10.

The corresponding side-mode suppression ratio (SMSR) map
is plotted in Fig. 10. SMSRs on almost all of lasing points
are within the range 45∼55 dB. The variation on the SMSR
originates from how well the two ring spectra are aligned to
each other at the pre-determined heater setpoints in the test.
Some outlier operation points with very low SMSRs correspond
to multimode lasing that happens when the two ring spectra are
exactly misaligned, and two modes are simultaneously able to
lase. This is not a problem in the real operation of the laser, in
which the two rings would be tuned continuously to avoid such
situations. Multimode lasing is also more common at the edges
of the tuning range, which can be mitigated by increasing the
Vernier FSR beyond the targeted tuning range of the laser.

We took a closer look into the wavelength tuning character-
istics of our laser in two tuning schemes: Fine tuning scheme
is done using the heater on the phase section, and the coarse
tuning scheme is done using the heaters on ring resonators.

In Fig. 11a, the lasing wavelength is continuously red-shifted
when we ramped up the heater power to the phase section while
keeping heaters on rings fixed. The continuous tune ranges about
0.25 nm before the lasing mode hops to the adjacent longitudinal
mode on the blue side. The jump step is measured to be 66 pm,
which is the laser’s longitudinal mode spacing at the rings’
resonance. Furthermore, we can tune the ring resonators to
achieve coarse tunability by stepping across the ring’s individual
resonances (Fig. 11b). The step of 1.7 nm is exactly equal to
the FSR of ring resonator of 60 μm radius shown in Fig. 3.
The good match between these two key parameters means the
specifications (on the group index and the power coupling ratio
of the ring-bus couplers) of fabricated devices are close to the
designed values.

b) Gen. 1 laser frequency noise and Lorentzian linewidth:
All modeling and analysis on the laser linewidth reported here
is solely focused on the quantum noise limited Lorentzian
linewidth. An accurate measurement of the laser’s true
Lorentzian linewidth is of paramount importance if we want to
have relevant measured data to validate the theoretical analysis
above. Unfortunately, the measurement with the commonly used
delayed self-heterodyne method [37] suffers from the existence
of colored noises, e.g., flicker noise (1/f) inherent to semicon-
ductor devices, which significantly broadens the shape of the
beat note spectrum [38]. Furthermore, it is difficult to isolate
the test setup from electromagnetic interference, especially for
an unpackaged laser being tested in the lab environment. For
these reasons, we characterized the Lorentzian linewidth of
our laser by measuring its frequency noise spectrum, using a
commercial noise measurement system (OEWaves) [39]. The
intrinsic linewidth, or Lorentzian linewidth of the laser can
then be extracted by analyzing the frequency noise at higher
frequencies where the measurement is relatively free from tech-
nical noise from electronics, vibrations, and other environmental
factors.

Fig. 12a shows a typical one-sided power spectral density
of the laser frequency fluctuation as a function of frequency of
the fabricated laser, taken at 120 mA pump current and slightly
detuned from the peak resonance of 1576 nm wavelength. 1/f
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Fig. 10. (a) Course tuning spectra showing the tuning range (b) Two-dimensional wavelength tuning map of the dual-ring mirror laser. The color indicates the
lasing wavelength in unit of nm. (c) Side-mode suppression ratio (SMSR) of the corresponding wavelength tuning map. The color indicates the SMSR values in
dB scale.

Fig. 11. Mode hopping behavior in the tunable laser (a) Mode-hops between
two adjacent longitudinal modes by tuning the phase section (b) Mode-hops
between two ring’s modes by tuning one of the ring resonators.

(flicker) and 1/f2 (random walk) frequency noise are dominant
at the frequency range below 1 MHz. Also, some spikes corre-
sponding to current source electronic noise and FM radio noise
are also observed. A white noise floor of SF (f) = 65 Hz2/Hz
level starts to be seen at an offset frequency of 35 MHz. This
white noise level corresponds to a Schawlow-Townes linewidth
of πSF (f) = 2.1 kHz [40].

Fig. 12b plots the best linewidth measured when wavelength
was tuned across the tuning range at the same pump current level.
The linewidths are consistently about 2 kHz over the full span.
This is close to the linewidth estimated by our model (Fig. 7b).

c) Detuned loading (optical negative feedback) effect:
One property of our laser that is worth re-emphasizing here is
the fact that the lowest linewidth is achieved when the lasing
frequency is detuned to the low-frequency side of resonance,
as shown previously in Fig. 7. The highest output power is

obtained when the reflectivity on the back-mirror is maximized
by aligning the lasing frequency to the resonance peak of the ring
mirror. A direct implication of this is that the lowest linewidth
operation point does not correspond to the highest output power
operation point.

This detuned loading effect has been observed as shown in
Fig. 13. The output power from our laser is split to two ports,
one to a high resolution OSA (20 MHz resolution) and another to
the laser noise measurement system, so that the lasing frequency
and the frequency noise can be acquired simultaneously. At
a fixed pump current of 120 mA to the gain region, we first
tune the two ring resonators and the phase section to obtain the
maximum output power (assisted by the on-chip photodiode)
so that lasing is now occurring at the peak of the ring mirror’s
reflection resonance spectrum. We then start to change power to
the heater on the phase section to detune the lasing frequency
from the resonance peak. As we detune the lasing frequency to
the positive side (up to +1 GHz), the frequency noise of the
laser rapidly increased. In contrast, as we detune to the negative
side (down to −4 GHz), the frequency gradually decreases
to a certain point before starting to turn back. The frequency
noise spectra are plotted all together in Fig. 13a. The extracted
Lorentzian linewidths are plotted together with the output power
as a function of the detuned frequency in Fig. 13. The detune
frequency dependence of the measured Lorentzian linewidth
matches quite well with the theoretical curve (the dash-line
curve) that we calculated previously (Fig. 7b). At zero detuning,
the output power of the laser is maximized, and the linewidth
is about 4 kHz, about two times the minimum achievable
linewidth.
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Fig. 12. (a) Frequency noise spectrum of the fabricated dual-ring mirror laser measured at 120 mA. (b) Frequency noise spectrum in linear scale to clearly show
the white noise level (c) Best linewidth measured at wavelengths across the tuning range.

Fig. 13. (a) Frequency noise spectra of the dual-ring mirror laser when the lasing frequency is detuned away from resonance peak (b) Laser output power
and the extracted linewidth from frequency noise measurement as functions of the detuned frequency. The dash-line show the theoretical curve calculated from
Equation 11.

B. Generation 2: Hundreds Hz Level Spectral
Linewidth Lasers

In this section, we describe the realization of the second gen-
eration of the tunable lasers with intrinsic linewidth of hundreds
of Hz level, an order of magnitude improvement compared to
the first-generation lasers that we showed above. The key to this
linewidth level is the implementation of ultra-low loss silicon
waveguides and extended cavity length with high single-mode
selectivity from the use of novel multiple (>2) microresonator
based laser cavity designs [21, 22]. These waveguides are ex-
tremely shallow rib waveguides, with only 56 nm etched out of
the 500 nm of silicon. The waveguide geometry, fabrication and
its integration into the heterogeneous Si/III-V photonic platform
are detailed in our previous publication [22]. Here, we utilize the
ultra-low loss waveguides to realize ring resonator mirrors for
the lasers.

1) Gen. 2 Laser Designs: The structure of the laser mirror
using three large radius rings within a Sagnac loop is shown
in Fig. 14. The inclusion of three, and in some cases four,
rings in the laser mirror design provides significant freedom in
designing the performance parameters of the mirror, including
high reflectivity, narrow bandwidth, and very high sidemode
selectivity, e.g., 10 dB, over an ultra-wide wavelength tuning
range, e.g., 120 nm.

Fig. 14. Schematic of the triple-ring mirror based tunable laser. The front-
mirror is a tunable-mirror formed with an MZI tunable directional coupler.
The gain section is an optical amplifier heterogeneous Si/III-V waveguide,
connected to the Si passive waveguides via two Si/III-V tapers. The back-mirror
is a multiring mirror with three rings and a tunable coupler. 231 nm etch Si
waveguides are drawn in black while 56 nm etch Si waveguides are in blue.

Key components are listed below:
Front tunable-mirror (low reflective mirror): The front-side

loop mirror is formed by looping the two ports of a tunable
MZI directional coupler. Since the reflectivity is adjustable for
any wavelength, we can achieve the optimal reflectivity over the
whole ∼120 nm span. The rib Si waveguide is 231 nm etched
from the 500 nm thick Si layer.

An optical amplifier Si/III-V waveguide (gain section): We
keep the same design of the amplifier waveguides used pre-
viously but the length of this active element is made longer
(2.5 mm) than that of the first generation lasers to provide
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Fig. 15. (a) Schematic of the ring-bus coupler structure for simulation.
(b) Power cross coupling ratio as a function of the ring radius and the gap
between the ring and bus waveguide.

Fig. 16. Reflection spectrum of dual-ring mirror structure with large bend radii
(∼600 µm) shows low side mode suppression ratio. Plot (b) is the close-up of
(a) centered around 1550 nm.

Fig. 17. Schematic configuration of triple-ring mirror used for the tunable
lasers of Gen. 2.

Fig. 18. Reflection spectra of the triple-ring mirror (a) Broad wavelength
response (b) Close-in spectrum shows the sidemodes near the central reflection
resonance peak with SMSR >8 dB.

Fig. 19. Effective cavity length as a function of optical frequency offset from
the resonance peak of the laser with the triple-ring mirror.

Fig. 20. Calculated values for coefficients A, B and F and estimated Lorentzian
linewidth as functions of frequency detuned from the reflection peak resonance
for a laser output power of 10 mW. Values of parameters used for these
calculations are listed in Table I.

sufficient gain necessary for lasers with increased extended
cavity loss due to the longer and more complex cavity design.

Multiring mirrors: The back-side mirror of the laser is a
multiring mirror structure formed by a tunable coupler and three
ring resonators, cascaded in a loop in add-drop configurations.
The ring resonators are all 56 nm etched Si rib waveguides
(therefore sketched in different color from the rest in Fig. 14).
The designs of these multiring mirrors are the focus of the
sub-sections that follow.

a) Ring resonators: The geometry of the ultra-low loss
waveguides used for the ring resonators should be single mode
for good laser operation. Based on the results in [22], a wave-
guide width of 1.8 μm and 56 nm etch-depth rib was chosen.
With that geometry, the waveguide loss is about 0.16 dB/cm
across the C+L bands and minimum bend radius is about
600 μm.

The coupling to the ring resonators is implemented with the
simple configuration of a circular ring close to a straight bus
waveguide, as shown in Fig. 15a. The power cross coupling
ratio between the bus and the ring is simulated using the eigen-
mode expansion and CMT methods. A sweep of the two key
parameters, ring radius and gap, were carried out to obtain a
two-dimensional map shown in Fig. 15b. The map is convenient
to look up for appropriate pairs of parameter values for desired
coupling ratios.

b) Multiring mirrors: One immediate downside of the
ultra-low loss waveguides is their large bend radius, which is
almost 10x larger than that of the standard Si waveguides. The
large radius results in a small FSR of the ring and renders the
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Fig. 21. Microscopic images of a fabricated triple-ring mirror laser. Microscopic images of a fabricated triple-ring mirror laser. (i) SEM image of a transition
from 56 nm to 231 nm etched waveguides (ii) SEM image of a Si/III-V taper.

Fig. 22. (a) Current-voltage relation of the 2.5 mm long gain section (b) The
light-current curve of the triple-ring laser. The lasing wavelength (right axis)
was not constant across the current sweep due to thermal crosstalk.

dual-ring mirror incapable of providing sufficient side-mode-
suppression-ratio (SMSR) for stable single mode lasing. To
see this, Fig. 16 shows the simulated reflection spectrum of
a dual-ring mirror with ring radii of 599.97 and 600.86 μm,
and power coupling ratios all equal to 0.09. The spectrum is
very dense when looking at a wide wavelength span due to the
individual ring’s FSR. When zooming in as in Fig. 16b, it is
clear that there are many wavelengths for which the reflection
is of similar value. That is not sufficient for a single frequency
laser. However, the positives of the ultra-low loss waveguides
with their large bend radius are the extended cavity lengths with
low loss and narrow reflection bandwidth that they provide.

To take advantage of the ultra-low loss waveguides and long
cavity lengths, additional rings are added to the laser mirror
design [21]. A laser mirror with three ring resonators is illus-
trated in Fig. 17. The first ring radius is chosen to be close to the
minimum bend radius at which the loss is not increased from that
of straight waveguides, e.g., ∼600 um. The second ring radius is
typically chosen with a slightly larger radius, the value chosen
to provide a large wavelength separation between the designed
peak reflection (at 1550 nm) and the next reflection peak (one on
the short wavelength side and one on the long wavelength side),
which can also be called the superstructure period. In our case
this was chosen to provide 120 nm of tuning range. In order to
choose the radius of the third ring, and fourth (or higher number)
ring if desired, computational analysis is required, as described
in [22]. The proprietary simulation tool used for this analysis
calculates all of the key laser mirror parameters for variations
in the various ring radii, to provide the required laser mirror
performance and additionally providing sufficient tolerance to

small changes in each of the ring radii values that occur due to
process fluctuations.

For the following spectral analysis, we use the analytical
results for multiple ring mirrors described in Section II. Within
each mirror, the power cross coupling ratios at all the ring res-
onators are chosen to be the same value (κ2). The parameters for
the triple-ring mirror are listed in Table I. The spectral responses
of the triple-ring mirror are shown in Fig. 18, where a broad
reflection spectrum and a close-in spectrum are plotted. The
broad spectrum (Fig. 18a) shows a 114 nm superstructure period,
while the close-in spectrum (Fig. 18b) reveals how effectively
the third ring resonator helps suppress the sidemodes. In this
case, an SMSR larger than 8dB over the whole tuning span
is achieved, a substantial improvement from what is possible
with only two Vernier rings (as in Fig. 16b). Parameters can
be optimized for different tuning range, SMSR etc., based on
the desired application; silicon nitride triple-ring and quad ring
reflectors were previously demonstrated with SMSR >15 dB
over > 45 nm of tuning range [41].

Fig. 19. plots the laser’s effective cavity length calculated for
the case of the triple-ring mirror, which adds over 50 mm of
effective cavity length at resonance, which is much larger than
the physical length of the rings’ total circumference (∼10 mm).
This is an advantage of ring-resonators over Bragg gratings [42].

c) Laser linewidth: We applied the analysis in Section II
again for laser linewidth study. The list of parameters is shown
in Table I; most of these parameters are identical to what were
used in Section II with changes highlighted in bold.

The estimated values of A, B, and F and the modified
Schawlow-Townes linewidth as functions of the frequency de-
tuning from the resonance peak frequency are then calculated
with the output power assumed to be 10 mW. The predicted
linewidth is below 100 Hz.

2) Gen. 2 Laser Fabrication: The designed laser is then
fabricated in a modified version of the Si/III-V heterogeneous
process. Some modification was necessary, including a self-
aligned process for etching Si waveguides for zero-misalignment
in the transition between 56 nm and 231 nm etch-depths, and a
selective bonding process to preserve the ultra-low loss Si wave-
guide area throughout the entire process. The fabrication process
flow can be found in [35], [42]. Stitched microscopic images of
a completed device are shown in Fig. 21. Images of the self-
aligned transition between the two types of Si waveguides and
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Fig. 23. Tuning characteristic of the triple-ring mirror laser: (a) Coarse tuning spectra showing the tuning range of 110 nm (b) Two-dimensional wavelength
tuning map of the triple-ring mirror laser. The color indicates the lasing wavelength in units of nm. (c) Side-mode suppression ratio (SMSR) of the corresponding
wavelength tuning map, showing >40 dB on most of the operation points.

Si/III-V taper are also shown in the insets (i) and (ii). The facets
of the lasers were mechanically polished for fiber coupling.

3) Gen. 2 Laser Characterization: The lasers were charac-
terized with the same setup used for Gen. 1 in Section II. The
current-voltage curve of the lasers is shown in Fig. 22a, while
the current-output power curve for the triple-ring mirror laser
is shown in Fig. 22b. The right y-axis in Fig. 22b shows the
lasing wavelength at each current point. At each point the rings
and phase section were tuned to obtain the maximum power,
however, the lasing wavelength shifted quite a bit due to thermal
crosstalk between the active sections and the rings, resulting in
the non-smooth L-I curve. The laser’s threshold current was
about 100 mA. The max output power was only ∼3 mW, which
is ∼3.3 times lower than the values used for the linewidth
calculations in the previous section. This indicates that the total
cavity loss is higher than expected, possibly due to fabrication
imperfections in the III-V/Si taper, which was observed.

a) Gen. 2 laser wavelength tuning: We tested the laser
wavelength tuning at a fixed injection current of 300 mA (∼3×
threshold current) to the gain section of the laser. An initial
coarse wavelength sweep was done to acquire the lasing spectra
across the tuning range and followed by a two-dimensional
sweep of ring heaters to obtain the full tuning map for the laser. In
our test procedure, the electrical powers applied to the heaters on
top of the smaller radii resonators are stepped. For each operation
point, the power applied to the heaters on top of the third
ring, phase section and tunable couplers were tuned to achieve
the maximum output power indicated by the on-chip monitor

photodiode. Because of thermal crosstalk between elements, it
was necessary to run several tuning optimization cycles for each
operation point. The measurement was automated by a computer
program. The optimized lasing spectra at each operating point
was recorded and post-processed for our analysis.

Results for the triple-ring mirror laser are shown in Fig. 23.
The coarse tuning in Fig. 23a shows a 110 nm wide wavelength
tuning from 1490 nm to 1600 nm. This agrees with the de-
signed superstructure period of 114 nm. A linear and smooth
2D wavelength tuning map is achieved, as shown in Fig. 23b.
The corresponding SMSR map is shown in Fig. 23c. SMSRs on
almost all of lasing points are within the range 40 to 55 dB, even
at wavelengths far off from the gain spectrum peak (∼1550 nm).

b) Gen. 2 laser frequency noise and linewidth: We mea-
sured the laser frequency noise to find the Lorentzian linewidth.
The triple-ring mirror laser was measured with a Syca-
tus/Ogmentum phase noise measurement system [43], which has
20 MHz bandwidth, and the results are shown in Figure. 26. The
measurement was taken at 300 mA pump current and slightly
detuned from the peak resonance of 1545 nm wavelength.

Despite using all battery powered current sources isolated
from power lines, there is still significant contribution to the
measurement from other sources in the 10 kHz to 10 MHz range.
The frequency noise spectrum seems to have not fully reached
its white noise level within the 20 MHz measurement band-
width of the instrument. Therefore, we deem 70 Hz2/Hz as the
upper-bound of the laser’s white noise level. It is equivalent to
state that the Lorentzian linewidth of the fabricated triple-ring
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Fig. 24. (a) Frequency noise spectrum of the fabricated triple-ring mirror laser measured at 300 mA. (b) The same spectrum plotted with x-axis in linear scale
to zoom-in on the noise at high frequency range. An upper bound of 70 Hz2/Hz for the white noise level is drawn.

mirror is lower than 220 Hz [40]. This is a record low linewidth
for any fully integrated laser reported in literature so far.

IV. CONCLUSION

This paper described the design, fabrication and characteriza-
tion of narrow-linewidth lasers with wide wavelength tunability,
an important class of semiconductor lasers for systems such as
LIDAR, microwave photonics, and coherent communications.
The first-generation lasers using a dual-ring mirror in stan-
dard silicon rib waveguides with propagation loss ∼1.2 dB/cm
demonstrate 40 nm wavelength tuning range in C+L bands and
Lorentzian linewidth ∼2 kHz. We experimentally verified the
detuning loading (optical negative feedback) phenomenon in
the laser operation, showing the lowest linewidth is achieved
when the laser is red-detuned with respect to the peak reflection
wavelength.

The second-generation lasers with a triple-ring mirror us-
ing ultra-low loss silicon waveguides with loss ∼0.16 dB/cm
achieved record Lorentzian linewidth <220 Hz and an ultra-
wide tuning range of 110 nm across S+C+L bands. This
unprecedented performance shows the clear potential for hetero-
geneous silicon photonics to realize low cost and highly scalable
solution for many applications where the use of conventional
lasers is prohibitive due to performance, high cost or size.

Since the lasers, especially Gen. 2, contain many elements
from actives to passives and tapers, every improvement in those
individual components would help to enhance the laser perfor-
mances. Some future directions for improvement include:
� Optical amplifier (for the gain section of the lasers): The

gain epi design used in this thesis was a result of mul-
tiple iterations of epi optimization [35]. However, there
is still room for epi design optimization. For example,
increase the strain in the quantum well would potentially
help reduce the internal loss, which would benefit the
linewidth. Furthermore, using a properly designed GRIN-
SCHs [44] instead of abrupt SCHs as in the current lasers
would increase the current injection efficiency for higher
laser output power. For broad gain spectrum which is
preferred for the ultrawide tuning range as in Gen. 2 lasers,
variable-composition multi-quantum wells with different

bandgaps can be used to obtain ultrabroad gain spectra
[45], [46].

� Silicon waveguide loss: Since the propagation loss in
the ultralow silicon waveguides is still mostly limited
by scattering loss, improvement in waveguide line edge
and sidewall roughness would significantly bring the loss
down. Some highly effective methods have been known
from literature such as photoresist reflow [47], [48] and
oxidation smoothening [49], [50]. These techniques can be
applied in future work to reduce the scattering loss, which
could lead to significant improvement in the associated
laser linewidth.

� Ring-resonators tuning: The present lasers utilize the
thermo-refractive effect for wavelength tuning and to opti-
mize lasing operation. Although this tuning mechanism is
quite efficient due to the relatively high thermo-refractive
coefficient in silicon, the switching time is slow and the
thermal crosstalk between ring resonators does complicate
the operation of the lasers. To completely overcome this
issue, incorporation of other phase tuning mechanisms
into rings could be pursued, such as piezoelectrics as in
[51] and electro-optics as in [52]. Other areas of future
work include laser frequency stabilization through external
control circuits.
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