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ABSTRACT

Narrow linewidth lasers have many applications, such as higher order coherent communications, optical sensing, and metrology. While semi-
conductor lasers are typically unsuitable for such applications due to relatively low coherence, recent advances in heterogeneous integration
of III-V with silicon have shown that this is no longer true. In this tutorial, we discuss in-depth techniques that are used to drastically reduce
the linewidth of a laser. The heterogeneous silicon-III/V platform can fully utilize these techniques, and fully integrated lasers with Lorentzian

linewidth on the order of 100 Hz and tuning range of 120 nm are shown.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124254

I. INTRODUCTION

The primary advantage of silicon photonics is the extremely
mature silicon manufacturing ecosystem that is a result of decades
of CMOS development." By leveraging this, silicon photonics has
developed at a rapid rate, as much of the infrastructure was already
present in terms of wafer availability, process technology, and equip-
ment. While photonics cannot follow the exact same path as elec-
tronics since optical elements cannot be scaled the same way the
transistor has been miniaturized, it has found other ways to scale.
For example, the development of ring resonators has led to the
miniaturization of certain components such as modulators, lasers,
and filters.” " High fabrication yield and novel device designs have
also led to a scaling in complexity and functionality. Over the past
few decades, silicon photonics has matured from early concepts™®
to single device level demonstrations to large scale photonic inte-
grated circuits (PICs) containing thousands of photonic elements.
In addition, cheaper material costs and larger wafer sizes have pro-
pelled silicon photonics to be the leading candidate for large volume
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production. A typical silicon wafer is 300 mm in diameter, while the
largest ITI-V wafers tend to be 100 or 150 mm in diameter. Thus, over
the past decade, silicon photonics has established a firm foothold in
the data center market’ ~ and is also an active competitor in emerg-
ing applications such as spectroscopy, LiDAR, deep learning, and
quantum applications.'’ v

In addition to economic benefits, there are a number of perfor-
mance benefits when considering silicon photonics. One benefit is
from the silicon waveguide itself. The silicon on insulator (SOI) plat-
form is a high index contrast platform, with the refractive index dif-
ference between the core silicon waveguide and surrounding oxide
cladding approximately equal to 2. This high index contrast enables
low-loss bends in the waveguide on the order of several microme-
ters as well as extremely compact power splitters, multiplexers and
demultiplexers, grating couplers, and polarization diversity compo-
nents.'” *’ At the same time, high index contrast waveguides require
precise fabrication, as the waveguides become very sensitive to vari-
ation. For SOI wafers, the top device layer thickness is a crucial
parameter, and its uniformity has improved with larger wafer size.

4,111101-1
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Photolithography for 300 mm wafers is also state of the art, which
directly has implications in terms of waveguide loss and unifor-
mity.”*’ Global Foundries have reported waveguides in a 300 mm
platform to have half the variation in loss compared with 200 mm
wafers,”* while IMEC has seen similar improvements in waveguide
width and height variation by moving to 300 mm.”’ Meanwhile,
Intel has shown that tight process control in its 300 mm silicon fab
can accurately target the lasing wavelength across an entire wafer
to be on the order of 0.3 nm.” Finally, SOI wafers have very few
defects, which is also an advantage when considering waveguide
performance and yield.

Despite these advantages in passive photonic elements, silicon
faces some challenges when considering active photonic elements
such as lasers, modulators, and photodetectors. A purely silicon plat-
form has limited functionality and may not meet the demands of
multifunctional PICs. Silicon modulators operating based on car-
rier depletion are commonly used today””** but do not have the best
performance in terms of modulation bandwidth, phase efficiency, or
loss. Silicon can also be used as a photodetector at the commonly
used telecom wavelengths (1310 nm and 1550 nm), using a com-
bination of two photon absorption, defect absorption, and other
effects.”” > However, the material is still sub-bandgap at these wave-
lengths, meaning that they do not absorb as efficiently as III-V or
germanium detectors. While silicon-based detectors and modula-
tors are not optimal in terms of performance, they are still used due
to the high level of integration with the rest of the silicon photonic
platform. In other words, the manufacturing advantages of silicon
photonics outweigh the performance penalty for many applications.

However, there is no trade-off to be made when it comes to
lasers. Silicon is an indirect bandgap material and therefore com-
pletely unsuitable as an efficient gain medium for lasers. While ger-
manium lasers on silicon have been demonstrated, their efficiency is
not sufficient for most practical applications.”* Thus, III-V mate-
rials (InP, GaAs, etc.) with a direct bandgap provide the only real-
istic solution for the laser, but their integration on silicon is not
straightforward. Monolithic approaches are desired, and tremen-
dous progress has been made using quantum dots as gain materials,
but certain challenges still exist, such as the coupling of the light
from the quantum dot layer into the silicon waveguide layer.”” "’
The more commonly used approaches as of today are hybrid inte-
gration of silicon and III-V, where the III-V laser is flip-chip bonded
or otherwise assembled along with the silicon PIC, or heterogeneous

integration, in which an unprocessed III-V die is directly bonded
on top of the silicon waveguides." Both approaches gain the flex-
ibility of using the optimized III-V material for gain and active
components, and silicon waveguides for passives. The primary dif-
ferentiator between the two approaches is the potential for scal-
ability. Heterogeneous integration is compatible with 300 mm
wafer-level processing, as evidenced by Intel’s heterogeneous silicon
photonic process.”” On the other hand, each chip in hybrid inte-
gration must be individually assembled, often with stringent align-
ment tolerance. Thus, heterogeneous integration of III-V on silicon
is more suitable for mid to large volume applications. Another key
distinction between the two is the increased susceptibility to shock
and vibration for hybrid devices. This is particularly important in the
area of optical sensors, for which a heterogeneous approach would
be preferred.

From a performance standpoint, both hybrid and heteroge-
neous silicon/III-V lasers have several advantages compared with
monolithic ITI-V only platforms. For example, multiple die bonding
offers the ability to incorporate different gain materials or optimized
gain, modulator, and photodetector materials onto the same silicon
photonic PIC without significantly increased fabrication complex-
ity." ** Similarly, hybrid lasers with multiple gain chips coupled to
a single silicon PIC have been demonstrated.” In monolithic III-V
platforms, multiple regrowth steps are needed, which is costly and
decreases the yield. Heterogeneous integration captures the best out
of both worlds, as it provides significantly more flexibility compared
with a monolithic III-V approach, while retaining the scalability that
silicon photonics provides.

While multiple papers have been published on the heteroge-
neous silicon platform, the variety of materials that can be integrated
on it (Fig. 1), and the advantages it holds, 16-50 this tutorial will be
focused on one application, which is the low-noise, narrow linewidth
semiconductor laser. Traditionally, monolithic ITI-V semiconductor
lasers have not demonstrated the narrow linewidth, with the best
lasers in the tens of kilohertz, and most lasers in the megahertz range.
Low noise semiconductor lasers are useful in many areas such as
coherent communications, RF photonics, and coherent sensing. The
common requirements for the laser in these fields are low relative
intensity noise (RIN) and low frequency noise (linewidth).

To get into the single kilohertz range and below, fiber and
solid-state lasers are used.”' ™" Such lasers are bulky and very
expensive compared with semiconductor lasers. To bridge the gap,
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FIG. 1. The heterogeneous silicon platform has flexibility to incorporate Ill-V and otherwise incompatible materials onto 300 mm silicon wafers. Device performance can be

optimized without sacrificing the potential for scalability.
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FIG. 2. Summary of the general metrics for narrow linewidth lasers. Heteroge-
neously integrated lasers have the potential to match hybrid and external cavity
lasers in performance without an increase in size and cost.

external cavity lasers using semiconductor gain chips with long, low-
loss optical delays are used. These external cavities are comprised
of fibers or external crystalline whispering gallery resonators and
Fabry-Perot etalons.” °’ More recently, integrated external cavities
using the aforementioned hybrid integration to assemble multiple
semiconductor chips have been used to further reduce the cost and
size of such lasers.” °* Here, the superior passive performance of sil-
icon or silicon nitride waveguides has a direct benefit in reducing the
noise of the laser. In this work, heterogeneously integrated lasers are
shown to provide much of the same benefits in terms of linewidth
reduction, while maintaining cost and footprint similar to mono-
lithic III-V semiconductor lasers. These relevant metrics are given
in Fig. 2, and a number of results are highlighted in Fig. 3. State of
the art heterogeneous silicon/III-V lasers, some of which will be pre-
sented in this tutorial, have exceeded the best of the monolithic ITI-V
lasers in some aspects, such as laser linewidth and tuning range.
The outline of this tutorial is as follows: In Sec. II, we provide
a formal definition of laser phase noise and spectral linewidth as
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FIG. 3. Progress in Lorentzian linewidth of semiconductor lasers over the past
two decades. While monoalithic lasers have not improved beyond 50 kHz or so,
hybrid and heterogeneous silicon lasers have pushed Lorentzian linewidths to
subkilohertz levels in recent years.
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used in the context of this tutorial. We discuss techniques to accu-
rately characterize the linewidth of the laser. In Sec. I1I, we discuss
the fundamental techniques behind linewidth reduction in lasers.
We classify lasers as either solitary cavity lasers in which there is
only a single section or extended cavity lasers in which there is a
passive section longitudinally coupled to the gain section. We out-
line basic design methodology that can be used to achieve the nar-
row linewidth in each case. In Sec. IV, we provide some examples
of heterogeneous silicon/III-V lasers that have been optimized for
the narrow linewidth. We discuss distributed feedback (DFB) lasers,
narrowly tunable distributed Bragg reflector (DBR) lasers, as well as
widely tunable ring resonator-based lasers. The design methodolo-
gies covered in Sec. III are applied to each type of laser, and results
are shown. Finally, we identify areas in which further improvements
are needed in Sec. V. We investigate techniques at the system level
such as laser stabilization, as well as exploratory concepts that can
improve the laser at the device level.

Il. FREQUENCY NOISE AND SPECTRAL LINEWIDTH OF
SEMICONDUCTOR LASERS

This section provides readers with a brief summary on some
technical terms and measurement methods commonly used to char-
acterize and benchmark the laser noise and spectral purity. In
Sec. I A, we discuss the link between frequency noise characteris-
tics of the laser to its spectral line shape and linewidth. In Sec. II B,
we discuss measurement methods for precise laser noise/linewidth
characterization. Within the scope of this paper, lasers are single
frequency.

A. Basics of frequency noise and spectral line shape

Below the relaxation oscillation frequency, the frequency noise
spectrum of a free-running semiconductor diode laser typically fea-
tures two distinct frequency ranges with different characteristics.
At the lower frequency range, the noise spectrum is dominated by
various 1/f noises which decay with frequency following 1/f* with
a > 0, as shown in Fig. 4(a). Other kinds of “technical noises” that
originate from sources external to the laser could also meddle in the
low frequency range. At higher frequencies where the 1/f noises and
other technical noise die out, the white noise caused by the random
processes of spontaneous emission and carrier fluctuations becomes
dominant.

The laser optical field power spectral density, or laser “spec-
tral line shape,” can directly be found from the laser frequency noise
by integrating over the full range of Fourier frequency,””** as given
in Eq. (1), where vy is the laser’s center optical frequency, Sg(v) is
the optical power spectrum density (PSD) at optical frequency v, Eg
is the amplitude of optical field (assumed to be constant as ampli-
tude noise is neglected), and S,(f) is the frequency noise PSD at the
Fourier frequency f,

SE(v) :Eéfooocos[Zﬂ(v—vo)T]

oo sin®(7f)
xexp[—4f0 SN | (1)

Although not analytically solvable in general cases, it has been shown
that the typical spectral shape of a laser is dominantly determined
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FIG. 4. lllustrative frequency noise spectrum and line shape
of a single frequency laser: (a) typical frequency noise
power spectral density (PSD) of a laser, where 1/f* noises
[e.g., random walk frequency modulation (FM) noise and
flicker FM noise] dominate in the low frequency range and
quantum-limited white FM noise prevails in the high fre-
quency range. Both axes are drawn in logarithmic scale.
(b) The corresponding spectral line shape of the laser opti-
cal field shows Gaussian-like behavior near the peak and
Lorentzian-like behavior on the wings. Both axes are drawn

Gaussian-like
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(a) Fourier Frequency f (Hz) (b)

by the noise in the low frequency range, while the noise in the
high frequency range contributes to the wings (or tails).”” There-
fore, the laser spectral profile can be approximated as a combination
of Gaussian-like shape (contributed by the 1/f noise) near the cen-
ter of the line shape and Lorentzian-like shape (contributed by the
quantum-limited white noises) near the tails of the spectrum, as
illustrated in Fig. 4(b), or equivalently a Voight profile.”’

In the absence of 1/f noise, we can see that the spectrum of the
laser obtains a Lorentzian line shape by putting S,(f) = S5 (con-
stant) in Eq. (1). The linewidth of this Lorentzian spectrum, equal
to nsﬁ, sets the minimum achievable linewidth of the laser when
it is subjected solely to the white quantum-noise processes. Thus,
the “Lorentzian linewidth” is referred to as “fundamental linewidth,”
“intrinsic linewidth,” or “instantaneous linewidth.” It is also widely
called “Schawlow-Townes linewidth” as its theoretical formula was
first given by Schawlow and Townes in their famous paper.”

Due to the aforementioned reasons, the “integrated linewidth”—
defined as the full-width-half-maximum (FWHM) of the optical
field power spectral density profile—is primarily representative for
noise in the low frequency range only. This linewidth is impor-
tant in spectrometry, metrology, or sensing. On the other hand,
for high speed applications such as in data communications, the
laser noise characteristics at high frequencies is of more importance
because that noise region contributes mainly to phase-error variance
of coherent communication links.””® In such cases, the Lorentzian
linewidth is more applicable. The target subject discussed in this
tutorial is the Lorentzian linewidth. Electrical feedback and locking
techniques have been very effective in linewidth reduction at low fre-
quencies, but it is challenging for those techniques to be effective at
the high frequency range due to bandwidth limitations. Therefore, it
is necessary to obtain low intrinsic noise in free running lasers.

B. Laser frequency noise and linewidth
characterization

Since first introduced in 1980,"” the delayed self-heterodyne
interferometer (DSHI) is perhaps the most widely used among all

Laser under Test
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in linear scale.

Frequency v (Hz)

the laser spectral linewidth characterization methods, mainly due to
its simplicity. A schematic of the measurement setup is shown in
Fig. 5. Details of the measurement principle can be found in many
references elsewhere.”””” The profile of the heterodyned spectrum is
given in Eq. (2), where 7, is the delay time between the two arms of

the unbalanced Mach-Zehnder Interferometer (MZI),
Se(v) = Eg f cos[27(v — vo)T]
0

Xexp[—4[;wSv(f)Sirlz]E;TfT)sinz(ﬂfrd)df dr. (2)

Despite being widely used, the DSHI technique has some limita-
tions. First, the length of delay may be prohibitively long as it must
be larger than the coherence length of the laser. Second, it should
be noted that the heterodyned interferometer basically acts as a
sampling filter on the integrals of frequency noise due to the term
sin’(nifr,) inside the integrals in Eq. (2). This term also effectively
cuts off the frequency noise region below ~1/7,. Thus, the integrated
linewidth measured with the DSHI technique is influenced by the
choice of the delay length parameter.”' Third, due to the slow mea-
surement and large delay length, the measured spectrum is highly
susceptible to many technical noises from the surrounding environ-
ment. This might cause drifting of the spectra leading to distorted
profiles.”” One usually has to fit the tails of the measured spectrum
(atleast —20 dB down from the peak) to approximate the Lorentzian
linewidth of the laser since the central part near the peak of the
spectral line shape is masked by 1/f noise and technical noise in
the low frequency range. The limited signal to noise ratio makes it
challenging to achieve an accurate estimation.

A more advanced measurement technique to characterize the
linewidth is a direct frequency noise measurement using a frequency
discriminating scheme, as shown schematically in Fig. 6. Using a
frequency discriminator, such as an unbalanced MZI with sub-
coherent delay difference, the fluctuations of laser frequency is con-
verted to fluctuations of interferometer output amplitude recorded

FIG. 5. Delayed self-heterodyne setup (the AOM included)
or homodyne setup (the AOM excluded) to measure the
laser spectral line shape. Term definitions—PC: polarization
controller; AOM: acousto-optic modulator; PD: photodiode;
ESA: electrical signal analyzer.

ESA
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by a photodiode. The time-domain data from the photodiode can
then be processed to obtain the frequency (or phase) power spec-
tral density of the lasers. A control servo needs to be implemented
to control either the laser or the phase shifter to keep the bias point
at quadrature for maximal sensitivity. Although the system is more
complex, it allows one to observe the full noise characteristics of the
lasers.

Once one has the frequency noise spectrum of the lasers,
it is straight forward to accurately acquire the quantum limited
Lorentzian linewidth, as given by Eq. (3), where S is the single-sided
PSD of the white frequency noise,

AVLorentzian = 7'[83 (3)

It is, in principle, possible to construct the optical field PSD from the
frequency noise measurement using Eq. (1) and then calculate the
FWHM to determine the integrated linewidth of the laser. However,
to avoid that cumbersome procedure, an effective integrated (or also
integral) linewidth Avi,; can be approximated to be the Fourier fre-
quency at which the phase modulation index equals unity.”* In other
words, Aviy is found by solving Eq. (4), where S,(f) = S (f) is the
expression for the phase noise PSD,

[ et = [

I1l. PRINCIPLES OF QUANTUM NOISE REDUCTION IN
SEMICONDUCTOR LASERS

Quantum noise in semiconductor lasers originates from spon-
taneous emission via two processes. One (Av,) is a direct process in
which the phase fluctuation is directly caused by spontaneous emit-
ted photon fields adding to the lasing photon field. The other process
(Avy) is an indirect result of spontaneous emission: generation of
spontaneous emitted photons causes photon density fluctuation in
the cavity, causing the carrier density to change (through a stabiliz-
ing relaxation oscillation to restore the carrier-photon steady state),
which in turn leads to the change in the refractive index and results
in lasing frequency fluctuation.””’® Since the second process takes as
much time as oscillation relaxation needs, it only contributes to the
laser noise within the frequency range below the relaxation oscilla-
tion frequency. Combining both processes, the modified Schawlow-
Townes-Henry equation for the Lorentzian linewidth is obtained
and shown in the following equation:

Sv(f 1 rad’.

)
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FIG. 6. Laser frequency noise measurement using a
frequency discriminator which is an unbalanced Mach-
Zehnder interferometer as an example.”® The electrical

ESA servo is used to control either the phase-shifter or the
laser to maintain the quadrature biasing for optimal sen-
sitivity. Term definitions—PC: polarization controller; PD:
photodiode; ESA: electrical signal analyzer.

R R R

Av= —2 P g = —2(1+af). (5)
4nn,  4nnp 4mny
Av, Avy

In Eq. (5), ang (unitless) is the linewidth enhancement factor,
a material-dependent parameter that represents the relationship
between the imaginary and real parts of the refractive index. It has a
nonzero value in most semiconductor materials due to their non-
symmetrical gain spectra.” Ry (s71) is the spontaneous emission
rate coupling to the lasing mode, and #, is the total number of pho-
tons stored in the cavity. To make this equation better connected
with physical cavity design parameters, we rewrite this equation as
Eq. (6), where h is Planck’s constant, v is the laser frequency (Hz),
ng is the population inversion factor, P is the total emitted power
out of the cavity (W), and Q (Qg) is the loaded (external) quality fac-
tor of the laser cold cavity. The derivation is given in Subsection 2 of
the Appendix,

3

y = mhv s (1 + ocf,). (6)

PQ:Q

The intrinsic (internal) quality factor is the limitation of a given
cavity that is isolated from any variable loading due to mirrors or
resonator coupling. Thus, Qr is determined by the cavity’s inter-
nal loss, averaging over all the losses in active (a,) and passive (ay)
regions,

_ YA &) Vactive + (0p) Vpassive A
Q]lz(‘x) :< ) 4 <P>P . (7)

2mng Viotal 2mng

The external quality factor, on the other hand, accounts for the loss
due to the total power out-coupling ratio (¥%) (and excess loss due
to imperfect coupling schemes, which is neglected here) distributed
over the cavity length. In laser physics, this is commonly repre-
sented by the term mirror loss ay,, as expressed in the following
equation:

In(5) A awd
L 2mng -

Q' =

. 8
2mng ®)
Once the resonator is coupled to the outside world by a coupling
scheme, the loaded quality factor accounts for both loss mechanisms
in the cold cavity,

(o) + am)A

2mng

Q'=Q'+Q:' = ©9)

4, 111101-5


https://scitation.org/journal/app

Solitary cavity Solitary cavity

Active

B Possve

s "l

Active

Passives

Extended cavity

FIG. 7. lllustrative schematic of (a) a solitary cavity laser
structure and (b) an extended cavity laser structure.
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The strategy for designing the narrow linewidth laser becomes clear
from Egs. (6)-(9): increasing the quality factors Qs of the cold cav-
ity. As suggested by Eq. (7), a high intrinsic Q; calls for low internal
loss of the cavity. Dominant contributions to the internal loss in a
laser cavity can be distributed to absorption losses in the laser active
regions, and absorption and scattering loss in the passive sections.
As the absorption loss from the active region is unavoidable in the
gain material, cavity designing should focus on:

(1) reduction of the loss in the passive region and

(2) increase in the ratio between the optical mode volume in low
loss passive with respect to the mode volume in the active
region.

On the other hand, a low (distributed) mirror loss is required
for obtaining a high external Qg, as shown in Eq. (8). That comes
down to two design parameters:

(3) increase in cavity length and

(4) decrease in out-coupling ratio x*, although one should note
that a too low «* would hurt the differential efficiency of the
laser output power.

Next, we discuss the implementation of these four “recipes” to
achieve low noise performance in heterogeneously integrated lasers,
categorized into two types based on the structures of their cavity:
solitary cavity lasers [Fig. 7(a)] and extended cavity lasers [Fig. 7(b)].
In solitary cavity lasers, the active and passive regions share the same
longitudinal space; hence, at any point in the cavity the optical mode
always sees both active and passive media. Extended cavity lasers are
formed by coupling an additional passive section to a solitary section
with a negligible reflection at the interface between the two.

A. Solitary cavity low noise laser design

Si/III-V heterogeneous lasers differentiate themselves from
conventional semiconductor lasers by the silicon waveguide being
an integral part of the optical mode. Since the silicon layer is
undoped as the carriers only flow through the III-V layers, a low
optical loss in the silicon is achievable.”” Furthermore, by simply
lowering the physical volume of the active layer (e.g., a number of
quantum-well layers) and optimizing the geometry of the silicon
waveguides, it is possible to achieve a high confinement factor of the
optical mode in silicon. In other words, the first two noise reduction
strategies (1) and (2) are greatly suitable to be utilized in designing
low noise Si/III-V heterogeneous lasers. Specific examples of such
structures are provided in Sec. IV A.
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B. Extended (external) cavity low noise laser design

Extended cavity lasers bring in an additional low loss passive
structure, simultaneously gaining in linewidth reduction via recipes
(1) and (2). Having a cavity comprising both active and passive in the
longitudinal direction also means that the laser total cavity length
is extended—satisfying recipe (3). That ultimately increases both
internal Qs [via Eq. (7)] and external Qg [via Eq. (8)]. There are var-
ious types of extended passive cavities, e.g., single-frequency Bragg
gratings, sampled-gratings, and ring resonators, or a combination
of rings and gratings. They can involve coupling to another waveg-
uide such as an ultralow loss silicon nitride waveguide.“ In all cases,
the external cavity possesses a strong wavelength dispersion to pro-
vide sufficient mode filtering required for single mode lasing. This
dispersive property, interestingly, brings about another noise reduc-
tion effect beyond what was captured in Egs. (5)-(9)—the detuned
loading or optical negative feedback effect.

To see this in the most comprehensive way, we follow the for-
malism first carried out by Patzak et al. in Ref. 79, Kazarinov and
Henry in Ref. 80, and Vahala and Yariv in Ref. 81. Our extended
cavity lasers can be modeled as a three-section laser shown in
Fig. 8(a). Following the effective mirror model, the laser is simpli-
fied in Fig. 8(b). Here, the gain section (formed by the heteroge-
neous Si/III-V waveguide) and the front mirror can be lumped into
a single active section on the left-hand-side with the reflection coef-
ficient r;. The phase section and all waveguides used for routing are
lumped into the passive section, connecting to the ring mirror on
the right-hand-side. The reflection on the active-passive transition
is neglected in the analysis.

We can replace all the extended cavity parts of the laser by an
effective mirror with complex wavelength dependence represented
by .5(w). This substitution is valid since we are looking for steady-

state solutions in this analysis.”” The effective reflectivity is the

(b) 1 - rs'ff'(w) = t?mrrsr'tion(a-') ' t;as.\'wc(m) ‘r(w)

FIG. 8. Modeling of the diode laser with a resonant mirror as the extended cavity:
(a) block diagram representation of the laser sections and (b) equivalent cavity
with the effective mirror to model the extended cavity.
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r >
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product of transfer functions of all passive parts and the active-
passive transition, given by the following equation:

reff(w) = ttzrunsition(w) . t‘gas:ive(w) . r(a)). (10)

Here, tiransition(w) is simply an attenuation constant representing the
transmission loss at the active-passive transition. For a total length
L, accounted for all passive waveguide routing and phase section,
the transfer function for the passive waveguides is given by #passive(@)
= exp(—apLy — jBpLy), where a, and f3, are the waveguide electric
field propagation loss and the effective propagation constant in the
passive waveguides, respectively. The last term r(w) expresses the
frequency dependence of the extended cavity reflectivity. The effec-
tive mirror term r,(w) can be separated into effective amplitude and
phase parts as ro5(w) = |rep(w)]exp(=j@(w)). The real part, ampli-

tude factor ro(w), represents the field feedback from the extended
2n,L,

passive section to the gain section; 7o = is the photon round-
trip time in the active section. The linewidth of the extended cav-
ity laser can then be calculated by Eq. (11), where Avy represents
the Lorentzian linewidth of a solitary Fabry-Perot diode laser with
mirror reflectivities 71 and |rep(w)|,

1

5.
) an dln|rgfjc(w)| 1 doegy
=

70 dw To dw

Av = Ay (11)

As output power P from the laser is collected on the low reflective
side (r1), the equation for Avp is given by Eq. (12), where vg is the
group effective index, h is the Planck constant, v is the lasing fre-
quency, nsp is the spontaneous emission factor, awr = a; + ay is the
total loss, am = —i ln(rl‘reﬂ(w)‘) is the mirror loss, and «; is the
internal loss of the active section,

Avo = 1 VehVisy Otor O

1+a%). (12
4 " 17‘reff(w)|2 ( H)

In other words, due to the frequency dependence of the phase and
reflectivity of the extended cavity, the linewidth of the otherwise soli-
tary Fabry-Perot laser is reduced by a factor of F* = (1 + A + B)%,

where A(w) = d‘p“dﬂi'afw) and B(w) = %W.

It is clear that the factor A(w) reflects the increase in
roundtrip accumulated phase—equivalent to the effective cavity
length enhancement provided by the extended cavity. An increase
in the factor A basically means that the passive length of the laser
cavity becomes longer, and therefore the laser linewidth is narrowed
due to recipes (2) and (3).

The meaning of factor B(w) is more subtle and unique to a
semiconductor extended cavity laser. It represents the magnitude
of the optical negative feedback effect”’ (also known as detuned
loading”') that helps stabilize the laser frequency via the phase-
amplitude coupling of the lasing field—a phenomenon associated
with the linewidth enhancement factor ap, as illustrated in Fig. 9,
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 in the photon density in the cavity,
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FIG. 9. lllustrative explanation of the detuned loading (or optical negative feed-
back) effect provided by a dispersive mirror.

and hence decreases carrier density, which in turn causes the fre-
quency to decrease due to the carrier plasma effect. This negative
feedback loop helps stabilize the laser frequency and 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.

As the magnitude of the negative feedback effect depends on
the strength of the coupling between carrier density and optical
frequency via the carrier plasma effect, factor B is proportional to
the linewidth enhancement factor ay,”” the factor that accounts for
the broadening of the linewidth in solitary lasers in the first place.
In other words, the detuned loading effect introduced by the fre-
quency dispersion of the extended cavity diminishes the “linewidth
enhancement” role of factor ay in the frequency noise of the laser.
This phenomenon makes ay “harmless” or even “advantageous” for
the linewidth in extended cavity lasers, that is, a significant advan-
tage compared to solitary lasers in which the Lorentzian linewidth
scales with (1 + aIZ,I).

IV. HETEROGENEOUSLY INTEGRATED LASER
DEMONSTRATIONS FOR LOW NOISE

In this section, we provide some practical examples of hetero-
geneous silicon/III-V lasers that have been designed for the nar-
row linewidth. We first explore single wavelength lasers such as
DFB and DBR structures and then move onto widely tunable ring
resonator-based lasers.

A. DFB lasers

Due to its simplicity, DFB lasers arguably are the workhorse
of semiconductor lasers when considering practical applications. In
the heterogeneous silicon/III-V platform, the DFB gratings can be
defined in silicon, by either etching the surface of the waveguide
or creating sidewall corrugations, prior to bonding. This alleviates
the need for regrowth procedures commonly used for monolithic
III-V DFB lasers. As extensively discussed in Sec. III, the key to
reduce the linewidth in a DFB laser is increasing the cavity qual-
ity factors through a combination of lowering confinement factor in
the active quantum wells and decreasing waveguide loss. Compared
with doped III-V cladding and III-V waveguide layers typically
used in conventional all III-V lasers, the undoped silicon waveg-
uide can have much lower loss, enabling the heterogeneous silicon
DFB laser to have a higher cold cavity quality factor. A simulation of
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FIG. 10. (a) Epitaxial stack of IIl-V on top of 500 nm thick silicon used in the devices in this paper and the indices of the associated layers. Further details on the composition
of the epi are provided in Ref. 82. (b) The waveguide width and rib height provide control over optical confinement in silicon and III-V, including the multiple quantum well
(MQW) regions. Here, the contour lines are plotted for every 5% change in confinement in silicon and 1% change in the MQW. The total confinement in Il-V can be assumed
to be one minus the silicon confinement. (c) The modal profiles for a waveguide with 270 nm rib height and two widths used in the DFBs. The increase in silicon confinement

with larger width is apparent.

confinement factors in silicon and quantum well regions is given in
Fig. 10 for varying silicon rib geometries.

Two examples of simply designed quarter-wave phase shifted
DEFB lasers are shown in Fig. 11. Here, the III-V gain material was
directly bonded on the surface gratings on silicon waveguides to real-
ize the laser cavity. The silicon waveguides are a standard 500 nm
thick with 231 nm etch depth and a propagation loss of 1 dB/cm.
On the first laser, the Si waveguide is 750 nm wide, correspond-
ing to 31% confinement in Si and 68% in InP. The frequency noise
measurement is plotted in Fig. 11(c), showing 1/f* noise up to the
100 kHz frequency range, and a white noise level of 30 kHz*/Hz

100 mm |

dominating beyond that. The corresponding Lorentzian linewidth
is extracted to be ~94 kHz. On the second one, the Si waveguide
width is increased to 1.2 ym, corresponding to 57% confinement
in Si and 43% in InP. Although the laser’s pure frequency noise
spectrum was obstructed by a lot of technical noises that we later
confirmed to come from our measurement setup, it is still quite clear
that the white noise level is about 19 kHz?/Hz, resulting in a 60 kHz
Lorentzian linewidth.

To further reduce the confinement factor in the high loss
III-V, it is possible to introduce a spacer layer between the silicon
and I1I-V, as illustrated in Fig. 12. The thickness of this layer, usually

.
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— FIG. 11. (a) An atomic force microscope image of surface
Bragg gratings on the Si waveguides that were defined prior
to I1-V/Si bonding in the heterogeneous DFB laser. (b) A
microscope image of the completed device of 650 um cav-
ity length. (c) Single-sided frequency noise PSD of the laser
with the 750 nm wide Si waveguide, showing a white noise
level of 30 kHz?/Hz corresponding to 94 kHz Lorentzian
linewidth. (d) Single-sided frequency noise PSD of the laser
with the 1.2 um wide Si waveguide, showing a white noise
level of 19 kHz?/Hz corresponding to 60 kHz Lorentzian
linewidth. The peaks in the frequency noise spectrum are
likely due to the use of an unshielded probe card.
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silica, can be precisely controlled. In Refs. 83 and 84, Santis et al.
have used a 150 nm spacer layer combined with a high-Q resonator
(~10°) on shallow etch silicon waveguides to form a laser cavity with
quantum well confinement as low as 0.2% to significantly reduce the
linewidth. The measured linewidths are as low as 1.1 kHz, with pre-
dicted values nearing 500 Hz. By nature of the high-Q cavity, these
lasers have also been shown to be resilient to unintentional optical
feedback,” making them intriguing candidates for coherent com-
munications.”® However, the cavity length limited to only 1 mm with
the high Q design made it difficult to achieve high optical power
from these devices (~1 mW) due to a low differential quantum effi-
ciency. Increasing the length of the lasers should allow for improve-
ment. To completely break this trade-off, external cavity designs are
considered in Sec. IV B, which can simultaneously achieve narrow
linewidth and high output power.

B. Extended DBR lasers

Heterogeneous silicon/III-V lasers allow for separate optimiza-
tion of the active and passive sections of the laser and are therefore
an excellent platform to realize low-noise DBRs. Traditionally, DBR
lasers incorporate relatively short mirrors with fairly high kappa, in
order to keep the overall cavity length of the laser short. The DBR
often makes up the back mirror and is designed to be near 100%
reflectivity. This does not contribute much to linewidth reduction,
as shown in previously published works.” * Instead, the design
mentality for a low-noise DBR laser should mimic that of ultralow

Oxide Spacer = 100nm

o —

(b)

Oxide Spacer = Onm

FIG. 12. (a) The addition of a spacer can also be used to
further decrease silicon confinement while maintaining the
hybrid silicon/lll-V mode. Here, a planarized oxide spacer
layer between the silicon and llI-V is varied. The etch depth
of silicon is assumed to be 60 nm, leaving a 440 nm tall
rib waveguide. (b) The mode profile clearly shows a further
increase in silicon confinement.

noise fiber Bragg grating lasers, in which the grating accounts for
the majority of the cavity length and serves as the front mirror of
the laser.”””" These lasers, termed extended DBRs (E-DBRs), utilize
a very long grating to simultaneously enable the narrow linewidth,
while preserving stable, single mode behavior.

The elements needed to design a Bragg grating with long length
and narrow bandwidths are low waveguide loss and weak index per-
turbations, i.e., low k. For use in an E-DBR, the grating should be in
the weak-grating limit such that the sinc approximation is accurate.
In this regime, the effective length, reflectivity of the grating, and
grating bandwidth (null to null across the central lobe, not FWHM)
are given in Egs. (13)-(15), respectively.”’ Plots of these relevant
metrics are given in Fig. 13 for a range of waveguide loss and grating
lengths. From these plots, it is apparent that the overall strategy is to
reduce waveguide loss as much as possible and maintain low xL over
a long grating,

h
Ry = tanh®(«L) - e ", (14)
A 2
Mpw = (ﬂ—ng)\/xz +("1)’ (15)

When considering ultralow kappas over such long gratings,
the uniformity and repeatability of the grating definition must be

1
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FIG. 14. Low-kappa Bragg gratings can be achieved by
using an offset grating geometry where the offset (AL) in

the (a) sidewall or (b) surface etched grating controls the
strength of the grating. Alternatively, the slab of the waveg-

uide can be modulated (c), using the offset between the
grating and rib (AW) as the control mechanism for kappa.

(a) —aWI T :
- ©
1 L

emphasized. For traditional sidewall or surface etched gratings, K
is directly proportional to the perturbation in waveguide width or
height. As k approaches zero, these perturbations become so small
that the variance in fabrication will destroy the uniformity of the
grating. Therefore, an alternate technique should be used. One way
to reduce the kappa for a surface or sidewall grating without chang-
ing the perturbation strength is to misalign the perturbations on
each side of the waveguide. By tuning the misalignment from zero
to a half-period, the bandwidth of the grating can be precisely con-
trolled.”” However, this technique may add additional loss to the
waveguide over the long grating length, since the corrugations are
strong. A method to controllably reduce kappa of the grating with-
out adding significant waveguide loss is to modulate the cladding of
the waveguide.” ” In the case of the rib waveguide grating, peri-
odically etched holes in the slab region can be used to provide a
perturbation. For this design, « is inversely proportional to the dis-
tance between the hole and the rib waveguide and can be controlled
very precisely. Furthermore, the large separation between the holes
and the waveguide preserves the low waveguide loss, making this
grating an ideal design for low noise E-DBRs. Both types of gratings
are depicted in Fig. 14.

Gratings are not limited to just silicon and can be extended to
other waveguide platforms such as silicon nitride. Ultralow kappa
gratings have been demonstrated in silicon nitride with very high
performance. Compared to silicon, silicon nitride offers even lower
waveguide loss, as well as a longer grating period for a given Bragg
wavelength, due to its lower index. The longer grating period allows
for the gratings to be patterned without resorting to e-beam lithog-
raphy. For the gratings in Ref. 96, the gratings are defined in the
same step as the waveguide, reducing the fabrication complex-
ity and preserving alignment with the waveguide. For silicon, the
period of the first-order grating is often at the limit of conventional

40

=

w
o
Laser Power [dBm]
3

lithography without the use of immersion lithography. However,
the lower index for silicon nitride is a double-edged sword as a
lower group index also lower the passive to active ratio. There-
fore, the trade-offs should be carefully considered when designing a
grating.

One example of a low-noise heterogeneous silicon/III-V DBR
laser is shown below.”’ This laser makes use of the ultralow loss sil-
icon platform, which is tailored for heterogeneous integration with
I1I-V due to its matching silicon waveguide height (500 nm).” The
laser uses a 15 mm long uniform grating section with a propagation
loss of 0.16 dB/cm. The overall FWHM bandwidth of the grating is
only 2.9 GHz which is narrow enough to pick out a single longitudi-
nal cavity mode of the laser, with a reflectivity of approximately 40%.
The light-current-voltage (LIV) and frequency noise measurements
are shown in Fig. 15, showing a maximum output power of 37 mW
on the chip, a side mode suppression ratio (SMSR) of over 55 dB,
and a Lorentzian linewidth below 400 Hz.

While the E-DBR is simple to operate with only a gain section
and a phase tuner, there are several disadvantages to it. It is not
widely tunable, as the only real mechanism for wavelength tuning
is the bias current or stage temperature, neither of which is ideal.
The physical size of the laser is also long due to the length of the
grating. Spiral gratings greatly reduce the footprint of the laser and
also improve the uniformity of the grating as the DBR is more local-
ized on the wafer.”” Finally, DBR lasers are known to have mode
hops, which is usually caused by thermal induced detuning between
the Bragg wavelength and the cavity modes. This stems from the
active and passive sections having different dn/dT. In some cases,
the laser can enter a multimode state, a chaotic state, or even a
mode-locked state.”*”” For most practical applications, the bias cur-
rent is fixed and mode hops can be mitigated by active tuning of
the phase section using a monitor photodiode to maximize power,

FIG. 15. (a) LIV and spectra of the E-
DBR in Ref. 91. The laser consists of a
15 mm long extended Bragg grating. The
laser has a phase section that can be
actively tuned to avoid mode hops dur-
ing the LIV sweep. (b) The laser displays
a white noise level at 120 Hz2/Hz.
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FIG. 16. (a) Schematic of an add-drop ring resonator with
symmetric coupling ratios «, ring circumference Lpg, and
ring partial circumferences Ly, L. (b) Schematic of the dual-
ring mirror with coupling ratios «1, x, and circumferences
Lring1, Lring2 formed in loop with a coupler with coupling ratio
K¢ () Schematic reflection spectra of the dual-ring mirror
(black curve) where the Vernier FSR is much larger than
individual ring FSRs shown in red and blue dashed-lines.
(d) Schematic of the wavelength spectrum in a dual-ring
resonator laser showing longitudinal modes enveloped by
Vernier modes. The close-in longitudinal mode SMSR and
Vernier SMSR are illustrated.
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which generally corresponds to a stable, single mode regime of
operation.

C. Ring-resonator based widely tunable lasers

The ring resonator is a device that has been intensely studied
as a wavelength filter in silicon photonics. The high-index contrast
allows for extremely tight bend radii and very compact footprint.
However, when designing ring resonators for tunable lasers, larger
rings are considered, as the Vernier architecture is often used in con-
junction with rings to enhance the tuning range of the laser. For a
typical tuning range spanning 40 nm, a single ring would need to
have a radius on the order of 1 ym to have a large enough free spec-
tral range (FSR) [as shown in Eq. (16), where n is the group index, A
is the wavelength, and Lyingn is the circumference of the ring]. If two
rings are used as shown in Fig. 16, the tuning range can be extended
significantly by the expression of Vernier FSR in Eq. (17),

—0.2dB/em ~—1dB/ecm 5 dB/cm - k2 =0.1

16 20

0

- ¥ -

- k=02
1 dB/cm

A’Z
FSRy, = ; (16)
ng - Ln’ngm
FSR; - FSR,
ESRvVernier = ————. 17
Vernier ‘FSRl — FSR2| ( )

One of the widely used Vernier structures is the multiring mirror,
where add-drop configured ring resonators in Fig. 16(a) are cas-
caded in series within a loop mirror formed witha 2 x 2 or 1 x 2
coupler in Fig. 16(b). The optical spectrum of the dual-ring Vernier
mirror is overlaid with the individual ring spectra in Fig. 16(c),
showing the difference between the Vernier FSR vs individual ring
FSR. Once operating as laser’s extended cavity, the determination
and stability of the lasing mode is influenced by both Vernier mode
side mode suppression ratio (SMSR) and longitudinal close-in mode
SMSR, as depicted in Fig. 16(d). High SMSRs are crucial for stable
single frequency operation of the lasers.

Kk2=05
. 20

FIG. 17. (a) Trade-off between the reflec-
tion resonance bandwidth (HWHM) vs

v
o

the longitudinal mode spacing and the
total ring resonator insertion loss. (b)
Trade-off between wavelength tuning
range (determined by the Vernier FSR of
the ring-resonator mirror) and the SMSR
of the optical modes at 3 values of
coupling ratio and waveguide loss of 1
dB/cm.
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FIG. 18. Laser linewidth as a function of wavelength loss at varying power coupling
ratio kappa for a dual-ring Vernier laser.

In addition to being easily tunable, ring resonators have the
added benefit of enhanced optical length at resonance. Unlike grat-
ings, the effective length through a ring resonator exceeds the
physical length, which means that the footprint needed to achieve
a similar effective length is greatly reduced. The effective length
through a resonator is maximized at resonance, as given in Eq. (18),
although it has been pointed out in Sec. III that the resonance may
not be the optimal point of operation in terms of linewidth due to
the detuned loading effect,

2
+ =% )Ln‘ng.

L,
L=
& ( Lring Kz

(18)

When designing a laser with rings as the external cavity, there is a
trade-off between insertion loss and bandwidth of the filter. Having

too low of a kappa means that too much power is lost as the light cir-
culates through the ring, while having too high of a kappa means that
the ability for the filter to select a single cavity mode is threatened.
This trade-off is shown in Fig. 17 for several values of waveguide
loss.

For a typical dual-ring Vernier laser, the achievable linewidth
is shown in Fig. 18. The linewidth is a strong function of the waveg-
uide loss and coupling constant, as expected. For typical waveguide
loss of 1 dB/cm and reasonable power coupling of 10%-20% into the
ring (in order to avoid excessive insertion loss through the filter), the
achievable linewidth is already below 10 kHz. We provide an exam-
ple of a two-ring Vernier tunable laser in Fig. 19. The laser has over
40 nm of tuning, over 10 mW of output power, and a Lorentzian
linewidth of 3.5 kHz.'"’

One property of our laser that is worth re-emphasizing here is
the fact that the lowest linewidth is achieved when the lasing fre-
quency is detuned to the low-frequency side of resonance. The high-
est 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. 20. The lasing frequency and the frequency noise were mon-
itored 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 occurs at the peak of the ring mir-
ror’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
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FIG. 19. (a) Coarse tuning spectra show-
ing the tuning range of ~40 nm for the
dual-ring Vernier laser. (b) L-I-V curve
of the laser with a lasing wavelength of
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FIG. 20. Laser output power and the extracted linewidth from frequency noise
measurement as functions of the detuned frequency. The dashed-line shows the
theoretical curve calculated from Eq. (11). (Inset) Frequency noise spectra of the
laser when detuning.

(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 the inset of Fig. 20. The extracted Lorentzian
linewidths are plotted together with the output power as a function
of the detuned frequency. The detune frequency dependence of the
measured Lorentzian linewidth matches quite well with the theoret-
ical curve (the dashed-line curve) that we calculated previously. 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.

In order to push the performance even further to subkilohertz
levels for the two-ring Vernier laser, both waveguide loss and kappa
must be further reduced. However, reducing kappa will come at the

MPD

-

—

cost of increased insertion loss (at a certain waveguide loss) through
the filter, as shown in Fig. 18. In silicon waveguides at commu-
nication wavelengths, it also comes with increased nonlinear loss
induced by two photon absorption and free carrier absorption in
the high finesse (low kappa) ring resonators. Therefore, an alter-
native solution is to increase the number of rings in the filter in
order to increase the overall Q of the cavity without lowering kappa
too much. Three ring lasers have been previously demonstrated
to have linewidth as low as 290 Hz.”” As an example, we demon-
strate the realization of low noise tunable laser with the ultrawide
tuning range utilizing 4 ring resonators, as schematically shown in
Fig. 21(a). The waveguide cross section in the ring mirror is based
on the ultralow loss heterogeneous silicon platform and is detailed
in Ref. 78. The propagation loss in silicon waveguides for these ring
resonators was measured to be ~0.18 dB/cm. As shown in Figs. 21(b)
and 21(c), a higher (>16 dB) SMSR over the whole Vernier FSR range
can be achieved even with relatively high power coupling ratios (x*
= 0.16). With that design, the calculated FSR is about ~123 nm and
the laser’s effective cavity length was calculated to be >50 mm at
resonance [Fig. 19(a)], which would provide a highly coherent laser
field.

The estimated values of A, B, and F and the Lorentzian
linewidth as functions of the frequency detuning from the resonance
peak frequency are then calculated with the output power assumed
to be 2 mW. The achievable linewidths are expected to be hundreds
of Hertz, as shown in Fig. 22.

Experimental results for the fabricated quad-ring mirror laser
are shown in Fig. 23. Unfortunately, due to issues with electrical
contacts, the laser degraded over time, and the laser power was
dropped by 10-15 dB. Despite all of those problems, the coarse
tuning in Fig. 23 still shows a 120 nm wide wavelength tuning
from 1484 nm to 1604 nm, which is close to the designed 123 nm
Vernier FSR. The dip around the 1590 nm wavelength only appeared
after laser degraded, so it is related to the degradation mecha-
nism which is still under investigation. The 2D wavelength and
corresponding SMSR map are also shown. The tuning map is a

FIG. 21. (a) Schematic of a quad-ring tunable laser. (b)

Broad range of a reflection spectrum of the quad-ring mirror
shows the wavelength response across two Vernier FSRs.
(c) Close-in spectrum shows the sidemodes near the central
reflection resonance peak with SMSR >16 dB.
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estimated Lorentzian linewidth as functions of frequency detuned from the reflection peak resonance for a laser output power of 2 mW.

bit erratic, partially from the additional difficulty of having one
more sensitive ring that needed to be tuned and the thermal cross
talk between tuning elements. A more advanced tuning mecha-
nism might be helpful in improving the wavelength tuning perfor-
mance of the laser. For example, using photoconductive heaters or
in-ring detectors could provide better control."’""'"* Care must be
taken not to increase waveguide loss, or the laser performance will
suffer.

The frequency noise of the quad-ring mirror laser was tested
at 1565 nm wavelength and an output power of about 2 mW.
The single-sided spectrum of laser frequency noise power spectral

density is shown in Fig. 24. The spectrum was somewhat hindered
by the spikes at 18 MHz and harmonics, which are the frequency
fringes corresponding to the free spectral range of the fiber MZI used
in the measurement system. However, it is possible to observe the
laser’s true noise behavior outside the spike areas. We could see that
the laser frequency noise is still dominated by 1/f noise and various
external technical noises due to the nonideal measurement environ-
ment up to the 35 MHz level. A white noise level of 45 Hz*/Hz starts
to be seen at about 60-80 MHz frequency range. That corresponds to
a Lorentzian linewidth of 140 Hz, which is in good agreement with
our calculation.
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V. FUTURE RESEARCH

A. Integrated linewidth reduction and laser
stabilization

The designs presented in this work have substantially reduced
the quantum limited white noise caused by the spontaneous emis-
sion in semiconductor lasers. Thanks to the low intrinsic linewidth,
the frequency noise at frequencies of 100 MHz and above is
extremely low. However, as revealed by the frequency noise mea-
surement at the lower frequency range, the lasers are suffering from
a very large 1/f, aside from other measurement setup related tech-
nical noises. As a result, our calculated integrated linewidth is still
relatively high—about 40 kHz for the dual-ring tunable laser (whose
Lorentzian linewidth is ~3.5 kHz), as shown in Fig. 25. This is not
ideal for many applications that work at relatively low speed or
integrate over a relatively long-time frame such as sensing or spec-
troscopy. To suppress the laser noise in the low frequency range
and achieve a low narrow integrated linewidth, optical locking the
laser to an external high-Q cavity using techniques such as PDH
method'” or negative feedback loop is effective. While the fre-
quency discriminator used in these techniques is typically off-chip,
there have been several demonstrations of using an on-chip version
in both silicon'”* and ITI-V'"” to achieve significant noise reduction.

Integral Phase (rad

10°  10* 105 10° 107 108
Frequency (Hz)
FIG. 25. Integral phase noise of the dual-ring tunable laser in Fig. 20 calculated

from the measured frequency noise spectrum. An integrated linewidth (defined in
Sec. I) of 40 kHz is extracted.
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FIG. 24. (a) Frequency noise spectrum
of the fabricated quad-ring mirror laser.
(b) The same spectrum plotted with
the x-axis in linear scale to zoom-in
on the noise at high frequency range.
The spikes at 18 MHz and harmonics
are from the measurement tool. A white
noise level of 45 Hz2/Hz is drawn.

Offset Frequency (Hz) <107

In general, a higher sensitivity frequency discriminator will pro-
vide greater noise reduction. For the laser in Fig. 25, an integrated
linewidth of 105 Hz (equivalent to ~400 times reduction from free-
running linewidth) was achieved by PDH locking to a high finesse
Fabry-Perot silica cavity.'”

In addition, the laser wavelength long term stability is also
important. The center wavelength of the laser is sensitive to many
environmental parameters and should be stabilized in practical
applications. While the details of this method are outside the scope
of this tutorial, the basic principle is to stabilize any frequency fluc-
tuations from the laser by locking to a well-known reference cavity.
An error signal which details how far the center lasing frequency
has drifted away from the reference frequency is fed back into a
component in the laser (commonly the phase section). Both laser
stabilization and locking have been demonstrated by using a high
finesse Fabry-Perot silica cavity and Rb-atomic vapor cell.'

B. Some exploratory directions for future
heterogeneous silicon photonic lasers

As discussed in Sec. I, the linewidth enhancement factor is
critical to the linewidth of a solitary laser, as the linewidth scales as
(1 + )% It has been shown that quantum dots have lower a, which
can even be equal to zero under optimum design.'”” Therefore, it is
natural to expect quantum dot based solitary lasers to have lower
linewidths than their quantum well counterparts. While a direct
comparison is hard to make, there have been a number of quan-
tum dot DFB lasers with less than 100 kHz linewidth.'"*'"” The same
principles of linewidth reduction in this work can be carried over
to a quantum dot based laser. However, the external cavity-based
design does not fully enjoy the benefits of a reduction in a. This is
largely due to the absence of detuned loading when the linewidth
enhancement factor is small. Nevertheless, even external cavity-
based lasers should see some improvement by a switch to quantum
dot gain material, as one may not always operate the laser at the
point of the narrowest linewidth (the highest power point could be
preferred).

A second path toward improved laser performance lies in the
choice of materials for the external cavity. While the majority of
the devices covered in this work utilized silicon as the waveguid-
ing material, there is room for improvement. Due to two-photon
absorption, silicon waveguides do not perform as well at higher pow-
ers. One solution could be reverse biased p-n junctions to extract
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the generated carriers as was done for low threshold Raman lasers.
Another solution could be larger silicon waveguides such as the
ultralow loss silicon waveguides’® or the multimicron silicon waveg-
uide platform.""” The lowest loss approach is to use silicon nitride,
which has losses that are as low as 0.13 dB/m in high confinement
waveguides''' and 0.045 dB/m in low confinement waveguides' "’
with Qs of 216 x 10° demonstrated on silicon substrates.'"”

Another vector of improvement lies in the wavelength tuning
mechanism of the ring resonator based lasers. While thermal tun-
ing is widely used for most devices today due to its negligible optical
loss, it has many drawbacks in terms of slow tuning speed, cross talk,
and generally high power consumption. Methods to reduce power
consumption include undercutting of silicon waveguides or use of
cladding materials with higher thermal conductivity such as silicon
nitride or aluminum nitride. Other exploratory directions involve
moving away from thermal tuning completely. Capacitive tuning
mechanisms such as MOS structures have been studied for over a
decade for use in modulators.''*'"” Recently, III-V on Si MOSCAP
structures have shown high tuning efficiency with relatively low
optical loss."' """ As wafer bonding technology is common to both
heterogeneous silicon/III-V lasers and these MOS phase tuners, they
can be combined to realize tunable lasers with essentially zero tun-
ing power consumption.3 Finally, one can envision using materials
such as lithium niobate for the Pockels effect, stress-optic effect, and
piezoelectric effect among others, although the integration of such
materials within a laser cavity has yet to be demonstrated.

VI. CONCLUSIONS

We have explained and demonstrated some key advantages
that heterogeneous integration of silicon with III-V materials pro-
vides for narrow linewidth lasers. Heterogeneous integration pro-
vides a balance of component optimization (low-loss waveguides)
with process scalability (300 mm fabrication), making it an excel-
lent platform for high-performance, narrow linewidth lasers. The
concept of laser linewidth is formally defined, and the test proce-
dures used to accurately measure laser linewidth are summarized.
Techniques for linewidth reduction using external cavity design and
detuned loading are discussed, and practical examples are given.
The overall methodologies described here apply not only to silicon
but other low-loss waveguiding platforms as well, such as silicon
nitride, tantalum oxide, or lithium niobate. Low noise heteroge-
neous silicon/III-V DFBs, DBRs, and tunable lasers are presented.
Lorentzian linewidths of the lasers are shown to be well below 1 kHz,
with the potential to be below 100 Hz even for the current designs.
Combined with laser locking techniques, these lasers show tremen-
dous potential for replacing discrete lasers that are commercially
used today.
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APPENDIX: NOISE ANALYSIS AND LASER LINEWIDTH
1. Noise analysis fundamentals

We provide a very brief review on the underlying signal pro-
cessing background, based on which clear definitions for all the
terms related to laser noise used in the tutorial are obtained. Like
any signal from an oscillator in real world, an electromagnetic wave
output from a laser takes the form of an imperfect sinusoidal signal

v(t) = Vo(1 + a(t))cos(wot + ¢(t)). (A1)

In this formula, the laser oscillation is described by the wyt term for
phase and V for amplitude, while the instantaneous phase noise
and amplitude noise are represented by ¢(t) and ay(t), respectively.
Alternatively, one can also represent the instantaneous frequency
noise term as in Eq. (A2), where the instantaneous frequency term is
the derivative of the phase, v(t) = ¢'(t),

v(t) = Vo(1+ oc(t))cos(wot+ 271/ v(T)dT). (A2)

As represented as the functions of t, these terms are all given in the
time domain. To unwrap the characteristics of the noise processes
contained in the signal, we usually need to analyze the signal in
the frequency domain, wherein the signal’s power spectrum density
(PSD) is obtained by a Fourier transformation on the autocorrela-
tion function of the time domain signal. The (double-sided) power
spectrum density of the phase and frequency noise are given by

SY(f) = F[R(7)] = [: ([: v(t)v(t+7)dt)e—jznfrdn (A3)

HOR :( [ (p(t)<p(t+r)dt)e-fz”ffdf. (A4)

Note that the double-sided PSDs spread on both negative and pos-
itive frequencies. However, since all the phase and frequency sig-
nals are real signals, their PSD are even functions. The negative-
frequency half-plane is therefore redundant. In practice, e.g., in
most spectrum analyzers, the spectrum is effectively folded into the
single-sided PSD function, as defined in the following equation:

280 (f) forf>0

0 forf <0 (43)

Sv(f) ={

As the derivation in the time domain would translate to jw multipli-
cation in the frequency domain, the PSDs of the frequency noise and
phase noise are related by the following equation:

1
P2
Here, the quantity unit of the frequency noise PSD S,(f) is HZz*/Hz,
while that of the phase noise PSD S, (f) is rad*/Hz.'

So(f) = ZS(f)- (A6)

2. Laser linewidth equation derivation

Following are brief derivations to lead us from Eq. (5) to (6).
Details of these derivations are found in Refs. 70 and 77. We first
expand the two terms in Eq. (5), the spontaneous emission rate
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coupling to the lasing mode Ry, and the total number of photons
stored in the cavity np,

w
Ry = TGungp = " (A7)
P Qe
=—=. A8
" w (A8)

In Eq. (A7), ng is the population inversion factor and typically on
the order of 1, IT'G,, is the modal gain which clamps at the modal loss
a = & when the laser lases. Here, Q is the cavity quality factor and w
is the laser’s angular frequency. Equation (A8) is quite obvious as the
cavity total stored power Pgsre and the emitted power P are related
by P = PstoreQmirror = Psmre% = nphv = nsp%. Now, Eq. (5) can be
transformed into Eq. (6) as

@

1 2hvng  ~hw’ng hv’ng
Av:iQPZ_(l+a§1):w M _ P (A9)
4o % 4nPQQEr  4mPQQE PQQE
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