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Abstract

Gallium Arsenide Lasers and Monolithic Integration on Silicon
by

Paul Austin Verrinder

The integration of active and passive optical components on-chip is critical for reduc-
ing size, weight and power, and realizing useful photonic integrated circuits (P1Cs). I1I-V
substrates allow for monolithic integration of actives and passives, since both can be re-
alized with the same material system. Indium phosphide (InP) PICs in particular have
reached the highest level of maturity, owing to their utility in fiber-connected communi-
cation systems. However the lower wavelength limit is around 1.2 pm and InP substrates
are costly. Silicon photonics (SiPh) has emerged in recent decades as the preferred PIC
platform for high volume applications. Thanks to its compatibility with standard com-
plimentary metal oxide semiconductor (CMOS) processing, SiPh can be manufactured
at very low cost, compared to InP. PICs on silicon (Si) have demonstrated extremely low
loss waveguides, and high performance passive devices. However, the lack of optical gain
on Si limits its utility. Heterogeneous integration approaches, such as wafer bonding or
die bonding, have sought to bridge this gap by incorporating InP gain blocks on SiPh to
take advantage of the best of both. Direct heteroepitaxial growth of I1I-V materials on
Si is the long-term goal and has the potential to create the most robust and cost effective
active-passive integration solution. This technology is, however, still relatively immature
compared to heterogeneous integration.

In the first part of this thesis, a monolithic active-passive integration platform on
gallium arsenide (GaAs) is proposed and demonstrated. This PIC platform extends the

wavelength of monolithic PICs down to 1030 nm. Fabry-Perot (FP) and widely tunable

1X



lasers were both demonstrated on this platform. FP laser performance is consistent with
state-of-the-art, demonstrating injection efficiency of 98%, and output power in excess of
240 mW for broad area lasers, with low threshold current density of 94 A/cm?. Tunable
lasers demonstrated greater than 20 nm of continuous wavelength tuning, with over 30
mW of output power. In the second part of this thesis, GaAs quantum dot (QD) lasers
are demonstrated on Si by direct metalorganic chemical vapor deposition (MOCVD)
heteroepitaxy. MOCVD growth is advantageous for high volume applications, and this
is the first demonstration of electrically pumped QD lasers grown entirely by MOCVD on
Si. Notable progress is also demonstrated towards realizing electrically pumped lasers on
patterned Si by MOCVD selective area heteroepitaxy (SAH). SAH lasers would enable
efficient coupling from III-V to Si and provide the clearest long-term path towards process

integration with SiPh.
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Chapter 1

Introduction

Photonic integrated circuits (PICs) have become increasingly commonplace for a wide va-
riety of applications across multiple fields. The original concept for PICs was envisioned
in 1969 [1] (then known as integrated optics), shortly before the first demonstration
of room temperature continuous wave (CW) lasing in a double heterostructure (DH)
laser in 1970 [2,3]. In the following decades, advances in semiconductor growth and
manufacturing techniques led to steady improvements in semiconductor lasers, and en-
abled other optical components such as amplifiers, detectors, passive waveguides, and
modulators to be integrated on-chip. The steady increase in integration density led to
increasingly complex PICs while still reducing cost and size, mirroring Moore’s law in
microelectronics [4H10]. Indeed Miller’s original prediction that by integrating multiple
optical components in a small form-factor ”economy should ultimately result” has proven
accurate [1].

In this work, the focus is specifically on gallium arsenide (GaAs) based lasers and
PICs and their integration with silicon photonics. The first section in this chapter pro-
vides background and motivation for the work, highlighting various applications for PIC
technology. Following this, a brief review of PICs in general is presented in section 1.2.
Section 1.3 provides an overview of GaAs based lasers and PICs, relevant to the work

that is carried out in this thesis and the final section contains an overview of the entire
1
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thesis.

1.1 Background and Motivation

One of the primary applications for PIC technology is high bandwidth optical commu-
nications |11,]12]. As a result, indium phosphide (InP) quickly became the most mature
monolithic, active-passive PIC platform since the bandgap wavelengths of InP-related
materials encompass the low loss window of optical fiber between 1.3 pm and 1.55 pm,
and its direct bandgap enables efficient light emission making InP suitable for lasers. Sig-
nificant efforts have been undertaken, with considerable success, to integrate InP lasers
with silicon photonics (SiPh) via hybrid and heterogeneous techniques to leverage the
advantages of high volume, low cost silicon (Si) manufacturing enabled by the com-
plimentary metal oxide semiconductor (CMOS) electronics industry [13-21]. Intel, for
example, is now mass producing heterogeneously integrated InP on silicon transceivers
and shipping millions of units per year [17,22]. In addition to InP, GaAs based lasers
are also widely used for optical communications. Vertical cavity surface emitting lasers
(VCSELs) on GaAs are commonly used for high speed optical interconnects near 850
nm [23], and GaAs based quantum dot lasers are employed for O-band communications
around 1.3 pm [24].

While optical communication remains one of the largest markets, the inherent ad-
vantages of integration, namely the reduction in cost, size, weight and power (CSWaP),
make PICs an ideal candidate for a wide variety of other applications. These include
biosensing [25], high-performance computing and deep learning [26-29], optical phased
arrays for beam steering [30431], light detection and ranging (lidar) [32,33] and 3D sens-
ing. In addition to the more consumer oriented applications for lidar, such as automotive

or even the 3D sensors that are now used in Apple’s iPhone, there is growing inter-
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est in deploying PIC-based lidar systems on satellites for gas sensing and topographical
mapping [32-35]. For space-based applications in particular, reduction of CSWaP is crit-
ical and enables previously bulky optical systems [36-39] to be integrated on-chip for
potential deployment on small satellites.

While many of the aforementioned applications can leverage the spectral range offered
by InP lasers, such as CO, gas sensing lidar which utilizes 1572 nm [32], others require
wavelengths outside this range. GaAs is an alternative to InP for developing a monolithic
PIC platform that has access to wavelengths near 1 pm by making use of indium gallium
arsenide (InGaAs) quantum wells (QWs) for the active region [35,40]. The development
of a tunable active-passive PIC platform on GaAs, specifically for lidar applications near
1030 nm, represents a significant portion of the work presented in this thesis.

In addition to monolithic PICs, GaAs is also a candidate for integration on silicon
thanks to the development of QD active regions which extend the wavelength of GaAs into
silicon’s transparency window and out to 1.3 pm. Although it is also worth mentioning
that with the use of silicon nitride (SiN) waveguides, the transparency window of silicon
photonics platforms in general can be greatly expanded. SiN is transparent all the way
down into the visible and near ultra-violet (UV) range whereas silicon is absorbing at
wavelengths shorter than ~1.1 pm [41]. Heterogeneous integration of GaAs lasers on
SiN platforms has been demonstrated with operation around 990 nm, which is below the
Si bandgap [42]. Many of the heterogeneous integration approaches that are commonly
used for InP lasers on Si could also be employed for GaAs lasers on Si. And indeed, there
are some potential advantages owing to the lower cost and larger size of GaAs wafers
compared to InP. However, the focus of the work presented later in this thesis is on
integration via direct growth, or heteroepitaxy. For this application, GaAs is generally

preferred over InP, as will be discussed in later sections.
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1.2 Brief Review of Photonic Integrated Circuits

In terms of photonic integration and total sales, InP and silicon are currently the two
dominant material platforms in the industry. Fig. 1.1 shows the total sales of optical
transceivers, projected out to 2028 and split up by material platform, from the recent
silicon photonics report released by LightCounting . InP and Si clearly dominate.
Lithium niobate (LiNbO3, LN) represents a small fraction and bulk LiNbOj is predicted
to be replaced by thin film LiNbOs (TFLN), which is often deposited on Si substrates
[44]. GaAs represents the remaining, relatively small fraction. A brief overview of these
platforms is presented in this section and further details regarding integration techniques

will be covered in chapter 2.

$25,000
m TFLN and other m LiNbO3 bulk
mInP all m GaAsall
$20,000 -+ m Silicon Photonics
—
g LIGHTCOUNTING
O 515,000
£
©
v 510,000 -
2
[
(7]
$5,000 -
S_ -
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Figure 1.1: Total sales of optical transceivers on different material platforms from
LightCounting Silicon Photonics Report .
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1.2.1 Indium Phosphide

Direct bandgap group III-V compound semiconductors, such as InP and GaAs, pro-
vide a suitable platform for monolithic PICs. Various quaternary alloys such as indium
gallium arsenide phosphide (InGaAsP) and indium aluminum gallium arsenide (InAl-
GaAs) have bandgap wavelengths in the 1.1-1.6 pm range and can be grown lattice
matched to InP [45,|46]. Fig. 1.2 shows a plot of energy bandgap (wavelength) versus
lattice constant for various compound semiconductors. The ability to tune both bandgap
(and thus emission wavelength) and refractive index with quaternay alloy composition
while still maintaining the lattice-matching condition, has led to a wide variety of both
active and passive components being monolithically integrated on InP substrates. These
include lasers, amplifiers, modulators, photodetectors, splitters, couplers, passive waveg-
uides, and others. The flexibility in component design, and the fact that the wavelength
range is compatible with the loss and dispersion minima of optical fiber, led to InP becom-
ing the material of choice for monolithic active-passive PICs. Indeed high performance
system-on-chip InP PICs have been demonstrated for a wide variety of applications from
high speed transmitters and receivers, to gas sensing lidar [5,32,/47].

With the maturation of PIC technology, foundries began to develop generic processes
for InP fabrication and release process design kits (PDKs) [4,9]. Making the foundry
process accessible via PDKs and multi-project wafer (MPW) runs significantly reduces
the barrier to entry for small companies and academics trying to prototype custom PIC
designs. This relative accessibility led to a much wider variety of application specific
PICs. Fig. 1.3 shows some of the common building blocks available in a generic open-
access InP platform (figure adapted from [4]).

In spite of the advances made over the past decades, there are still some drawbacks to

InP. One downside is cost: the wafers are significantly more expensive than Si and tend
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Figure 1.2: Energy bandgap vs. lattice constant for common compound semiconductors.

to be more costly than GaAs as well . The small wafer size, which is limited to 4” for
InP, also leads to higher overall manufacturing cost since fewer die can be placed on an
individual wafer. 300 mm is the industry standard for Si and GaAs can be grown on 6”
and even 8" wafers making both of these platforms more cost-effective when scaling to
high-volume. Additionally, the passive losses in InP based waveguides are higher than in
Si or SiN waveguides, and the relatively lower index contrast between core and cladding
limits the bending radius. InP waveguides are limited to a minimum bending radius of
greater than 10 pm for deeply etched ridges, while on SiPh platforms this can be as low
as 2.5 pm ,. Tighter waveguide bends lead to smaller overall device footprint which

makes Si preferable in terms of integration density, as well as cost.
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Figure 1.3: Common building blocks for open-access InP based PIC platforms. Figure
adapted from .

1.2.2 Silicon Photonics

Silicon photonics (SiPh) leverages the mature, high volume manufacturing processes
used for CMOS electronics. This enables mass production of SiPh chips on 300 mm
silicon on insulator (SOI) substrates at very low cost. SiN can also be used as a passive
waveguide material, is easily deposited on Si substrates, and is compatible with CMOS
processing. Both Si and SiN waveguides exhibit lower loss than either InP or GaAs
waveguides. Typical propagation loss in Si is around 0.1 dB/cm to 1 dB/cm and
for SiN waveguides this can be as low as 0.1 dB/m (0.001 dB/cm) [52,[53]. Addition-
ally, the high index contrast between Si or SiN and the surrounding oxide cladding leads
to tightly confined waveguide modes enabling very tight bend radii (as low as 2.5 pm),
which in turn leads to higher overall integration density. These low-loss and high con-
finement waveguides enable a variety of robust and compact passive components such as
multi-mode interference (MMI) couplers, grating couplers, ring resonators, loop mirrors,
and others. In addition to passive devices, some active components, such as doped Si
modulators and germanium (Ge) photodetectors are also supported on SiPh platforms.

There are multiple commercial foundries that offer PDKs and MPW runs, just as with

InP, making SiPh design and fabrication accessible to both academia and industry for
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research and other small-scale projects. AIM Photonics, for example, offers both active
and passive SiPh PIC platforms on 300 mm SOI [54]. Other companies with PDKs and
SiPh MPW runs include VTT which offers a thick SOI waveguide platform , and
GlobalFoundries [56]. Fig. 1.4 highlights some of the capabilities of AIM Photonics’ 300
mm SOI platform using the Analog Photonics APSUNY PDK [57].

64Gbps NRZ
300mm SOl Platform 100Gbps PAM4 Tx/Rx

Vel
Vel

WDM

25Gbaud PAM4

Figure 1.4: APSUNY 300 mm SOI PDK under AIM Photonics .

The major downside to SiPh of course, is that Si is an indirect bandgap semicon-
ductor making it unsuitable for light emission. As a result, significant efforts have been

undertaken to combine InP lasers and active devices with SiPh to take advantage of the

best of both.

1.2.3 1III-V Integration on Silicon

Various techniques have been proposed for integrating I1I-V gain material with Si to

take advantage of both the efficient light emitting properties of direct bandgap III-Vs
8
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and the low cost, high volume production of silicon. A brief overview of these techniques
is provided here and will be discussed in greater detail in chapter 2.

One approach is co-packaging, where the ITI-V laser and SiPh chips are fabricated
separately and then assembled in the same package. This technique avoids co-fabrication
of III-V and SiPh and so doesn’t sacrifice individual device performance. However, the
precise alignment requirements and high assembly and packaging costs severely limit
scalability. An alternative approach is to bond fully fabricated III-V devices to silicon
at the wafer level before dicing. This approach eliminates some of the packaging costs
associated with co-packaged optics since it is accomplished at wafer scale, but still requires
precise alignment of individual chips. Yet another approach is to bond entire I1I-V wafers
epi-side down to the SOI, remove the III-V substrate and then fabricate devices directly
on the SOI. This technique allows for lasers to be lithographically aligned to existing
devices on the SOI and fabricated at 300 mm wafer scale. Wafer bonding is the most
scalable of the aforementioned techniques, however, it results in significant material waste
as most of the III-V substrate is simply removed after bonding.

The final approach, and the one utilized in the latter portion of this thesis, is mono-
lithic integration via direct growth, or heteroepitaxy, of III-V gain material on Si. Het-
eroepitaxy has been the ultimate goal of III-V on Si integration for many years as it
would allow ITI-V growth at 300 mm scale, eliminates all excess packaging and assembly
costs associated with co-packaging and chiplet bonding, and eliminates the bonding step
and material waste associated with wafer bonding. However, achieving monolithically
grown [II-V material on Si with sufficiently low defect density has been, and remains, a
major hurdle to overcome. Quantum dot (QD) active regions are particularly attractive
for heteroepitaxy, as QDs are less sensitive to defects such as threading dislocations,
compared to their QW counterparts. InAs/GaAs QD lasers on silicon have been demon-

strated with low threshold current and good thermal performance [58,59]. However,
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growing high quality laser material on Si typically requires growth of a thick buffer layer
which serves to trap defects. This presents a challenge in terms of integration because
the laser epi layers are separated from the SiPh by a thick layer of highly defective mate-
rial making coupling difficult or impossible. One solution is to grow the III-V in a deep
trench, or recess, etched through the oxide layer and down to the Si substrate, which
places the buffer layer well below the SiPh device layers and allows for alignment of the
active waveguide with SiPh waveguides. Currently, many heteroepitaxially grown laser
results have been achieved using molecular beam epitaxy (MBE) grown device layers on a
metalorganic chemical vapor deposition (MOCVD) grown template. However, MOCVD
is generally preferred in the industry for high-volume production and it would be advan-
tageous to realize both the template and laser epitaxy with a single growth technique.
Additionally, selective area heteroepitaxy (SAH) can be realized by MOCVD for growing

in trenches [60,61].

1.3 Gallium Arsenide Lasers and Photonic Integrated
Circuits

GaAs based lasers have a long history that extends back to the very first demon-
stration of CW, room temperature lasing with a GaAs/AlGaAs double heterostructure
laser [2,3]. Now diode lasers on GaAs represent some of the most efficient light sources in
existence, and are capable of demonstrating very high output powers. GaAs based lasers
usually come in the form of discrete devices, and some of the most common are high
power diode pump lasers, vertical cavity surface emitting lasers (VCSELs), and directly

modulated QD lasers.

10
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1.3.1 High Power Laser Diodes

High power laser diodes are useful for many optical systems. With high optical
power and beam quality, these devices can be used for various industrial manufacturing,
machining, and material processing applications [62], as well as space-based systems,
and lidar [63]. GaAs based lasers are particulary attractive for high power as they
have demonstrated some of the highest efficiencies of any light source [64,/65]. External
efficiency greater than 70% with output powers in excess of 10 W from individual GaAs
lasers are fairly accessible [64,66]. By combining multiple devices in laser bars and
stacks of bars, GaAs-based diode sources can yield output power in the kilowatt range.
Laser diodes also provide the pump source for various laser systems that require optical
pumping. Again, GaAs lasers are attractive for this as the common pump wavelengths
are easily accessible. For example, Nd:YAG lasers, which are used in various industrial,
medical and military applications, require an optical pump source at 808 nm or 885
nm [67], and laser-induced fusion research employs solid state lasers pumped with high
power diode laser bars in the 87x nm range [68,69]. Fiber lasers and erbium doped
fiber amplifiers (EDFAs), also rely on diode lasers for pumping, typically in the 9xx nm
wavelength range. This spectral region is also easily accessible with strained InGaAs
QWs on GaAs, making such lasers an indispensible component in telecommunications.
Fig. 1.5 shows an example of a typical fiber coupled diode pump laser package from
Lumentum [70], which can provide 335 W of fiber coupled output power at a wavelength

of 915 nm.

1.3.2 Vertical Cavity Surface Emitting Lasers

VCSELs are comprised of a gain section sandwiched above and below by Distributed

Bragg Reflector (DBR) mirrors. The DBR mirrors are epitaxially grown with alter-
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Figure 1.5: 335 W fiber coupled diode pump laser module from Lumentum .

nating layers of different semiconductor alloys; in the case of GaAs VCSELs, typically
Al,Ga(_z)As/Al,Gai_5)As layers of different composition ]| The laser’s optical cav-
ity is then oriented in the vertical direction with the DBR mirrors providing feedback,
and emission is normal to the surface (emission can be either from the top or bottom,
depending on the design of the gratings). A typical VCSEL structure is shown in Fig.
1.6 (figure adapted from [72]). VCSELSs have very high beam quality as the small cavity
often supports only one mode, and the shape of the output beam is easily controlled with
the design of the oxide aperture, which leads to narrow beam divergence. The narrow
divergence and circular beam shape allow for easy coupling to optical fibers. The small
cavity also results in very low threshold currents (and thus low power consumption), and
high modulation bandwidth. VCSELs are easy to scale to large volumes as the entire
structure is monolithically grown, and devices can be tested at the wafer level. Their low
power consumption, high bandwidth and manufacturability have made GaAs based VC-
SELs common for high speed, short reach, optical interconnects at 850 nm. VCSELs can
also easily be integrated into 2D arrays, which are used for various sensing applications,

including consumer applications such as facial recognition in smartphones [23,[71][73]
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Figure 1.6: Schematic cross-section of a typical VCSEL and SEM image of oxide
aperture in the upper mirror. Figure from .

1.3.3 Quantum Dot Lasers

With the invention of self-assembled InAs/GaAs QDs, the wavelength of GaAs lasers
was extended to 1.3 pm ,,, where it was previously limited to shorter than 1.1
pm with strained InGaAs QWs. This positioned GaAs lasers as a useful light source for
O-band communications with several advantages over their InP QW based counterparts.
The discrete density of states in QDs, which arises from their 3D electron confinement,
results in a reduction in threshold current . Lower threshold current leads to lower
overall power consumption. QD lasers are also less sensitive to variations in temperature
and operate over a wider temperature range than QW lasers, again due to the reduced
density of states. Greater thermal stability is beneficial for operation in environments
with elevated temperature, and reduces the cost associated with active cooling. QDs
also have a broader gain spectrum than QWs, which is particularly relevant for wave-
length division multiplexing (WDM) applications. Due to these performance advantages,
InAs/GaAs QD lasers emitting at 1.31 pm have become a common light sources for O-
band communications. QD lasers have also demonstrated high reliability with MOCVD

lasers on GaAs demonstrating extrapolated lifetime of up to five million hours [75].
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1.3.4 Prospects for GaAs Photonic Integrated Circuits

High power laser diodes, VCSELSs, and QD lasers represent the majority of GaAs
based lasers and for the most part these are manufactured as discrete components (or
laser bars and VCSEL arrays). The realm of active-passive integration for system-on-chip
(SoC) functionality is still largely dominated by InP and SiPh. However, there is growing
interest in using PICs for a wider variety of applications that require shorter wavelengths
than what InP has to offer, such as topographical lidar and sensing [39,[76]. Some
early work on passive devices, specifically phase modulators around 1 pm, demonstrated
the utility of GaAs for photonic devices other than lasers and amplifiers ,. By
combining highly efficient GaAs lasers with GaAs passives, robust monolithic PICs could
be demonstrated for wavelengths that are inaccessible with InP. A significant portion
of this thesis is devoted to the development of just such a platform. Fig. 1.7 shows a
schematic of a 1030 nm widely tunable laser demonstrated on GaAs with both active and
passive waveguide sections. Parallel efforts at UCSB have already demonstrated optical
phased arrays (OPA) for 1030 nm beam steering applications [31]. Ongoing work is being

pursued to combine passive OPA PICs with QW gain regions.

Back Mirror Phase Gain Front Mirror

N GaAs 0 AlGaAs cladding Ti/Pt/Au
s MQW I H-GaAs contact Contact
I AlGaAs SCH mE n-GaAs substrate

Figure 1.7: Side view diagram of a four section sampled grating distributed Bragg

reflector (SGDBR) laser with active and passive waveguide sections.

QWs on GaAs enable wavelengths below 1.1 yum, but by utilizing QDs the wavelength
14
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can be extended to 1.3 pm and beyond. These QD lasers on GaAs already demonstrate
high performance and are commonly used as light sources for datacenter communica-
tions. In addition to discrete devices, these could potentially be integrated into a mono-
lithic active-passive platform on GaAs to demonstrate SoC PICs for O-band applications.
GaAs has an advantage over InP in terms of both wafer size and cost, which further mo-
tivates development of GaAs PICs. GaAs can be grown on 6 inch substrates, whereas
InP is typically limited to 4 inch; this represents a 2.25x increase in wafer surface area.

2 is lower for GaAs substrates [48]. So, strictly based on

Additionally, the cost per cm
cost, GaAs-based PICs have an advantage over InP, at least for O-band wavelengths and
shorter where optical gain is achievable. GaAs-based RF electronics, such as high elec-
tron mobility transistors (HEMTSs) are commonplace for many applications, especially in
the mobile device market, and represent the largest volume of GaAs-based devices on the
market. These are fabricated on 6 inch substrates, so the infrastructure for high-volume
production on GaAs is already well established.

In addition to purely monolithic PICs, GaAs based devices can also be integrated with
SiPh. The previously described heterogeneous integration techniques regularly used for
InP on Si can also be used for GaAs on Si. For example, Tower Semiconductor now offers
GaAs QD lasers with its PH18 SiPh foundry platform [79], and heterogeneous integration
of GaAs lasers for SiN photonics has been demonstrated [42]. Direct growth of IT1I-Vs on
Si is another active area of research as mentioned above and GaAs is generally preferred
over InP for several reasons. Lattice mismatch between Si and III-V is a major problem;
the mismatch is high in both cases, but significantly more for InP. For this reason the
thick buffer and defect trapping layers are almost always GaAs-based. QD active regions
are more tolerant to defects than QWs making them preferrable for growth on Si, and
InAs/GaAs QDs are the most mature. This positions GaAs based QD lasers as the most

promising candidate for monolithic integration on Si in addition to their proven utility
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in heterogeneous integration.

1.4 Thesis Overview

The focus of this dissertation is on GaAs based lasers for monolithic active-passive
integration enabled by MOCVD growth. The work is split into two main efforts. Firstly,
the development of a fully monolithic active-passive PIC platform with widely tunable
lasers on native GaAs. And secondly, all-MOCVD grown QD lasers on CMOS compatible
Si are demonstrated. Continuing work towards demonstration of electrically pumped
lasers grown on silicon by MOCVD selective area heteroepitaxy is also presented. In this
chapter a brief background was given to motivate this work, and a high-level review of
PIC technology was presented. In Chapter 2, the technical aspects of photonic integration
will be discussed in more detail, covering monolithic integration on III-V substrates as
well as III-V/Si integration. Chapter 3 provides a detailed summary of the GaAs PIC
platform development and device characterization. The widely tunable lasers that were
fabricated on this platform are then discussed in chapter 4. Chapter 5 is an anlaysis
of the various wavelength tuning mechanisms in GaAs for tunable lasers. In chapter 6
the growth, fabrication and testing of QD lasers on planar silicon is presented. Chapter
7 covers MOCVD growth by SAH, and presents fabrication details and device results.

Chapter 8 provides a summary of the accomplishments and a discussion of future work.
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Chapter 2

Review of Photonic Integration
Technology

The utility of PICs is greatly increased with an increase in the variety and integration
density of components that can be included on-chip. The most fundamental requirement
towards realizing complex, system-on-chip functionalities, is the development of a plat-
form that includes both active and passive devices [5]. This chapter provides an overview
of the various active-passive integration techniques in use today. The first section focuses
on monolithic integration of active and passive devices on native III-V substrates, pri-
marily on InP. The second section reviews the various techniques that are employed to

integrate I1I-V lasers with silicon photonics.

2.1 Monolithic Active-Passive Integration on III-V
Substrates

The double heterostructure (DH) forms the backbone of all monolithic IT1I-V PICs [80].
In the epitaxial growth dimension, the only real difference between active and passive
devices is the presence of a gain layer in the center of the DH for active devices. Ac-

complishing active-passive integration is, therefore, primarily a question of how to isolate
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gain sections and passive sections while maintaining efficient optical coupling between
the two. There are a number of approaches that are commonly used to accomplish this.
These are highlighted in Fig. 2.1 and include offset quantum wells (OQW), quantum well
intermixing (QWT), and butt-joint regrowth. For the most part these have been demon-
strated on InP, however there is no reason that the basic concept cannot be extended to

other III-V substrates, such as GaAs.

(a) (b)

Figure 2.1: Common III-V active-passive integration techniques including (a) offset
quantum well (OQW), (b) quantum well intermixing (QWI) and (c) butt-joint re-
growth.

The approaches listed in Fig. 2.1 all use at least one, and sometimes multiple, re-
growth steps. Other regrowth free methods have been proposed, such as vertical twin
waveguide structures . However, these have not been widely adopted by industry,
and advances in growth techniques have made the regrowth methods preferable for their

performance advantages.

Offset Quantum Wells

The OQW approach, shown in Fig. 2.1(a) places the QW active layers on top of a
passive waveguide layer to form the base epi. The QWs are then selectively removed
from the passive regions to form ”islands” of gain material, which will eventually become
lasers or other active components. After selective removal of the QWs, the upper half of

the structure, typically p-type cladding and p-contact layer, is regrown across the entire
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wafer. By placing the QW in the upper half of the active waveguide (hence the term
7offset”), the step height difference between the active and passive regions is minimized,
which enables efficient coupling and also makes regrowth simpler. However, offsetting
the QWs also moves them away from the peak of the optical mode which reduces QW

confinement factor, and therefore modal gain.

Quantum Well Intermixing

In the QWI approach shown in Fig. 2.1(b), ion implantation is used to induce in-
terdiffusion between the QW layers after growth. This process leads to local variation
in the composition and thus bandgap of the QWs. By shifting the band edge, the QWs
can become transparent to wavelengths that would have previously been absorbed. This
enables passive, non-absorbing, waveguide regions to be created without any etching.
QWT has several advantages. For example, in the active regions the QWs can be placed
in the center of the waveguide, rather than vertically offset, to maximize overlap with
the optical mode. Optical coupling between the active and passive waveguides is also
improved since there is no step at the interface. By tailoring the implantation process
and performing multiple times, multiple bandgaps can be created in different regions
which allows for greater wavelength agility and flexibility in component design [47,82].
QWI still usually involves a regrowth step because the intermixing process is more easily
achieved when the QWs are closer to the surface. The starting wafer is typically grown
part way into the p-cladding and includes a sacrificial layer which is removed after the
intermixing process to prepare the surface for regrowth. The remaining p-cladding and

contact layers are then regrown across the whole wafer.

Butt-Joint Regrowth

Butt-joint regrowth, shown in Fig. 2.1(c), is the most commonly used technique in
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the industry because it offers the ultimate flexibility in component design and coupling
efficiency between sections [49]. This approach employs multiple growth steps. In the first
growth, the entire active region epi stack is grown including the upper cladding. Active
sections are then masked and selectively removed. In the second growth, the transparent
passive waveguide layers are selectively regrown up to the same height as the first growth.
The upper cladding in the passive section is not doped, which is an advantage of this
approach as it reduces free-carrier absorption loss in the passive waveguides. In the final
growth the remainder of the upper cladding and the p-type contact layer are regrown over
the entire wafer. In theory there is almost no limit to the number of growths/regrowths
that could be performed, which increases the complexity and variety of devices that
can be included on a sinlge PIC. Although it is more complex in terms of growth, the
advanced growth capabilities available to commercial foundries make butt-joint regrowth

the preferred approach due to the flexibility in component design.

2.2 III-V Integration on Silicon

Silicon-based PICs offer numerous advantages, including low-loss and high-performance
passive devices, as well as cost-effective, high-volume manufacturing enabled by 300 mm
CMOS foundries [54-56]. However, it is well-known that the primary drawback of silicon
is its lack of native optical gain. To this end, considerable research has been carried out
to combine I1I-V lasers and gain blocks with silicon photonics [17,20]. This section covers

the various techniques that are employed for III-V on Si integration.

2.2.1 Co-Packaging and Hybrid Integration

One approach is to fully fabricate discrete III-V chips and SiPh chips separately and

then package them together to couple light from one to the other. This approach is
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typically referred to as co-packaging, or hybrid integration (though terminology varies in
the literature). This approach allows for flexibility in component design since the chips
are fabricated separately, and the coupling is typically accomplished with micro-optics
or photonic wirebonding. Fabricating the III-V chips in a dedicated facility also means
that device performance is not limited by co-fabrication processes. Additionally, devices
can be tested prior to co-packaging to ensure that only fully functional chips are sent for
assembly. Co-packaging offers another advantage in terms of thermal isolation. Mounting
the gain chip on an aluminum nitride (AIN) submount for example, allows heat to be
efficiently removed from the laser during operation.

There are a number of approaches that have been proposed to couple light between
lasers and the SiPh waveguides. One technique is to use micro optics such as ball lenses
and turning mirrors to direct the laser output to a grating coupler on the surface of the

SiPh chip [19]. A schematic of this concept is shown in Fig. 2.2.

Flexible Electrical Connector

Tunable Laser

Figure 2.2: Co-packaged micro-optical system with an InP tunable laser coupled to a
SiPh chip. Figure adapted from .

Another approach is to use 3D photonic wirebonding for coupling [21]. The III-V
lasers and SiPh chips are both placed on the same submount and a 3D nanolithography
technique is used to create free-form waveguides (known as photonic wirebonds) that

connect the laser waveguide directly to the SiPh. The photonic wirebonding process
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typically involves depositing a thick photoresist that fully encapsulates the space between
facets. 3D wirebonds are then defined in the resist using two-photon lithography, and
the unexposed resist is developed away. After developing, the photonic wirebonds are
encapsulated in a low index cladding material. Fig. 2.3 shows this type of hybrid assembly

as demonstrated in [21], with photonic wirebonds demonstrating insertion loss of around
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Figure 2.3: Hybrid assembly for co-packaging InP laser array and silicon photonic
transmitter using photonic wirebonds. Figure adapted from .

Yet another approach is butt coupling. In this approach, an edge emitting I1I-V
reflective SOA (RSOA) chip is placed adjacent to, and as close as possible, to the SiPh
chip and the light is coupled directly from one to the other to create a hybrid laser. Fig.
2.4 shows an example of a hybrid laser with a GaSb RSOA edge-coupled to a SiN Vernier
mirror chip . While these hybrid and co-packaged devices have demonstrated high

performance, the precise alignment requirements and the costs associated with complex

packaging make them impractical for scaling to large volume.
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Figure 2.4: GaSb RSOA gain chip edge coupled to SiN PIC to create a hybrid laser.
Figure adapted from .

2.2.2 Heterogeneous Integration

The heterogeneous integration approach involves bonding of ITI-V die or whole I1I-V
wafers to silicon at the wafer level. With the micro-transfer printing approach, III-
V devices (e.g. lasers or SOAs) are fabricated on their native substrate, encapsulated
with a material (typically photoresist) that acts as a tether, and then released from the
substrate by etching away a sacrificial layer below the device layer. This leaves the devices
attached to the substrate only by the tethers and an elastomer stamp is then used to
transfer coupons to a silicon photonics wafer . This process is conceptually similar to
flip-chip bonding, but is preferable since the stamp can transfer multiple ITI-V coupons
simultaneously rather than one at a time. This is shown conceptually in Fig. 2.5 [16].

Wafer bonding and co-fabrication is another approach to integrating gain on silicon
and is commonly used in the industry . In this approach, entire I1I-V wafers (usually
InP) are bonded epi-side down to an SOI substrate, typically via molecular bonding. The
IT1-V substrate is then removed leaving only the device epi layers on the SOI wafer, and

ITI-V devices are fabricated on the SOI wafer. The III-V laser epi sits on top of the SOI
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Figure 2.5: Micro-transfer printing of I1I-V laser coupons on silicon photonics wafer.
Figure adapted from .

layers, and evanescent coupling is used to couple light from the laser to the underlying
silicon waveguide ,. Fig. 2.6 shows a schematic of this approach, as demonstrated

in . Wafer bonding has some distinct advantages compared to micro-transfer printing
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Figure 2.6: Evanescently coupled InP laser on silicon. Figure adapted from [14].

and chiplet bonding. One advantage is that III-V fabrication takes place on a full 300
mm wafer, which makes scaling to large volumes easier and more cost-effective. Another
advantage is alignment with the underlying silicon devices. Since the III-V is fabricated
directly on the SOI wafer, alignment accuracy is limited only by the tolerances of the
lithography tools, which are typically better than the accuracy of micro-transfer printing

tools.
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2.2.3 Monolithic Integration

Growing III-V gain material directly on silicon is an active area of research, and
has the potential to offer many advantages compared to heterogeneous integration, if
the quality of the III-V crystal is sufficiently high. In this approach, III-V epitaxy is
grown directly on a silicon substrate, thus eliminating many of the extra costs associated
with packaging and bonding used in other integration methods. However, the inherent
dissimilarities between the two materials present several challenges to achieving high
quality epitaxial layers. As a result, semiconductor lasers grown on silicon generally
underperform in comparison to those grown on native substrates. One major issue is the
difference in lattice constant between silicon and most I1I-V. Another issue arises from
the fact that silicon is a non-polar material, whereas III-Vs are polar. The mismatch
in polarity leads to the formation of antiphase boundaries (APBs). Finally, there is a
significant difference in the coefficient of thermal expansion for silicon and ITI-V materials.
The different expansion rate leads to the formation of cracks in the III-V epitaxy as the
wafer cools down after growth. There are various approaches that are used to deal with

these issues and achieve low defect density material.

Lattice Mismatch and Threading Dislocations

For silicon, the lattice constant is approximately 5.431 A, whereas for GaAs it is
5.653 A and for InP 5.869 A. This corresponds to a mismatch of 4.09% for GaAs and
8.06% for InP [48]. During growth, a significant amount of strain builds up and the I1I-V
material will begin to relax when it reaches a certain critical thickness. This relaxation
creates misfit dislocations where there are missing, or dangling, bonds in the crystal
structure. Misfit dislocations generally lead to threading dislocations (TDs) which tend

to propagate vertically through the epitaxial layers before terminating on the surface.
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When a threading dislocation ends up in the active region it leads to a trap states, which
dramatically reduces the chances for radiative recombination, leading to degraded device
performance.

One technique for reducing TDs is thermal cycle annealing (TCA). This involves
heating and cooling the wafer multiple times during growth. When the sample is heated,
atoms become more mobile and the dislocations tend to coalesce, and promote the anni-
hilation of TDs. Strained layer superlattices (SLS) can also be used as dislocation filters
to reduce the total dislocation density. These filters typically consistent of alternating
layers of strained InGaAs on GaAs, which promote propagation of TDs in the lateral
direction, rather than vertically, effectively reducing the defect density in the epitaxial
layers above. Typically multiple SLS layers are embedded in a thick GaAs buffer and

combined with TCA to achieve the lowest density of TDs [84-86].

Anti-Phase Boundaries

APBs occur as result of the polarity mismatch between I1I-V materials and silicon.
The surface of on-axis silicon is comprised of single atomic steps. For I1I-Vs these would
be double atomic steps to accomodate the group III and group V species. When growing
on silicon, the group V species preferentially nucleate on the surface and the presence
of single-atomic steps can result in V-V bonds at the step edges leading to APBs. The
oldest approach to deal with this problem was to grow on miscut silicon which creates
double-atomic steps on the surface. However, this is undesirable as miscut silicon is
incompatible with the CMOS process, thus eliminating one of the main advantages of
growing on silicon. A better approach is to pattern nano V-grooves on the silicon surface,
as shown in Fig. 2.7 [85,87]. This creates the necessary double atomic steps in the
V-groove trench, while still using a CMOS-compatible substrate. Gallium phosphide

(GaP) on silicon can also be used to eliminate APBs [88-91]. In this approach, GaP
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is grown directly on the unpatterned silicon surface and the double atomic step is then
formed on the GaP surface through a high-temperature surface passivation step. Devices
demonstrated later in this thesis are grown on both V-groove Si templates, and GaP on

Si templates.

(111) face

e

Figure 2.7: V-Groove patterned (001) Si to expose the (111) face in preparation for
III-V heteroepitaxial growth.

Coefficient of Thermal Expansion Mismatch

The primary problem caused by the difference in the coefficient of thermal expansion
(CTE) is cracking on the surface of the III-V epitaxy. CTE for GaAs is approximately
5.73E-6 K=! and for Si is about 2.6E-6 K~!. This represents a mismatch of over 100 %,
or in other words, GaAs expands at more than twice the rate of Si. The temperature
is quite high during GaAs growth (greater than 500 °C) and when the sample is cooled
to room temperature after growth, the GaAs contracts significantly more than the Si
leading to cracking [92]. Fig. 2.8 shows an example of thermal cracks on a GaAs surface

after growth on silicon.
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Figure 2.8: Example of cracking on GaAs surface due to thermal expansion mismatch
between GaAs and the underlying Si substrate.

Lasers on Silicon and the Problem of Coupling

By utilizing the techniques discussed above, multiple demonstrations of lasers grown
on Si have been reported. Fig. 2.9 shows two examples of lasers grown on Si. Fig.
2.9(a) [84] is a 1550 nm QW laser grown entirely by MOCVD on CMOS-compatible (001)
Si. This example uses a GaAs buffer grown on nano V-groove patterned Si, followed by
growth of the InP-based laser epitaxy. Continuous wave (CW) lasing was demonstrated
at room temperature. Fig. 2.9(b) [58] is a QD laser with emission near 1.3 pm. The QD
laser epitaxy was grown by MBE, but the underlying buffer was grown by MOCVD, again
on CMOS compatible Si, but in this case unpatterned. These lasers demonstrated room
temperature, CW lasing with threshold current density as low as 34.6 A/cm? per QD
layer, and operation up to 80 °C. Both of the examples mentioned here, as well as many
others, require the use of a thick buffer layer between the silicon and the III-V to trap
defects and allow for growth of high quality laser epi. The presence of this buffer appears
to be unavoidable. In terms of integration this presents a major challenge because the

laser is separated from the underlying Si by several microns of highly defective material.
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Figure 2.9: Examples of lasers monolithically grown on silicon. (a) MOCVD grown
1550 nm QW laser and (b) MBE grown QD laser on MOCVD grown buffer [58].
This makes coupling from the III-V laser to the underlying Si impractical, if the laser
is grown on a planar substrate. One solution that is being actively pursued is to start
with a SOI template and etch deep recesses, or trenches, through the oxide and into the
Si substrate below. Lasers can then be grown inside the recess, which places the buffer
layer well below the device layers, and the III-V laser can be aligned with Si or SiN
waveguides in the SOI. Another advantage of this approach is that the difference in CTE
becomes less relevant because the smaller surface area is less prone to cracking during
cool down. Early demonstrations have been reported with electrically pumped MBE QD
lasers grown in trenches over an MOCVD grown GaP-on-Si buffer ,. These results
are quite promising in terms of demonstrating direct coupling from a ITI-V laser on Si to

SiPh for a monolithic SiPh platform.

29



Review of Photonic Integration Technology Chapter 2

As mentioned earlier, MOCVD has some advantages over MBE due to the higher
growth rate which make it preferrable for high-volume production. Since the buffers
are already grown by MOCVD, it would also be advantageous to use the same growth
technique for the laser epi. Another advantage of MOCVD is the ability to perform
selective area growth. In the MBE demonstration, III-V material is deposited across
the entire wafer and becomes polycrystalline in the areas outside the trenches. This
excess material must be removed with a time-consuming chemi-mechanical polishing
(CMP) process post-growth. MOCVD on the other hand, grows material selectively in
the recess, leaving the oxide field area relatively clean. Some III-V particles do tend
to form on the oxide surface, however these are quickly removed with a wet etch after
growth. The selective growth of MOCVD also enables the crystalline ITI-V material to
grow all the way to the edge of the oxide trench without an air gap or polycrystalline
material at the edges. This is advantageous for coupling since the gap between the clean
IT1-V waveguide and SiPh waveguides is minimized. Optically pumped lasers grown by
MOCVD selective area heteroepitaxy (SAH) on Si have been demonstrated [60,/61]. In
the latter portion of this thesis, efforts to demonstrate electrically pumped lasers on Si
by MOCVD SAH are presented. Some of the specific challenges and progress towards

this goal will be discussed in later chapters.

2.3 Summary

The preceding two chapters provided an overview of common III-V and Si based PIC
platforms. InP and SiPh are the most mature in terms of photonic integration, whereas
GaAs has traditionally been used for discrete devices. Table 2.1 below summarizes some
of the relevant properties for the PIC materials discussed earlier - specifically, GaAs, InP,

Si and SiN. Note that Si and SiN waveguides are often included together on the same
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wafer [54] but they are separated in this table to highlight the differences. Also note

that the wavelength range listed for GaAs and InP is the range over which emission is

feasible; the transparency region for both materials extends to longer wavelengths and

well into the mid-IR.

Table 2.1: Comparison of PIC Material Platforms

‘ GaAs InP Si SiN
Wavelength 0.8-1.3 1.1-2.0 > 1.1 > 0.4
Range (pm)
Native  Light | Yes Yes No No
Emission?
Laser Wall- | > 70% [66] < 50% [63,95] | < 20% [58] < 20%
Plug Efficiency
Power > 10 W [64H66] | > 1 W [63] < 100 mW [58] | > 10 mW [42,
96|
Waveguide <1dB/cm <1dB/cm <1dB/cm [51] | <0.1dB/cm
Loss (passive) [97]. | (passive), [52,53]
>1dB/cm >1dB/cm
(active) [35] (active) [49]
Integration Monolithic Monolithic Hybrid, Het- | Hybrid, Het-
Techniques €rogeneous. erogeneous
Wafer Size 6-8” 2-47 8-127 8-12”
CMOS Com- | No No Yes Yes
patibility?
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Chapter 3

Active-Passive Integration on
Gallium Arsenide

In this chapter the development of an active-passive PIC platform on GaAs is discussed.
The motivation for this work was to develop a tunable laser PIC with an operating
wavelength at 1030 nm for Lidar, specifically for airborne and space applications where
deployment on small platforms is highly desirable. Wavelengths near 1 pm are com-
mon for topographical Lidar systems owing to the relatively low atmospheric absorption
and the existence of high-quality detectors, such as silicon or indium gallium arsenide
(InGaAs) avalanche photodiodes (APDs), in this spectral range [36},/98]. CSWaP is of
critical importance for any airborne or space-based system. Extending PIC technology
to the 1 pm range would allow for multiple optical components to be integrated onto
a single compact platform similar to what has been demonstrated on InP for CO, gas

sensing Lidar [32].

3.1 Active-Passive Epitaxy Design

The active-passive PIC platform on GaAs uses an etch and regrowth process where
the multi-QW (MQW) active layers are selectively removed from the passive regions to

create isolated gain sections, and the upper cladding and p-contact are then formed in a
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subsequent regrowth step. This is the offset QW (OQW) technique described in chapter
2. Table 3.1 shows the details of the epitaxy, with the layers formed during the regrowth
step indicated, as well as the layers that were selectively removed to create passive regions.

Strained In,Ga;_,As QWs are commonly used for wavelengths between 0.88 pm and 1.1

Table 3.1: Epitaxial Layers for Active-Passive Integration

| Material | Thickness (nm) | Doping (cm™?)

GaAs 200 (p) 5el9
A10_4GaAs 800 (p) Tel7
Regrowth | Alp4GaAs 200 (p) 5el7
Layers Aly 4,GaAs 300 (p) 2e17—bel7
Aly2GaAs 50 (p) 2el7
GaAs 20 (p) lel7
GaAs 20 UID
Selectively | GaAsPg 8 UID
removed | IngarGaAs 5 UID
in passive GaAsPg 8 UID
regions Ing 271 GaAs 5 UID
GaAsPg, 8 UID
In0.271GaAS 5 UID
GaASPO.l 8 UID
GaAs 90 UID
Base Alp2GaAs 100 (n) lel7
Structure | Alg75GaAs 1600 (n) 1lel8
GaAs 500 n) lel8
GaAs 625 + 20 pm (n) 2-5e18

pm [40]. However, the high indium (In) content required to reach wavelengths longer
than 1 pm introduces significant strain that can potentially be detrimental. To maintain
an acceptable cumulative strain in the MQW layers, this design uses 5 nm In,Ga;_,As
QWs with x=0.271, and 8 nm gallium arsenide phosphide (Ga;_,AsP,) barriers with
x=0.1 (instead of GaAs barriers) to provide strain compensation. The MQW active
region is surrounded by GaAs separate confinement heterostructure (SCH) layers, and

AlGaAs is used for both the upper and lower cladding layers. Prior to fabrication and
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regrowth, the photoluminescence (PL) spectrum of the wafer was measured and is shown
in Fig. 3.1 with peak PL emission from the QWs at 1027 nm. The smaller peak near

870 nm is emission from the GaAs substrate.
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Figure 3.1: Photoluminescence spectrum of epitaxial material prior to fabrication and
regrowth

This PIC platform was designed to enable efficient coupling of light between the
active and passive sections, with minimal scattering and back reflection. A 3 pm wide
rib waveguide structure with 1.35 pm etch depth was simulated using Ansys Lumerical.
The fundamental TE mode profiles in the active and passive sections are shown in Fig.
3.2. A simple overlap integral between the modes indicates that 96% of the optical power
should be coupled between active and passive waveguide sections.

To maximize optical coupling between active and passive regions, the QWs are placed
near the top of the waveguiding layer stack to minimize the height of the step at the active-
passive transition, to create an OQW structure. However, this comes with a tradeoff, as
the QW confinement factor, I'gw, is reduced as the QWs are moved further from the
center of the waveguide. The design presented in Table 3.1 vertically places the QWs in
the upper half of the active region, with thinner GaAs and AlGaAs SCH layers above, to

reduce the step at the interface while still achieving an overall confinement factor gy
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Figure 3.2: Fundamental TE mode in (a) active and (b) passive sections for a 3 pm
wide rib waveguide.
of 5.02% for all three QWs. The 1.35 pm depth was determined using simulations to
optimize QW overlap, active-passive coupling, and eliminate some of the higher order
transverse modes. This rib waveguide structure also mitigates scattering loss due to
surface roughness by burying the mode below the etched ridge, and reduces surface

recombination by not exposing the active layers to air.

3.2 Device Fabrication

The epitaxy described in the previous section was used to fabricate Fabry-Perot (FP)
lasers. The mask layout used for this fabrication includes lasers with various waveguide
widths from 2 pm up to 20 pm broad area lasers and has both active and passive waveg-
uide sections to demonstrate active-passive coupling. Fig. 3.3 shows a schematic diagram
illustrating the primary fabrication process steps for the rib waveguide structure. The
active QW material is first selectively removed to form passive regions, using inductively
coupled plasma reactive ion etching (ICP-RIE) with chlorine (Cly) and nitrogen (N2) gas
chemistry. The upper cladding and p-contact layers are then regrown by MOCVD. Fol-

lowing regrowth, the rib waveguides were etched also using a Cly/Ny ICP-RIE process.
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The etch depth for this step was 1.35 pm, stopping in the upper p-cladding to form the
structure illustrated in Fig. 3.3(d). The sample surface was passivated by depositing 100
nm of silicon nitride (SiN) followed by 300 nm of silicon dioxide (SiO3). This was followed
by etching through the dielectric layers on top of the ridge to form vias to the GaAs p-
contact layer. Ti/Pt/Au (10/40/1000 nm) was used to form the top side p-contacts. The
GaAs substrate was then thinned to approximately 150 pm before depositing Ti/Pt/Au
(20/40/500nm) for the backside n-contact metal.

B GaAs N p-GaAs contact p and n-metal
. MQW I n-GaAs substrate
wAlGaAs D|electr|c

(a)

Figure 3.3: Summary of primary fabrication steps including (a) initial epitaxial layers,
(b) active-passive etch, (c¢) upper cladding and p-contact layer regrowth, (d) ridge
waveguide etch, (e) surface passivation and p-contact via opening, (f) p-metal and
n-metal contact formation.

Fig. 3.4(a) is a scanning electron microscope (SEM) image of the active-passive etch
prior to regrowth (corresponding to Fig. 3.3(b)), showing a step height of just under 100
nm. The target etch depth was 87 nm to completely remove the active layers in Table
3.1. Fig. 3.4(b) shows a tilted SEM image of a cleaved facet on one of the completed

devices, and Fig. 3.4(c) is a top view microscope image showing a fully fabricated active
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FP laser and active-passive FP laser.

Figure 3.4: SEM image of (a) etched active-passive transition prior to regrowth, (b)
active side cleaved facet of 3 pm wide fabricated laser, and (c) top view microscope
image of completed devices, showing an all-active FP laser and an active-passive FP
laser. The notches in the metal are spaced 200 pm apart and were placed as a visual
aid for cleaving.

3.3 Device Testing and Characterization

3.3.1 Light-Current-Voltage Measurements

A significant amount of information relating to material properties and device per-
formance can be gleaned from simple light-current-voltatge (LIV) measurements on FP
lasers of varying length. From a single LI curve the threshold current Iy, and differential

quantum efficiency 7, can be obtained, where 7, is defined as 7

q 1 dP,
E] (> 1w (3.1)
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q is the fundamental electron charge, h is Planck’s constant, and v is the optical frequency.
Note that the value for 7y obtained from a single LI curve is only for the side where the
light was measured. The total differential efficiency must account for light output from
both facets (in the case of cleaved facet FP lasers, the two sides should be identical and
one can simply double 77, measured from a single side).

After fabrication, laser bars of varying length were cleaved from the sample to form
facets and facilitate characterization. LI and LIV characteristics were measured for the
devices under both CW and pulsed current operation using 500 ns pulse widths with
0.5% duty cycle. Fig. 3.5(a) shows a typical LIV characteristic measured from one side
of a 20 pm wide, 800 pm long cleaved facet broad area laser under CW operation. The
broad area laser in Fig. 3.5(a) has a total differential efficiency from both sides of 57.8%,
and threshold current of 35.2 mA, with single sided output power of 120 mW (240 mW
total). Additional measurements on a 20 pm wide laser with a 2 mm long cavity exhibited
threshold current density as low as 94 A /cm?. Similarly, Fig. 3.5(b) shows single-side LI
curves for five different 600 pm long FP lasers with widths from 2 pm to 5 pm. These
lasers all exhibit threshold current below 12.6 mA with the lowest threshold being 9 mA
for the 2.5 pm wide laser. Additionally, the 3 pm, 4 pm, and 5 pm wide devices output
greater than 25 mW of optical power from each facet at 100 mA CW current. The
differential efficiencies from both facets are approximately 55% for all three of these laser
geometries.

Fig. 3.6(a) shows LI characteristics for active-passive FP lasers with various waveg-
uide widths, all with a 400 pm long gain section coupled to a 400 pm long passive section
as shown in the schematic in Fig. 3.6(b), and the device image of Fig. 3.4(c). The
optical power from both the active and passive side facets was measured as reported in
Fig. 3.6(a). The slightly lower power from the active side is to be expected as the active

layers create a more reflective cleaved facet mirror due to the slightly higher effective
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Figure 3.5: Light-current characteristics for (a) 20 pm wide by 800 pm long broad

area laser and (b) 600 pm long lasers between 2 pm and 5 pm wide under CW current

injection.
index in this section, and it is the facet reflectivity that determines the fractional power
out of each end . The active-passive devices demonstrate comparable performance
in terms of power output, differential efficiency, and threshold current, to the all-active
lasers shown in Fig. 3.5. All five of the active-passive lasers measured here exhibit
threshold currents below 10.7 mA and as low as 7 mA for the 2 pm wide laser. The total
output power from both sides was measured to be greater than 50 mW for all devices

and as high as 62 mW for the 5 pm wide laser at 100 mA CW current.

3.3.2 Extracting Loss and Efficiency

The internal loss (a;) and injection efficiency 7; are related to differential efficiency

na by the following equation [80],

1) .1
na ndn(L/R) ",
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Figure 3.6: (a) LI characteristics for active-passive lasers with 400 pm long active
section and 400 pm long passive section. (b) Side-view schematic diagram of a generic

active-passive laser cavity.
where R is the mean mirror reflectivity and L is the cavity length. Determining («;) and
n; from (3.2) requires the use of at least two lasers of different length that are otherwise
identical. Accurate values can be obtained by plotting 1/n,4 versus length for multiple
devices, and using a linear fit to extract the slope and y-intercept. In this case, a cutback
measurement was performed where a single device was cleaved and tested, and then
cleaved to a shorter length and tested again, repeating until the laser bar was too short
to be cleaved further (~250 pm). Broad area lasers typically give more accurate values
for (a;) and n;, since lateral current spreading and carrier leakage can be neglected,
and some of the excess losses associated with surface recombination and scattering due
to sidewall roughness are minimized. Additionally, to reduce the effects of self-heating

in the device, these measurements were performed under pulsed current operation with
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the stage temperature set to 20° C. Results are shown in Fig. 3.7 which plots inverse
differential efficiency versus cavity length for a 20 pm wide laser, with lengths varying
from 2800 pm down to 250 pm. Using eq. (3.2) and a linear fit to the data a value of

3.44 cm™! was obtained for {a;) with n; = 0.988.
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Figure 3.7: Inverse differential efficiency as a function of cavity length for 20 pm wide
broad area lasers under pulsed current operation and linear fit to extract loss and
efficiency.

The loss value obtained from the analysis in Fig. 3.7 is only the internal loss in the
active section. Additional measurements are required to obtain the passive waveguide
loss. This can similarly be obtained from LI measurements on lasers with both active
and passive waveguide sections, however the analysis is somewhat more complex. For

such a device, the total differential efficiency considering both sides is [80],

Nd = NiNdaNdp (3.3)
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where,
. ln\/l/RlRQ (3 4)
Mo = ) Lo + Inn/1 R s '
and,

. (1= R)/VR + (1 Ry)/VF;
Y (U= R)JVR A+ (1= Rye=20ke) [y/Rye—orks

and R; is the reflection coefficient at the active-air interface, R, is the reflection

(3.5)

coefficient at the active-passive interface, R3 is the reflection coefficient at the passive-
air interface, L, is the gain section length, L, is the passive section length, (w,) is the
internal loss in the active region (3.44 cm™! from Fig. 3.7) and «;, is the internal loss
in the passive waveguide section. For the purpose of calculations, R;, Ry, and R3 were
obtained from simulations as, 0.290, 6.86e-5, and 0.284, respectively. Equation (3.3) is
plotted as a function of length to visualize the change in 1y with increasing passive loss
and is shown in Fig. 3.8(a). The simulated curves in Fig. 3.8(a) use a 400 pm long gain
section and the previously calculated values for a;, and 7;.

LI measurements were performed under pulsed current operation for 3 pm wide active-
passive FP lasers with a 400 pm long active section length and a passive section that was
incrementally cleaved back from 2800 pm to 600 pm. Power output was measured from
both sides at each length to obtain the total 7y for each laser, and these data points are
plotted versus passive section length in Fig. 3.8(b). Combining equations (3.4) and (3.5)
with equation (3.3) and using the previously obtained values for (a;,) and 7; in the active
region, ay, is the only remaining unknown quantity and therefore can be extracted. To
obtain an accurate value a fit to equation (3.3) was applied to the experimental data
points shown in Fig. 3.8(b). The extracted internal passive loss is 4.05 cm™'. Tt is worth
noting that the passive waveguide loss is higher than in the active waveguide. However,
the epitaxial layer structure was originally designed with a higher Al content p-cladding

but 40% Al was used due to concerns with higher Al content regrowth. The lower Al
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Figure 3.8: (a) Simulated 74 as a function of passive section length for varying passive

loss from 0 cm™! to 10 cm ™! in 3 pm wide active-passive FP lasers with 400 pm long

gain sections. (b) Measured 74 points with curve fit to extract oy, = 4.05 cm L.

content leads to higher refractive index (3.236 at 1030 nm for Aly,GaAs), and therefore
lower index contrast between the core and cladding. This in turn reduces the mode
confinement leading to greater overlap with the p-doped cladding, which increases loss
from free-carrier absorption. In future designs, this issue could be mitigated either by
increasing Al content in the upper cladding, or by increasing the thickness of the GaAs

waveguiding layer.

3.3.3 Gain Characteristics

Threshold modal gain for an in-plane laser is given by,

T = () + %ln (%) | (3.6)
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If internal loss, (a;), and QW confinement factor, I'gw, are known then threshold gain
versus cavity length can be calcluated easily from (3.6). From the same set of measure-
ments used to generate Fig. 3.7, the threshold current, I;;, was obtained for each length,

and this can be converted to threshold current density since 7; is already known using,

Jin = 3.7
! wlL (37)
where w is the width of the active region.
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Figure 3.9: Material gain as a function of current density for three 5 nm In,Ga;_,As
(x=0.271) QWs with 8 nm Gaj_;AsP, (x=0.1) barriers, obtained from 20 pm wide
lasers measured under pulsed current operation.

With threshold gain and current density known at multiple device lengths, a gain
versus current density characteristic can be constructed. This data can typically be

fitted to a two parameter exponential curve given by,

J = Jyemn (3.8)
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where J;,. is the transparency current density and g is a fitting parameter. The exper-
imental data points are shown in Fig. 3.9, using the simulated value I'gy = 5.02% to
calculate threshold material gain from eq. (3.6). This was then fitted to eq. (3.8) to

extract J;, = 85.5 A/cm? and gy = 1055 em ™.

3.3.4 Temperature Characteristics

An increase in temperature has a deleterious effect on the performance of semicon-
ductor lasers. This is usually observed as an increase in threshold current, and decrease
in differential efficiency, both of which have an exponential dependence on temperature.
The relative changes in [;;, and 7, at different temperatures can be directly measured

and used to extract characteristic temperatures with the following relationships:

I _ i-my/m, (3.9)
Lino
Na1 _ o—(Ti=T2)/T, (3.10)
Td2

where the subscripts 1 and 2 for I, and 74 correspond to the temperatures T} and 75,
respectively.

LI curves were obtained, using pulsed-current to mitigate self-heating, on a 20 pm
wide, 400 pm long laser. The temperature of the stage used to mount the laser was varied
from 20 °C to 70 °C. Threshold current and differential efficiency were measured at each
temperature and these data points are plotted in Fig. 3.10. Using egs. (3.9) and (3.10),
the characteristic temperatures were extracted resulting in 7y = 205 K and T;, = 577 K,

which are consistent with typical values for this material system [80].
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Figure 3.10: Threshold current and single-sided differential efficiency as a function
of temperature for a 20 pm wide, 400 pm long broad area laser. Measurements were
performed with pulsed current to mitigate self-heating, while the stage temperature
was varied from 20 °C to 70 °C.

3.3.5 Lasing Spectra

The light output from a 3 pm wide active-passive laser with 400 pm long active
and passive sections (800 pm total length) was coupled to a lensed optical fiber and
the lasing spectrum at varying levels of current injection was recorded with an optical
spectrum analyzer (OSA). These spectra are shown in Fig. 3.11. The spectrum is red-
shifted compared to the PL emission, showing a lasing peak near 1045 nm just above
threshold (10 mA current), compared to the PL emission wavelength of 1027 nm. This
is expected as self-heating causes the laser output to shift to longer wavelengths under
CW current injection. It should also be noted that this waveguide is not single mode in
the transverse direction, as evidenced by the two distinct peaks in the lasing spectrum
particularly at higher current injection levels. This multi-mode behavior was expected

based on simulations, which showed that the 3 pnm wide waveguide supports the horizontal
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TE1 mode in addition to the fundamental TEOO mode. However, this is not a concern
since future applications planned for this platform will include grating mirrors to provide

mode filtering. Fig. 3.12 shows the temperature dependence of lasing wavelength. The
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Figure 3.11: Lasing spectra for 3 pm wide active-passive laser with 400 pm long gain
section and 400 pm long passive section under various levels of CW current injection.

same 3 pm wide active-passive laser from Fig. 3.11 was held at a constant 40 mA current
level while the stage temperature was varied from 10 °C to 70 °C. The peak wavelength
shifts to longer wavelengths at a rate of approximately 0.32 nm/°C as the temperature
is increased. It should be pointed out that these measurements were performed under
CW operation, so the actual temperature shift in the active region may be slightly higher
than what is shown in the figure.

In this chapter, an active-passive PIC platform on GaAs was demonstrated for op-
eration near 1030 nm. This platform integrates active sections, with passive sections,
while maintaining state-of-the-art FP laser performance. In the next chapter, the design
and fabrication of a widely tunable laser will be demonstrated on this platform. Such a

tunable laser PIC is valuable, in particular for airborne or space-based Lidar applications
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Figure 3.12: Lasing spectra with varying temperature for 3 pm wide devices at 40 mA

CW current injection.

that require low system CSWaP for deployment on small platforms.
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Chapter 4

Widely Tunable GaAs Lasers

Tunable semiconductor lasers are relevant for a variety of applications ranging from
wavelength division multiplexing (WDM) systems used for optical communications, to
Lidar and free space optical communications, and other sensing applications [5,32}33].
Originally developed for WDM around 1550 nm [99], the sampled grating distributed
Bragg reflector (SGDBR) laser has since been demonstrated for a variety of applica-
tions [5}32,33,47,100], primarily on InP. While there have been some demonstrations of
similarly wide tuning SGDBR lasers on GaAs for operation near 1 pm [101}/102], these are
significantly less mature than their InP based counterparts. In this chapter, the active-
passive GaAs PIC platform discussed in chapter 3 is utilized to demonstrate a SGDBR
laser centered around 1030 nm with greater than 20 nm tuning range. This effort was
part of a Nasa funded project with the goal of developing a widely tunable laser source for
remote sensing of foliage, water and ice. Nasa’s Ice Cloud and Land Elevation Satellite
(ICESat) and ICESat-2 missions [39,[76,/103] have been used specifically to measure the
changes in ice sheets and sea ice which have occurred due to climate change in recent
decades. This is shown schematically in Fig. 4.1. ICESat is equipped with 1064 nm Nd-
YAG lasers (it also uses frequency doubling for a 532 nm channel). However, Nd-YAG
lasers are bulky and inefficient compared to semiconductor lasers which is an issue for

space-based systems where low SWaP is critical. The goal of this project was to develop
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a suitable semiconductor laser, with low SWaP, for potential use on similar missions in
the future. Wavelength tunability can be used in conjunction with a diffractive optical
element (DOE) to split the beam into multiple spots [104]. The laser spots are pulsed
with a repetition rate of ~10 kHz (higher than this and the pulses become indistin-
guishable) and elevation is measured using the time-of-flight (TOF) technique. By using
multiple spots with different wavelengths, a higher effective repetition rate is achieved
even though each individual spot is limited to 10 kHz. This places a requirement on the
laser’s tuning speed as well as total tuning range - higher tuning speed allows for more

individual spots. The target metrics for the tunable laser in this project are shown in

Table 4.1.

Figure 4.1: Schematic diagram of NASA’s ICESat over the Arctic. Figure adapted from [39)].

Table 4.1: Laser Specifications

Wavelength ‘ Tuning Range ‘ Output power ‘ Laser Linewidth ‘ Tuning Speed
1030nm | 20nm | >10mW | <10MHz | >1MHz
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4.1 Sampled Grating Distributed Bragg Reflector Mir-
rors

There are many different architectures that have been implemented to realize ex-
tended tuning range in lasers [105]. For this work, the SGDBR implementation was
chosen since the tuning range is sufficient to reach 20 nm, the fabrication complexity
is relatively low and it is compatible with the GaAs active-passive integration platform
described in chapter 3. The essential concept of any grating mirror is that a periodic
variation of the refractive index in the propagation direction creates small reflections at
each interface. When the period of the grating is equal to half of the optical wavelength
in the material, these small reflections will be in phase, leading to a large net reflection.
This is known as the Bragg condition. For a basic DBR mirror this results in a strong
peak in the reflectivity spectrum at the Bragg wavelength. The strength of the reflection
is determined by the difference in effective index in a single period, and the total length of
the grating. By modulating the index of refraction in the mirrors, the Bragg wavelength
shifts, which leads to a shift in the lasing wavelength - i.e. tuning. For a DBR mirror,
total tuning range is directly dependent on the magnitude of the shift in refractive index.
The relation between change in refractive index and the corresponding wavelength shift

is,
A)\g . AﬁDBR

; (4.1)

g NpBR
where )\, is the Bragg wavelength and nppgg is the effective index of the DBR.

For InP based DBR mirrors utilizing carrier injection tuning, this results in a wave-
length shift of about 8-9 nm [80,|106]. However, for some applications a wider tuning
range is desirable so a different architecture is required. Sampled grating DBR (SGDBR)

mirrors extend the concept of DBRs, but rather than continuous gratings over some

o1



Widely Tunable GaAs Lasers Chapter 4

length, the grating is periodically blanked to create short grating bursts separated by
blank waveguide sections. This spatial modulation of the DBR results in a comb-like re-
flectivity spectrum with periodic reflection peaks in wavelength space. In a four-section
SGDBR laser, the front and back mirrors are designed such that the peaks in their re-
flectivity spectra have slightly different spacing. Adjacent peaks can be aligned with
a relatively small amount of tuning in one or both mirrors to achieve significant shift
in the wavelength by exploiting the Vernier effect. Fig. 4.2(a) shows a schematic of a
four-section SGDBR laser and a close-up of the SGDBR mirror section and Fig. 4.2(b)
shows the simulated reflectivity spectrum of a single SGDBR mirror. 7 is the length of
a single grating burst, Z; is the spacing between bursts or the sampling period, d is the

grating etch depth, and A is the grating period. The coupling constant for a sampled
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Figure 4.2: (a) Four section SGDBR laser with close-up view of SGDBR mirror and
(b) example of simulated reflectivity spectrum for a single SGDBR mirror.

grating is given by the following equation,

v — Kgé sin(mpZy [ Zy) eI /%0 (4.2)

Zy  wpZi/Zy

where p is an integer representing the order of the peak (p = 0 for the central peak),
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and kg4 is the coupling constant for an unsampled grating. The spacing between adjacent

peaks is determined by the sampling period Z; and is given by,

/\2
2,7

Apear = (4.3)

and the bandwidth of the envelope is obtained from the grating burst length Z; with

/\2
Adepy = —— 4.4
27’Lng ( )

Another useful metric when designing SGDBR mirrors is the repeat mode spacing, which
roughly corresponds to the maximum tuning range. This represents the range over which

only one reflection peak in each mirror spectrum can be aligned to each other, and is

calculated with
AXpar - A

A)\TE =
P ANpy — AXgu|

(4.5)

where AXgyr and Ag)s are the peak spacing for the front and back mirrors, respectively.
An accurate method for obtaining the reflectivity spectrum is to use the S and T
matrix method, as described in [80]. The simulated reflectivity shown in Fig. 4.2(b) was

obtained with this approach.

4.2 Tunable Laser Design

The SGDBR laser is a four-section device consisting of front and back mirrors, a
passive phase shifting section, and a gain section as shown in the diagram in Fig 4.3.
Mirrors for this laser were designed to meet the 20 nm tuning range metric, with contin-
uous tuning. MATLAB was used to create a transmission matrix model for each mirror,

and an iterative approach was employed to finalize the dimensions (i.e. burst length,
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sampling period, etch depth, and grating pitch). Several different mirror variants were

designed and placed on the final mask layout.

Back Mirror Phase Gain Front Mirror

N GaAs 0 AlGaAs cladding Ti/Pt/Au
. MQW H H-GaAs contact Contact
B AlGaAs SCH M n-GaAs substrate

Figure 4.3: Side view diagram of a four section SGDBR laser.

4.2.1 Transmission Matrix Method

The transmission matrix method can be used to represent gratings with a series of

T-matrices , which are 2x2 matrices of the form,

T, T
T=|" " (4.6)

Ty T
Grating mirrors typically consists of a combination of just two elements, each with its
own T-matrix: a dielectric interface, and a blank waveguide section, or transmission line.
The T-matrix representing a dielectric interface going from medium 1 to medium 2 is

given by,

1 1 r
T_ L 12
b ri2 1

(4.7)

where 115 and t15 are the reflection and transmission at the interface, respectively. A

waveguide of length L simply imposes a phase shift on the propagating mode, and the
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corresponding T-matrix is,

T = | (4.8)

where ¢ = BL is the phase shift, and B is the complex propagation constant in the
material. Because 3 is complex, it also includes any propagation loss that may be present
in the waveguide. For rectangular gratings, the reflection and transmission coefficients
can be approximated from the modal effective indices n; and nsy in the two waveguide
segments (etched and unetched grating regions). The reflectivity going from region 1 to

region 2 is then given by,
Mo — N1

T19 R 4.9
2, + iy (4.9)

and the transmission can be obtained with
1y + 15, = 1. (4.10)

It can easily be seen from (4.7) that going from region 2 to region 1 simply reverses
the sign of the reflection coefficient, ro; = —r15 and thus t9; = t15. To obtain the total
T-matrix for a grating mirror, individual matrices for each element in the mirror must be
cascaded together. A single grating period consists of four T-matrices as shown in Fig 4.4,
so the matrix for a single period is given by T, = T T,T3T,. The matrix for a grating
burst is then T, = T,™ where m is the number of periods in a single grating burst. T,
can then be multiplied by the matrix for the waveguide section between bursts, T,,, and
then raised to the number of bursts to obtain the total T-matrix for the entire SGDBR
mirror, Tsgppr. From the final T-matrix, Tsqoprr, the total reflection coefficient is

simply r = Ty, /T11, and the power reflectivity is R = |r|?.
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Figure 4.4: Diagram of grating period and corresponding T-matrices.

4.2.2 Mode Effective Index Simulations

Lumerical MODE simulations were used to calculate the effective indices for the
transmission matrices. Using a grating etch depth of 35 nm, the mode was simulated in
the etched area and the unetched areas of the grating. The simulation wavelength was
swept over a 100 nm bandwidth centered around 1030 nm. Results from the wavelength
sweep simulation are depicted in Fig. 4.5(a), which shows the simulated effective indices
versus wavelength. The etch depth of the gratings was also swept in the simulation from
0 to 60 nm, and Fig. 4.5(b) depicts the calculated coupling constant,  for the unsampled

grating as a function of grating etch depth at a wavelength of 1030 nm.

4.2.3 SGDBR Mirror Variants

Multiple SGDBR laser variants were designed and included on the mask for fabri-
cation. Various parameters for the six different design are summarized in the following
tables. Table 4.2 is for the front mirror designs, Table 4.3 is for the back mirrors, and
Table 4.4 is for the total mirror (i.e. combination of the front and back mirrors for each
of the six different designs).

In Table 4.4, 'Peak R’ is the peak total mirror reflectivity when the central mirror
peaks are aligned, and 'FWHM’ is the full-width half maximum of this reflectivity peak.
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Figure 4.5: (a) Fundamental mode effective index vs. wavelength for a 35 nm deep
grating etch and (b) coupling constant x vs. etch depth.

Table 4.2: Front Mirror Parameters.

Design ‘ Adpeqr (nm) ‘ Zy (pm) ‘ Zoy (pm) ‘ Niursts ‘ L (pm) ‘ Peak R

1

S O W N

4.450
4.450
4.450
4.450
5.750
3.300

0.780
1.248
1.560
1.560
0.936
1.248

33.112
32.959
32.960
32.960
25.496
44.462

10.000
10.000
10.000
12.000
10.000
8.000

331.124
329.587
329.598
395.517
254.962
355.692

0.116
0.253
0.355
0.449
0.161
0.173

Table 4.3: Back Mirror Parameters

Design ‘ Adpeqr (nm) ‘ Zy (pm) ‘ Zoy (pm) ‘ Nyursts ‘ L (pm) ‘ Peak R

1

S O W N

5.000
5.000
5.000
5.000
6.300
3.900

3.120
3.120
3.120
3.120
3.120
3.744

29.546
29.546
29.546
29.546
23.328
37.631

15.000
15.000
15.000
15.000
16.000
11.000

443.183
443.183
443.183
443.183
373.244
413.940

0.896
0.896
0.896
0.896
0.918
0.864

Fig. 4.6(a) shows the simulated reflectivity spectra for the front and back mirrors of

design 6, and Fig. 4.6(b) is the total mirror reflectivity of the two mirror spectra mul-

tiplied together. The center wavelength for this design is 1032.8 nm. This value is not
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Table 4.4: Total Mirror Parameters.
Design ‘ Peak R ‘ FWHM (nm) ‘ Approx. Tuning Range (nm)

1 0.095 0.380 40.455
2 0.218 0.410 40.455
3 0.309 0.420 40.455
4 0.392 0.380 40.455
) 0.139 0.510 65.864
6 0.143 0.370 21.450

at exactly 1030 nm because the grating dimensions must be an integer multiple of 1 nm,
which is the resolution of the electron beam lithography (EBL) system used for writing
the gratings and 1032.8 nm was the closest peak given this constraint. Fig. 4.6(c) is a
microscope image of a fabricated laser with these mirror designs, with the relevant section
lengths indicated. This design ended up demonstrating the best overall performance and
was the only one capable of demonstrating continuous tuning between supermodes. In
order to provide effective mode filtering and ensure single-mode operation, the FWHM
of the total reflectivity spectrum must be narrow enough to select only one cavity mode.
Cavity mode spacing is given by the following equation [80], and for the laser design in
Fig. 4.6, design 6, this comes out to 0.31 nm.
)2

A\ = — _ _ = 0.31nm (4.11)
2 (NgaLa + NigpLy + NgpLeyy)

Here, d\ represents the cavity mode spacing, 74, is the group index in the active section,
Ngp is the group index in the passive section, L, is the active region length, L, is the
total passive length excluding the mirrors (in this case, the phase section), and L.gy is
the effective length of the two mirrors. Fig. 4.7 shows the position of the cavity modes
superimposed on the central reflectivity peak from Fig. 4.6(b) showing that the FWHM,

0.37 nm, is narrow enough to filter out a single cavity mode.
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Figure 4.6: (a) Simulated reflectivity spectra of front and back SGDBR mirrors for
design 6, (b) total reflectivity sepctrum for laser design 6, and (c) microscope image
of fabricated laser with section lengths indicated.

4.3 Tunable Laser Fabrication

The SGDBR lasers were fabricated on the same platform described in chapter 3, so
the fabrication steps are essentially the same but with the addition of grating lithography
and etching after the active-passive isolation etch. The base epitaxy, before regrowth, is
identical to what is shown in Table 3.1, but the regrowth layers are slightly modified for

the tunable lasers as described below.
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Figure 4.7: Cavity mode spacing overlaid on total mirror reflectivity spectrum of
design 6 showing effective mode filtering capability.

4.3.1 Mask Layout

The mask layout for a single die is shown below in Fig. 4.8(a). This layout included
all the SGDBR mirror variations listed in the previous section, as well as SGDBR lasers
with SOA gain sections after the front mirror and absorbers at the back. A few test
structures such as TLM patterns and Fabry Perot lasers are also included. Fig. 4.8(b)
shows a microscope image of a full die after fabrication and a close-up of two four-section

SGDBR lasers.

4.3.2 Grating Formation

The first step in the fabrication was the active-passive etch to isolate the gain and
passive sections. This was performed in the same manner as described in chapter 3. After
active-passive etching, electron beam lithography (EBL) was used to pattern the gratings
for the laser mirror sections. First a 25 nm thick SiO, hard mask is deposited, followed

by spinning on EBL resist. The resist is then exposed with EBL and developed, and the
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Figure 4.8: (a) Mask layout and (b) microscope image of fabricated die with close up
of four section SGDBR laser in inset.

hard mask is etched with CF,/CHF3 ICP dry etching. The EBL resist is then stripped
and the gratings are etched into the GaAs waveguide layer. For the grating etch, an ICP
dry etch recipe with a slow etch rate was developed using Cly /Ny gas chemistry - the
rate was approximately 90 nm/min. Before forming gratings on the real device samples,
a calibration mask was used to optimize the dose and current of the EBL on a dummy
sample to achieve consistent gratings with close to 50% duty cycle. Fig. 4.9(a) shows
an SEM image of the etched gratings with 157 nm pitch and 74 nm wide etched regions.
Fig. 4.9(b) is a cross section SEM of gratings etched on one of the calibration samples,
with the hard mask still intact on the top. The final depth of the gratings for the real
samples was measured with atomic force microscopy (AFM) and was 37 nm. Fig. 4.9(c)

shows this AFM scan.

4.3.3 Regrowth and Remaining Fab

After etching the gratings, the upper SCH layers, p-cladding and p-contact were

regrown by MOCVD. The regrowth layer details are shown in Table 4.5; the underlying
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X 270,000 1

Figure 4.9: (a) Top-view SEM of etched gratings, (b) cross-section SEM image of
gratings, and (¢) AFM image showing 37 nm etch depth.
epi is identical to what was used in chapter 3 and can be found in Table 3.1. The sample
was prepared for regrowth with UV ozone followed by a dip in a buffered hydrofluoric
acid (BHF) solution diluted with DI water. This removes the hard mask from the grating
etch and any native oxide that may have formed on the GaAs surface. The sample was
then immediately loaded into the MOCVD reactor to avoid extended exposure to air

and reduce the chance of additional native oxide forming on the surface. After regrowth,

Table 4.5: Regrowth Layers for SGDBR Laser
| Material | Thickness (nm) | Doping (cm™®)

GaAs 200 (p) 1e20

A10_4GaAS 200 (p) Hel7

Regrowth | AlysGaAs 1000 (p) 6el7
Layers | AljoGaAs 120 (p) lel7
Aly,1GaAs 40 (p) lel7

Aly,1GaAs 10 (p) 1lel8

the remaining fabrication steps - waveguide ridge formation, passivation, via opening,
and contact deposition - are identical to the process described in chapter 3. One small
sample was shipped out for imaging of the gratings. A focused ion beam (FIB) cut was
performed in the grating section and scanning tunneling electron microscopy (STEM)

was used to image the overgrown gratings. The results from this analyis are shown in
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Fig. 4.10 with the location of the FIB cut indicated as well as a close up image of the
gratings. The gratings are clearly present and the regrowth interface looks very clean,
although the shape of the gratings is slightly rounded compared to the images before
regrowth, however this is to be expected due to the high growth temperature which

causes the surface to coalesce slightly.

/25/2023 |dwell  HV HFW | E—. L1
:53:20 PM | 5.00 ps_ 30.00 kV_82.9 pm #57754-FIB450-v-FA/SM

T L O I R O R
EAG-HD2300 200kV x25.0k ZC RoOQV321 EAG-HD2300 200kV x100k ZC  RoOQV321 300nm

Figure 4.10: FIB cut and STEM image of the gratings after regrowth.

4.3.4 Cleaving and Mounting Laser Bars

After fabrication the sample was thinned down to about 150 pm before depositing
backside n-contact metal and singulating individual die. Several die were then sent out

for laser bar cleaving and anti-reflection coating of the SGDBR laser facets. Multiple
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individual lasers were tested to select the highest performance devices to be cleaved and
mounted to an AIN carrier. Fig. 4.11(a) shows two lasers that were cleaved from a
larger bar and soldered to a carrier provided by Freedom Photonics. The four contacts
on the laser are wirebonded to metal contact pads on the carrier for easier probing. In
this picture there are two lasers on the bar but only one is wirebonded - this is because
the lasers are spaced too closely on the mask to reliably cleave out one at a time. Fig.
4.11(b) is a side-view SEM image of a similar bar with two lasers, soldered to a carrier.
In this case both lasers are wirebonded to metal pads on the carrier.

Mounting and wirebonding facilitates easier characterization as the metal pads on the
carrier are easier to probe than the pads on the laser, and the carrier is easier to handle
than the small bars. Additionally, mounted devices typically perform better because the
backside n-contact is soldered to the metal on the carrier, which reduces resistance (as
opposed to setting the bar on a copper stage, which would be the alternative). The AIN
carrier also creates a better heatsink for greater thermal stability. All the measurement
data presented in the following section was obtained from mounted and wirebonded laser

bars.

— 100pm UCSB 10/18/2021
5.0kV SEI M WD 14 .0mm|

Figure 4.11: (a) Microscope image of cleaved four section SGDBR laser bar mounted
and wirebonded to AIN carrier and (b) side view SEM of a similar device also mounted
and wirebonded.
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4.4 Laser Measurements

Thorough testing of the fabricated lasers was performed to characterize their perfor-

mance in terms of both power output and tunability.

4.4.1 Laser Power Output

Fig. 4.12 shows a typical LIV characteristic for a four-section SGDBR laser mounted
on a carrier - in this case laser design number 6. This measurement was performed at
room temperature under CW operation and without any tuning of the mirror or phase
sections. The lasing threshold current is 20 mA and greater than 35 mW is demonstrated

out of the front mirror facet at 100 mA current injection. Tuning the wavelength via

Bias (V)
LY

0.5 - ' - - g
0 20 40 60 80 100

Current {rm#)

Figure 4.12: LIV characteristic from SGDBR laser design number 6 after antireflection
coating and mounting to AIN carrier. Optical power shown here is only out of the
front mirror facet and exhibits more than 35 mW output at 100 mA CW current
injection.

current injection in the front and back mirrors induces excess loss due mainly to free-

carrier absorption in the mirror sections. This loss is quantified in Figure 4.13 where the
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current in the gain section was held steady while the front and back mirror currents were
swept from 0 to 150 mA. Fig. 4.13(a) shows the power decrease as a function of front
mirror current, Fig. 4.13(b) shows power decrease as a function of back mirror current
and Fig. 4.13(c) shows power decrease as a function of the current in both mirrors. In Fig.
4.13(c) the total power decreases from 44 mW with no tuning to about 15.1 mW when
both mirrors are being driven at 150 mA. This represents a total loss of approximate
4.6 dB. As will be shown in the next section, 150 mA in both mirrors is sufficient to
tune continuously across the whole range, however coarse tuning between the channels

requires significantly less total current and only one mirror section at a time.
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Figure 4.13: Total power output while varying mirror current from 0 to 150 mA in
(a) front mirror, (b) back mirror and (¢) both mirrors simultaneously.

4.4.2 Wavelength Tuning

Wavelength tuning is accomplished by injecting current into the mirror and phase
sections to modulate the refractive index and shift the peak of the mirror’s reflectivity
and the position of the cavity modes. As can be seen in the simulated reflectivity spectra
in Fig. 4.6(a), a small shift in one of the mirrors will align different reflection peaks
and cause a mode hop from the central peak to the newly aligned peaks. This is known

as coarse tuning and is accomplished by tuning only one mirror at time. The laser’s
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tuning characteristics were obtained by coupling light from one of the mounted SGDBR
lasers to an optical fiber and observing the spectrum on an optical spectrum analyzer
(OSA). Fig. 4.14(a) is an overlay plot of the 8 different channels that can be accessed
with coarse tuning in either the front or back mirror. Coarse tuning alone covers a total
range of 22.2 nm spanning from 1026.1 nm to 1048.3 nm, which meets the target tuning
range from Table 4.1. In this plot each of the 8 channels demonstrates a side-mode
suppression ratio (SMSR) of 30 dB or greater. The front and back mirrors can also
be tuned simultaneously. Again referring to Fig. 4.6(a) simultaneous tuning will shift
both the front and back mirror spectra together, which tunes a single channel rather
than mode-hopping to an adjacent one. This allows access to the wavelengths between
channels. Fig. 4.14(b) demonstrates continuous tuning between the first two channels.
In this plot, the blue curve is the free-running wavelength (no mirror current), and
the red curve is the first accessible channel using coarse wavelength tuning of only the
back mirror. Starting with the free-running laser (blue), current was injected into both
mirrors simultaneously to tune that channel. This is represented by the yellow curve
which demonstrates that the first channel can be tuned across the whole range between
the first and second channels. In this case the yellow curve required 130 mA in the front
mirror and 145 mA in the back mirror.

A wavelength tuning map was generated by tuning both mirrors in 1 mA steps from
0 to 150 mA and recording the peak wavelength of each point. This creates a 151x151
grid of wavelength points corresponding to every front-back mirror current combination.
This wavelength map is shown in Fig. 4.15(a). Each point required approximately 2
seconds to give the OSA sufficient time to take an accurate measurement, so it took over
12 hours of continuous testing to acquire the data for this figure. Since each measurement
recorded the full spectrum, the SMSR at each wavelength point can also be obtained.

Fig. 4.15(b) shows a similar map of SMSR as a function of front and back mirror current.
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Figure 4.14: (a) Overlaid spectra of 8 channels accessible with coarse tuning and
(b) demonstration of continuous tuning between the first and second channels with
current injection into both mirrors.

In addition to the mirrors, the phase section adds another element of control over
the output spectrum. Tuning the phase section changes the index in that section which
in turn changes the effective length of the cavity without shifting the grating peaks.
Referring back to Fig. 4.7 which shows the position of the cavity modes overlaid on
the mirror spectrum, it can be seen that as the mirror peak is shifted, different cavity
modes will fall into the reflection window. This leads to cavity mode hopping as the
mirrors are tuned. However, if the phase section is tuned in addition to the mirrors, the
cavity modes can be shifted along with the mirror spectrum to avoid this mode-hopping
behavior. Figure 4.16(a) shows a plot of peak wavelength versus phase current without
any mirror tuning. The clear steps in the plot indicate the points where one cavity
mode is moved out of the reflection window and another moves in. Figure 4.16(b) shows
overlaid spectra as the phase section is tuned, demonstrating 0.23 nm of tuning between
mode hops. It is worth noting that the tuning maps shown in Figure 4.15 were obtained
with only mirror current and no phase section tuning. The lines separating the channels

in the SMSR plot of Fig. 4.15(b) show points with very low SMSR, however with the
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Figure 4.15: (a) Map of wavelength vs. front and back mirror current and (b) SMSR
vs front and back mirror current.

addition of phase tuning many of these points could be tuned out to improve the SMSR as
the laser is tuned between channels. The laser’s Lorentizian linewidth was also measured

to extract a linewidth of approximately 650 kHz, easily meeting the requirement of less

than 10 MHz linewidth.
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Figure 4.16: (a) Peak wavelength vs. phase section current and (b) overlaid spectra
with varying phase section current and no mirror tuning.
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4.5 Laser Packaging and Collaboration with Free-
dom Photonics

Several of the SGDBR laser bars were sent to Freedom Photonics for packaging and
further testing. These were mounted on carriers like the one shown in Fig. 4.11(a)
and then packaged in a butterfly package with fiber pigtail. Fig. 4.17 shows a typical
butterfly package and Freedom Photonics’ InstaTune module used for wavelength tuning
measurements. Our collaborators at Freedom Photonics performed measurements with
the packaged lasers such as the wavelength tuning map shown in Fig. 4.18 which was

obtained using their InstaTune driver module.

Butterfly Package InstaTune Module

Figure 4.17: (Left) Butterfly package with fiber coupled output from Freedom Pho-
tonics and (right) InstaTune module for wavelength tuning measurements.

4.5.1 Wavelength Switching Experiment

One of the target metrics for these lasers was fast wavelength tuning speed (>1 MHz).
A wavelength switching measurement can be performed by applying a square wave to
the mirrors to tune between two wavelength points, filtering out one wavelength with an
optical bandpass filter, and using a photodetector to observe the resulting waveform on
an oscilloscope. This technique is described in [107]. Fig. 4.19 shows a screenshot of the

oscilloscope waveform during this measurement when a square wave tuning current is

70



Widely Tunable GaAs Lasers Chapter 4

r . 1052
: 1047
1042 Wavelength (nm)

o

60

30

0 30 60 90 120 150
FM (mA)

Figure 4.18: Tuning map showing wavelength versus front and back mirror current

for one of the packaged SGDBR lasers.
applied with 200 ps pulse widths. The applied waveform tunes between two wavelengths,
A1 = 1033.419 nm and Ay = 1033.575 nm. The rise time when switching from A; to As
is significantly faster than the decay when switching from Ay to A{, indicating that there
are two time constants influencing the tuning speed. Based on this measurement it is not
possible to extract a single number for the wavelength switching speed. The next chapter
will discuss in detail the physical mechanisms that influence wavelength tuning in GaAs,
but briefly, the two primary mechansims are carriers and temperature. Carrier based
effects are typically quite fast (MHz-GHz range) whereas temperature based tuning is
slower (kHz range). The measurement in Fig. 4.19 shows a fast rise and slow decay,

indicating that both effects may be influencing wavelength tuning in this laser.
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Figure 4.19: Screenshot of oscilloscope waveform during wavelength switching exper-
iment using 200 ps pulses. Fast rise time and slow decay indicate two different time
constants affecting the wavelength tuning speed.
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Chapter 5

Wavelength Tuning Mechanisms in
GaAs

For most tunable lasers, the desired shift in wavelength is directly related to a change in
the index of refraction in the laser cavity. In the case of tunable DBR or SGDBR lasers,
this tunability is achieved by varying the index in the mirror section(s) which translates to
a shift in reflectivity spectrum and thus a shift in the lasing wavelength. There are several
physical mechanisms that can contribute to a modulation of the refractive index and this
chapter explores that physics, focusing primarily on GaAs. Section 5.1 covers the theory
related to specific types of index tuning, such as carrier based tuning, and electric field
related effects. Section 5.2 takes a closer look at data from the SGDBR lasers presented
in chapter 4 to analyze the effects that may be influencing the observed behavior. Finally,
section 5.3 presents data from a regrowth and time-resolved photoluminescence (TRPL)
experiment to analyze the effect that surface preparation has on carrier recombination
rates.

The real and imagninary parts for refractive index of GaAs, used in the simulations,
were obtained from [108]. This n-k data, which was obtained experimentally, is plotted
in Fig. 5.1 as a function of photon energy. Similar data was obtained from the same

website for AlGaAs of various compositions. Absorption is related to the imaginary part
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Figure 5.1: n-k data for GaAs

of refractive index, k, with the following equation,

4o - k
o

(5.1)

Qo =

This equation is used with the data in Fig. 5.1 to obtain experimental values for absorp-
tion, in the absence of carriers or electric field, and is used later for calculating the shift

in index due to various effects.

5.1 Refractive Index Tuning

There are three primary effects that are commonly used to induce a shift, either
positive or negative, in the refractive index of semiconductor devices. These are carriers
(accomplished with current injection), electric fields (accomplished by applying forward
or reverse bias), and temperature. While these all have different underlying physics they

are, in practice, seldom isolated from each other. For example, injecting current requires
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a forward bias which introduces an electric field and the associated power dissipation
leads to heating in the device. In the context of laser engineering, it’s important to
understand which effects are dominant in order to predict the magnitude and sign of
the resultant index shift, which in turn relates to the tuning efficiency. The discussion
below assumes carrier injection due to forward biasing a diode, but the same effects also
apply in the case of carrier depletion due to reverse bias. However, in the case of tunable
lasers, the optical waveguide region where the index change is most relevant is typically
undoped, or only lightly doped, so carrier depletion has a much smaller effect than carrier

injection.

5.1.1 Carrier Based Effects

Carrier based tuning is not one single physical mechanism, but actually three different
effects that each contribute differently to the overall shift in index [109,[110]. Often the
change in absorption is more readily calculated and the corresponding change in index is
then obtained via the Kramers-Kronig integral. For a given change in absorption, Aa«,

the corresponding change in index is:

QCﬁ I
73/ E’2 (5.2)

where P indicates the principal value of the integral, E is the photon energy, c is the
speed of light, A is Planck’s constant and e is the fundamental electron charge. A more
thorough treatment of carrier based index tuning is given by Bennet et al. in [109], but

a brief overview is provided here.
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Bandgap Shrinkage

Bandgap shrinkage occurs when injected electrons occupy states at the bottom of the
conduction band (and holes at the top of the valence band). When the carrier concen-
tration is high, individual wavefunctions begin to overlap significantly. The electrons are
repelled by the Coulomb force, and electrons with the same spin will avoid each other
due to the Pauli exclusion principle. The net effect is a decrease in the elctrons energy to
accomodate the overlapping wavefunctions and also the repellant forces, which results in
a shift of the effective conduction band edge. The inverse is true for holes in the valence
band thus causing the bandgap to shrink, hence the name. Based on the analysis from
Bennet et al. [109], the total change in bandgap energy as a function of carrier density

is,

1/3
i(l—x’;> X = Xer

AE,(x) = (5.3)
0 X < Xer

where x is the free carrier density (electrons or holes), « is a fitting parameter, and y., is

the critical carrier density below which bandgap shrinkage effects are insignificant. The

value for ., used in [109] is given by the following which is a fit based on experimental

data and is in units of em ™3

X@::(L6X]OM)-(7ne>3. (5.4)

1.4¢,

If parabolic bands are assumed then the absorption coefficient near the bandgap can be

modeled with the square root law as:

¢S /E—-E, E>E
E g - g

ao(E) = (5.5)
0 E<E,
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where C' is a constant that includes various material parameters. The change in absorp-

tion due to bandgap shrinkage is then simply obtained with

Aa(x, E) = ao(E — AEy(x)) — ao(E) (5.6)

and the resultant shift in index can be calculated from the Kramers-Kronig integral in
(5.2). The change in absorption due to bandgap shrinkage is always positive for energies

below the bandgap, and thus the change in index is also positive.

Band Filling

The band filling effect, unlike bandgap shrinkage, leads to a decrease in absorption
(and thus negative index shift). This occurs when free carriers fill the lowest states in
the conduction band. In order to for a photon to be absorbed, the energy must be high
enough to excite electrons from the valence band to the conduction band. When the
lowest energy states are filled, a higher energy is required for this excitation as the only
available states are at energies further above the conduction band edge. This leads to a
shift in the effective absorption edge to higher energies when the carrier density is high.

The absorption coefficient for a semiconductor under current injection is given by,

Oé(N, P? E) = aO(E) [fv(Ea) - fc(Eb)] ) (57)

where N and P are the elctron and hole densities, respectively, f,(E,) is the probability
of a valence band state with energy E, being occupied and f.(E}) is the probability of

a conduction band state with energy Ej, being occupied. The probabilities f. and f, are
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given by the Fermi-Dirac distribution,
ol By) = [1 4 elFo=Ero)/ksT] (5.8)

ol Ea) = [1+ (Fa=Pro)/koT) 7! (5.9)

where kp is Boltzmann’s constant, 7" is temperature and Er. and Er, are the quasi-Fermi
levels, which are carrier dependent. Absorption as a function of carrier density can be

calculated from (5.7) and the change in absorption is then simply
Aa(N,P,E) = «a(N,P,E) — ay(E). (5.10)

The corresponding change in index is again obtained with the Kramers-Kronig relation.
There are multiple approximations for quasi-Fermi level as a function of carrier density

[80], but for this the Nilsson approximation [111] was used as described in [109).

Free Carrier Absorption

A free carrier in a semiconductor can absorb a photon and move to a higher energy
state. This free-carrier absorption, or plasma effect, also leads to a change in the refractive
index. Using the Drude model for free carrier absorption [112], the change in index can be
calculated directly from the carrier concentration and material parameters. The change

in index due to the plasma effect is always negative and is given by [109],

e2\? N P
An=—(—F— — 4+ —]. 5.11
" (87r20260n) (m8 * mh) (5.11)
A Matlab script was written to calculate refractive index change in GaAs as a function

of carrier concentration resulting from the 3 effects discussed above. The empirical data in
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Fig. 5.1 was used as a starting point for the unperturbed index and absorption in GaAs.
For bandfilling and bandgap shrinkage, the absorption shift was calculated directly and
the Kramers-Kronig integral was solved numerically to obtain An. The results are plotted

in Fig. 5.2 for 5 different carrier concentrations The sum of all three effects is shown in
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Figure 5.2: Carrier induced refractive index change in GaAs due to (a) bandgap

shrinkage, (b) band filling, and (c) free carrier absorption. The vertical line in all

three plots is at 1.204 eV which corresponds to a wavelength of 1030 nm.
Fig. 5.3(a) at a wavelength of 1030 nm. Fig. 5.3(b) is a plot from Bennet et al. [109]
showing the same calculation as a function of electron concentration in n-type GaAs at
a photon energy of 1.2 eV. The calculation in Fig. 5.3(a) compares favorably to the
result from Bennet with the key difference being that the transition from a net positive
index change to net negative index change occurs at a higher carrier concentration in
our calculation. However, our calculation used experimental data for absorption whereas
in [109] they calculate unperturbed absorption by assuming parabolic bands and using
the square root law. Additionally, the plot from [109] in Fig. 5.3(b) is specifically
for electron concentration in n-type GaAs, whereas in Fig. 5.3(a) we assume injected
electrons and holes (with N=P), which will influence the calculations, particularly for
free-carrier absorption. In both cases however, it’s worth noting that the net index shift
is indeed positive in GaAs for low carrier concentrations at this wavelength (1030 nm =

1.204 eV). This is something which is not observed in InP, either in theory or practice,
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for the common InP laser wavelengths of 1.3 pm and 1.55 pm. Fig. 5.4 shows a similar
plot of An versus carrier density in InP from [109]. This figure shows the absolute value
of An to accomodate a log scale, but it is specified in the text that An is indeed negative

across the whole carrier density range.
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Figure 5.3: (a) Calculation of change in refractive index versus carrier density for
GaAs and (b) similar data calculated in [109] for n-type GaAs.
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Figure 5.4: Calculated An versus carrier density in InP at two different wavelengths
from [109].
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5.1.2 Electric Field Effects

In addition to the influence of free-carriers, an electric field in a semiconductor also
induces a shift in the wavelength. The two primary field related effects are the linear

electrooptic effect (LEO) and electrorefractive effect (ER) |110,[113].

Linear Electrooptic Effect

The linear electrooptic effect, also known as Pockel’s effect, occurs in GaAs crystals
as a result of the lack of inversion symmetry. For an electric field oriented in the crystal’s

[001] direction, the change in index is given by [110],

3

Ny = Ny — %mlEz (5.12)
n3
Ny = ng + ?07"41EZ (5.13)

where E, is the electric field component in the z-direction (or [001] crystal axis, in this
case), no is the index in the absence of electric field, r4; is the LEO coefficient, the sub-
script #’ indicates the [110] direction and y' represents the [110] direction. The direction
of the index change due to the LEO effect is therefore dependent on the orientation of

the waveguides relative to the crystal axes.

Electrorefractive Effect

The elcrorefractive effect, also known as Franz-Keldysh effect, occurs due to tilting
of the band edges in the presence of an applied electric field. Tilting of the band edges
increases the overlap of electrons in the conduction band and holes in the valence band
thus increasing the probability of tunneling across the gap. This leads to a change in the

overall absorption, which in turn results in a shift in the index of refraction. For a constant
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wavelength it has been found that the change in index has a quadratic dependence on
electric field strength [110,|113]. Based on a fit to empirical data for GaAs, the index

where A is wavelength in microns, and E is electric field strength in V/em. For the ER
effect, An is always positive regardless of crystal orientation.

In terms of refractive index tuning, the electric field related effects are typically much
smaller than carrier injection. Fig. 5.5 shows a plot from [110] showing An as a function
of applied reverse bias for an AlGaAs/GaAs/AlGaAs heterostructure waveguide. Here
the maximum index change achieved under reverse bias is 1le=® at -6 V at a wavelength
of 1.06 pm, which is more than an order of magnitude smaller than what can be achieved

with carrier injection in Fig. 5.3. Based on the equation for wavelength tuning in a DBR
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Figure 5.5: An versus reverse bias in the AlGaAs/GaAs/AlGaAs heterostructure
described in [110].
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mirror,

AN . AﬁDBR

A NpBR

(5.15)

an index shift of 1e=3 would correspond to A\ ~ 0.3 nm, however a wavelength shift
of at least several nm is typically desirable in tunable lasers. For this reason, carrier
injection techniques are typically preferred for wavelength tuning. Electric field based
effects are more commonly used for phase modulation, which is the application in |110],
because the response time is typically higher, and power consumption is very low in
reverse bias. Residual amplitude modulation (RAM) in phase modulators is also lower
for reverse biased devices [114}/115]. For current injected devices, there is of course still
some influence from electric field effects because the device is biased. But for typical
diodes, a normal forward operating voltage is in the range of 1-2 V| so the field induced

refractive index is change is much smaller than the influence of carriers.

5.1.3 Thermorefractive Effect

Temperature is another factor that influences the refractive index in semiconductors.
The thermal dependence is typically linear. For GaAs, the slope of the linear relationship

between index and temperture has been measured in [116] as,

(j—;) T (2.67 £0.07) x 107*/°C. (5.16)
Fig. 5.6 shows a plot from |116] showing the measured shift in index versus temperature
for GaAs and AlAs. Thermal tuning offers the widest practical tuning range, and for
real devices is typically accomplished with micro-heaters placed above the tuning section.
With the use of micro-heaters, the tuning section does not need to be conductive as in

the case of carrier based tuning. Thermal tuning is therefore the most common method
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Figure 5.6: Refractive index vs. temperature of GaAs and AlAs at a photon energy

of 1.2 eV. Figure adapted from |116].
for SiN based tuning elements with the heaters placed above ring mirrors [83}/117,(118].
However, the major downside to thermal tuning is its slow response time. Tuning speed
using micro-heaters is typically on the order of kHz as opposed to many MHz or more

for carrier and field based effects.

5.2 Analysis of Tuning in GaAs SGDBR Lasers

Based on the wavelength tuning data from the SGDBR lasers presented in chapter 4,
the wavelength clearly red-shifts with increasing current. This can be seen in the tuning
map shown in Fig. 5.7. A red-shift (positive A)) indicates a positive An in the mirror
sections during tuning. Based on the theory presented in the previous section, positive
An should only occur at relatively low carrier concentrations if we consider only carrier
based effects. From the curves calculated in Fig. 5.3(a), the maximum positive index
shift is less than 0.01 at a relatively low total carrier density of ~5el7, which corresponds
to a wavelength shift of approximately 2 nm. With higher carrier concentration, the total

index shift should quickly become negative. However the wavelength is only observed to
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Figure 5.7: Contour map of wavelength versus front and back mirror current in 1030
nm SGDBR laser.

redshift with increasing current, and the total wavelength shift for a single mirror is over
4 nm (refer to Fig. 4.14(b)). This naturally leads one to conclude that the dominant
tuning effect in Fig. 5.7 is thermal, which is almost certainly the case, at least for higher
current injection levels. However, blue shifting in direct current injected mirrors has been
reported for GaAs [102], although the effect is fairly small. Fig. 5.8 shows plots from this
paper. The plot on the left is experimental tuning data from two different laser structures
showing blueshift first before leveling off and beginning to redshift. In this paper, the
authors theorized that oxygen contamination at the regrowth interface contributed to
increased Shockley-Read-Hall (SRH) recombination (i.e. decreased SRH lifetime). Higher
SRH recombination rates would lead to lower overall carrier density. The plot on the
right in Fig. 5.8 shows simulated wavelength change versus current for 3 different SRH
lifetimes in the single QW (SQW) structure. When 7sgy = 0.5 ns, the wavelength
never blueshifts at all indicating that by the time the carrier density is high enough to
cause a blueshift, self-heating has become the dominant effect. Before drawing too close a
comparison between this and our SGDBR results, it’s worth pointing out that the laser in
this paper had a wavelength of 970 nm, rather than 1030 nm. This is significantly closer

to the band edge of GaAs where the bandfilling effect (blueshift) becomes more significant
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(refer to Fig. 5.2(b)). To see the effect of SRH lifetime on the tuning performance of our
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Figure 5.8: Wavelength change versus passive section current: experimental results for

two different structures (left), and theory for the SQW structure (right) with varying

SRH lifetimes and taking into account self-heating. Figure adapted from [102].
lasers, the passive mirror section was simulated using Ansys Lumerical CHARGE and
HEAT. This simulation takes into account SRH recombination, Auger recombination,
and spontaneous recombination as well as simulating the effects of self-heating due to
current injection. Fig. 5.9 shows the simulated diode IV compared to measurement in
the mirror section; the simulation shows slightly faster turn-on but otherwise similar
IV behavior. Heat maps for the diode are shown on the right in Fig. 5.9 for two
different SRH lifetimes, showing that self-heating is more significant for shorter 7grpy.
The Lumerical CHARGE and HEAT simulations calculate the carrier distribution and
temperature throughout the entire structure. This can then be imported into Lumerical
MODE and used as an index perturbation, based on the model for index vs. carrier
concentration in Fig. 5.3(a). In this way, the expected change in effective index as a
function of injected current can be simulated for the specific geometry of our device. The
results of this simulation are shown in Fig. 5.10 for 4 different SRH lifetimes. Fig. 5.10(a)
shows An vs current without considering heating and Fig. 5.10(b) includes the effect

of self-heating. In the case with self-heating, for 7sgg = 0.5 ns, the slope of the index
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change eventually becomes negative but not until around 80 mA. However, I suspect that
these simulations are underestimating the self-heating effects based on the difference in
measured and simulated IV curves in Fig. 5.9 and further analysis needs to be performed
to verify. The general trend is still relevant though, and it’s clear that with shorter 7sry
the carrier density is lower, and self-heating is higher. These together contribute to the
overall positive index shift that was observed in our devices regardless of current injection

level, and is consistent with the data in [102].
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Figure 5.9: (left) Simulated and measured IV curves and optical mode profile in mirror
section and (right) simulated heat map at 130 mA for two different SRH lifetimes.

5.3 Time Resolved Photoluminescence on GaAs/AlGaAs
Regrowth Samples

Based on the discussion in the previous section, the obvious question is: what can

be done to reduce SRH recombination in the waveguide? Oxygen incorporation during
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Figure 5.10: Index change versus mirror section current: (a) without self-heating and

(b) with self-heating.
growth leads to trap states which act as non-radiative SRH recombination centers. For
the regrown epi structure used for these lasers, it is possible that oxygen contaminated the
regrowth surface leading to a higher density of these trap states. With our collaborators
at Freedom Photonics, we theorized that different methods of surface preparation may
have an influence on the level of oxygen incorporation at the regrowth interface. While it
is difficult to directly measure a value for Tgry, the overall effect of carrier recombination
can be observed with time-resolved photoluminescence (TRPL) measurements [119]. To
test this, multiple samples were prepared with different surface treatments and slightly
different regrowth conditions. Fig. 5.11 shows the epitaxial layer structure for these
regrowth tests, which includes 980 nm QWs below a 10 nm GaAs cap, and regrown
1350 nm thick AlGaAs and 100 nm thick GaAs. Table 5.1 lists details for the regrowth
samples with different surface treatments and regrowth conditions. Every sample was
treated with either HF or NH4OH before growth, and the A and B samples also underwent
an 800 °C bake. Some of the samples had a SiO, hard mask deposited and then removed
with BHF, to emulate the fabrication process for real devices, as indicated in the last
column of the table. The samples were small pieces diced from a 3 inch GaAs wafer,

each piece approximately 1 cm?. TRPL measurements were performed on each sample
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Table 5.1: GaAs/AlGaAs Regrowth Sample Information

Batch Label  Surface 800 °C Regrowth Hard mask deposition
treatment  bake  temp (°C) & removal (BHF)
1 Al NH40H yes 720 no
1 A2 HF yes 720 no
1 A3 HF yes 720 no
1 A4 NH40H yes 720 yes
1 A5 HF yes 720 yes
1 A6 HF yes 720 yes
2 B1 NH40OH yes 670 no
2 B2 HF yes 670 no
2 B3 HF yes 670 no
2 B4 NH40H yes 670 yes
2 B5 HF yes 670 yes
2 B6 HF yes 670 yes
3 C1 NH40H no 670 no
3 C2 HF no 670 no
3 C3 HF no 670 no
3 C4 NH40OH no 670 yes
3 Ch HF no 670 yes
3 C6 HF no 670 yes
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Figure 5.11: Epitaxy for regrowth tests.

after regrowth. The measurement setup used a 730 nm laser for excitation, which is
lower energy than the Aly4GaAs bandgap so it excites carriers only in the GaAs and
QW layers. The detector was broadband, but two measurements were performed with
different bandpass filters to measure both 870 nm emission from GaAs, and 980 nm
emission from the QWs. The 100 nm p-GaAs contact layer was left in place for most of
the samples, which means that some of the excitation occurs in that layer, and not at the
regrowth interface which is the region of interest. A quick calculation based on reported
absorption values predicts that about 80% of the 730 nm excitation passes through the
top layer, so the TRPL data is still dominated by recombination below the interface.
However, the p-GaAs layer was etched away for 3 of the samples, Al, B1, and C1, and
the observed decay was slower for those 3, although not by a large margin. All the
measurements are shown in Fig. 5.12. For 870 nm emission in Figs. 5.12(a-c), there is no
immediately obvious difference between the 6 samples, except that the samples without
p-GaAs show slightly slower decay. For the 980 nm measurement, however, some of the
samples clearly exhibit much slower decay. In all cases of slower decay, the sample was
treated with NH4OH, rather than HF, before regrowth. To more readily see the decay

rate, the 1/e lifetime (i.e. time it takes to decay to 37% of the peak) was extracted for
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Figure 5.12: 870 nm emission vs time for (a) A samples, (b) B samples and (c)

C samples. 980 nm emission vs time for (d) A samples, (e¢) B samples and (f) C

samples.
each curve. This was chosen rather than trying to fit to the curves, because the clear
multi-exponential behavior makes fitting challenging. This was also the approach used
in , so a direct comparison can be made with their reported lifetimes. The 1/e decay
time is shown for each sample in Fig. 5.13. Samples 1 and 4 (for A, B, and C) were
all treated with NH4OH, and these are the samples with longest decay in Fig. 5.13(a),
with the exception of A4. In Fig. 5.13(b) the trend is less clear, but the A and B
samples tend to have slightly longer decay than the C samples. Referring back to Table
5.1, all the A and B samples had an 800 °C bake, whereas the C samples did not. For
reference, the samples in [119] which consisted of exposed GaAs that was treated with a
nitridation process to prevent oxidation, displayed very similar 1/e lifetimes at 870 nm
to those shown in Fig. 5.13(b). These results are obviously not a direct measurement of
SRH lifetimes, however it is instructive to note that the carrier lifetime is clearly longer

for the samples that were treated with NH4OH, rather than BHF. Furthermore, there
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Figure 5.13: 1/e lifetime extracted from TRPL measurements for (a) 980 nm emission

for QWs and (b) 870 nm emission from GaAs.
appears to be little or no dependence on regrowth temperature, at least between 670
°C and 720 °C. Depositing and removing a hard mask before regrowth also appears to
have no significant effect. The SGDBR lasers fabricated in chapter 4 all used BHF in
preparation for regrowth, so it is possible that the lifetime could be improved in the

future by treatment with NH4OH.

5.4 Summary

This chapter began with an overview of the various physical mechanisms that influ-
ence wavelength tuning in GaAs lasers and an analysis of the tuning behavior in our
SGDBR lasers. The last section included results from a regrowth experiment to com-
pare carrier lifetimes for samples with different regrowth surface treatments. Meeting
the tuning speed metric of >1 MHz will require carrier based tuning, rather than tem-

perature based tuning, and should be the focus of future work. Based on the TRPL
92



Wavelength Tuning Mechanisms in GaAs Chapter 5

measurements, improved surface treatment with NH4OH prior to regrowth may reduce
SRH recombination due to oxygen incorporation, but a full device fabrication would be
required to confirm if this sufficiently increases the magnitude of carrier-based tuning.
Further changes to the design may also be considered, such as doping the waveguide
in the mirror sections, which would simultaneously increase carriers and reduce series

resistance (and thus self-heating).
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III-V Lasers on Planar Silicon by
MOCVD Heteroepitaxy

A general discussion of I1I-V on Si integration techniques, including heteroepitaxy, was
provided in chapter 2, detailing some of the different approaches that have been employed
by various research groups using both MBE and MOCVD growth techniques. This
chapter focuses specifically on the demonstration III-V lasers grown on planar Si by
MOCVD direct heteroepitaxy. Section 6.1 provides a brief overview of quantum dot
active regions, and some of their advantages. Section 6.2 highlights some prior work
at UCSB on MOCVD grown InAs/GaAs QDs, both on native GaAs substrates and on
Si. Section 6.3 provides an overview of blanket growth on planar silicon by MOCVD -
specifically on a nano V-groove patterned Si template. Section 6.4 includes a discussion
of process development and fabrication for lasers on Silicon, and section 6.5 presents

results from laser testing and characterization.

6.1 Properties of Quantum Dot Active Regions

Quantum dots are three dimensional nano-structures that provide electron confine-
ment in all three dimensions (as opposed to QWs which have only 1 dimension of confine-

ment). The effect of this 3D carrier confinement is a discretization of the allowed energy
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levels leading to a delta-function shape for the density of states (DOS) [24}/48][74,[301[120].

This reduction in DOS leads to some unique properties and advantages of QDs. Fig. 6.1
shows the progression of active regions from bulk, to quantum wells, to quantum dots and

the corresponding effect that increased confinement has on the DOS. For self-assembled
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Figure 6.1: Effect that increasing electron confinement has on the density of states.
Figure adapted from

QDs, individual dots are not all exactly the same size, rather there is a distribution of
inhomogeneous dots with varying size. The variation in size leads to a variation in al-
lowed energy states and transitions for the overall active region, although individual dots
retain the characteristic delta-function DOS. For real QD active regions this results in a
broadening of the gain spectrum, which can be advantageous for some applications such

as broadband wavelength division multiplexing systems.
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6.1.1 Low Threshold Current and High Characteristic Temper-

ature

Lower threshold current, and reduced temperature sensitivity are two of the most ap-
pealing properties of quantum dot lasers. The lower threshold current leads to lower over-
all power consumption making QD lasers attractive for energy-efficient optical transceivers.
Similarly improved temperature stability reduces the cost associated with actively cool-
ing devices, which becomes quite significant in large data centers, for example. Both the
lower threshold and improved thermal performance arise as a result of the reduced den-
sity of states in QDs, and were theoretically predicted well before the first demonstration
of QD lasing [24,/121,|122].

To reach the lasing threshold condition, population inversion must be maintained in
the gain medium. For diode lasers, this is accomplished by pumping carriers into the
conduction band via current injection. In the case of QD active regions, discretization of
the density of states means there are fewer available energy states in the conduction band,
so population inversion can be reached with less current compared to QW or bulk active
regions [58,]123]. Strain in the QDs also leads to splitting of the degenerate light-hole
and heavy-hole valence bands, which further reduces threshold as a result of selection
rules (the same is true for strained QWs [80]). The high characteristic temperature
achievable with QDs also results from the delta-function like density of states, which
prevents carrier populations from thermally redistributing [24]. Real devices have not
achieved truly temperature agnostic operation due largely to the inhomogeneous nature
of self-assembled QDs which leads to some overlap of neighboring levels. However, QD
lasers have demonstrated very stable operation at high temperature, with CW lasing at
temperatures as high as 220 °C [124] and up to 20 Gbps modulation speeds in a silicon

interposer operating at 125 °C |125].
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6.1.2 Linewidth Enhancement Factor

Reduced linewidth enhancement factor, « is another advantage of QDs. « is defined
as the ratio of change in the real part of refractive index n, to the imaginary part of

refractive index n;, with respect to carrier density,

S @E @ E e

A semiconductor laser’s linewidth and its susceptibility to optical feedback are both de-

pendent on the linewidth enhancement factor [80]. Linewidth is one of the limiting factors
that determines the maximum error-free modulation bandwidth - lower linewidth allows
for faster modulation. Optical isolators are often used to reduce unwanted reflections in
photonic integrated circuits, which is necessary for stable operation. However, these are
often bulky and expensive. For QD active regions, optical isolators are often unnecessary
due to their reduced sensitivity to optical feedback. Theoretical calculations predict that
the linewidth enhancement factor could vanish completely for QDs, due to the symmetric
density of states [24,126]. In reality, inhomogeneous broadening leads to non-zero values
for a. However, « factors as low as 0.1 have been demonstrated [127] for QDs, whereas

typical values for QWs are around 4 to 6 [80].

6.1.3 Tolerance to Growth Defects

Another particularly attractive property of QDs is their reduced sensitivity to growth
defects, specifically threading dislocations (TDs). As discussed in chapter 2, TDs tend to
propagate vertically through the epitaxial layers and are especially problematic in the case
of heteroepitaxial growth due to the significant lattice mismatch between III-V materials

and Si [86]. While the use of dislocation filters and thermal cycle annealing (TCA) does
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significantly reduce TD density, some TDs do inevitably propagate into the device layers.
A threading dislocation in the active region creates a non-radiative recombination center
in the form of a trap state - an energy level somewhere between the conduction and
valence bands. In quantum wells, electrons are confined in only one dimension and can
diffuse laterally before recombining, so a localized trap state can affect recombination of
carriers in some radius. For quantum dots, however, 3D electron confinement means that
the presence of a trap state will only affect the specific QD where the TD terminated,

leaving the surrounding QDs essentially unaffected.

6.2 MOCVD Grown InAs/GaAs Quantum Dots

Indium arsenide (InAs) QDs in a GaAs matrix are generally considered the most
mature. The earliest demonstrations of lasers with QD active regions, and many of the
commercially available QD lasers [241/128,/129] have traditionally been grown with molec-
ular beam epitaxy (MBE). And indeed these have demonstrated many of the promised
benefits of QDs described in the previous section [24]48.58)124}/125]. However, higher
growth rates and the fact that MOCVD doesn’t require high vacuum makes it more
economical than MBE and thus generally preferred for high-volume industrial needs.
Significant efforts have, therefore, been undertaken to develop MOCVD-grown QDs for
lasers and other applications. This development has resulted in multiple publications
and another PhD thesis from UCSB [75/[87,130,/131], some of which is highlighted in this
section.

Self-assembled QDs are grown using the Stranski-Krastanov growth method. In the
case of InAs/GaAs QDs, this technique involves growing a thin 2D ”wetting layer” of
InAs; typically only a few monolayers. At some critical thickness, the highly strained InAs

begins to relax and gives way to 3D growth forming InAs ”islands”, i.e. quantum dots,
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on the surface. After the initial formation of 3D QDs, there is only a very narrow window
of growth before dislocations begin to form due to the high strain. One of the primary
challenges in demonstrating QDs by MOCVD is controlling dot size and uniformity due
to the complex growth dynamics. Another challenge to realizing QD lasers relates to
growth of the cladding material. AlGaAs claddings are common for GaAs based lasers,
however these typically require growth temperatures around 700 °C in MOCVD systems.
Such high temperatures would alter any previously grown QD layers resulting in a strong
blueshift in the PL spectrum, so AlGaAs is not preferred, at least for the upper cladding.
Indium gallium phosphide (InGaP) is an alternative material that can serve as cladding
for GaAs lasers, and can be grown at lower temperature (typically around 500 °C).
However InGaP growth tends to suffer from phase separation on GaAs, particularly for
the thick layers required for cladding. These issues have been addressed in previous work
at UCSB [75,87,130,/131]. The details of that development are not presented here as it
is not the main focus of this thesis, however some key results are highlighted below.
Fig. 6.2 shows LI characteristics for MOCVD grown QD lasers on native GaAs
substrates with InGaP cladding layers [131]. These devices demonstrate high CW output
powers up to 200 mW from a single facet, and low threshold current. CW lasing is also
demonstrated at temperatures up to 90 °C. Similar lasers have undergone aging tests with
extrapolated lifetimes of up to five million hours [75]. MOCVD grown QDs on silicon
were also developed for the demonstration of lasers on silicon. Fig. 6.3 shows a schematic
of the epi layers for InAs/GaAs QDs grown on a GaAs on V-Groove Si (GoVS) template.
AFM scans of the surface after growing 8 layers demonstrates QDs with a dot density of
~ 5 x 10'% ¢m? [85]. A PL measurement of identical QDs grown on GaAs and on GoVS
(samples were co-loaded to ensure identical growth conditions) shows comparable PL in
terms of intensity, wavelength, and FWHM on both samples. This demonstrates that

the GoVS template provides a high quality surface for QD growth [130].
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Figure 6.2: (a) MOCVD grown QD lasers on native GaAs with varying ridge widths
and (b) broad area laser LI characteristics with varying temperature. Figures adapted

from .

6.3 Gallium Arsenide Growth on Planar Silicon

6.3.1 GaAs on V-Groove Silicon Templates

The use of nano v-groove patterned Si for heteroepitaxial growth has been shown to
effectively avoid the generation of anti-phase boundaries (APBs) in the III-V material
[84/85/[130]. The process of forming the V-groove structure, as described in [85], starts by
first etching 70 nm trenches, aligned to the [110] direction, into a SiO, mask on the surface
of an on-axis Si (001) sample, leaving 60 nm wide stripes of SiOy between openings. The
V-grooves are then formed using a 45% dilute potassium hydroxide (KOH) solution which
anisotropically etches silicon to leave the (111) surface exposed. After KOH etching, the
sample is dipped in a 10% hydrochloric acid (HCI) solution for 60 s to remove residuals,
and then the oxide mask was removed with HF acid. APBs occur as a result of the
polarity mismatch between III-V materials and silicon. By creating V-grooves on the

silicon surface, the initial III-V growth takes place on the Si (111) plane, which contains
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Figure 6.3: InAs/GaAs QD growth development on GoVS template showing (left)
layer schematic and AFM scan of QD surface with extracted dot density of
~ 5 x 101 ¢m? and (right) PL emission comparing QDs on GoVS and native GaAs
with emission peak near 1.3 pm. Figure adapted from .
the necessary double atomic steps to reduce the occurrence of APBs while still using a
CMOS compatible Si (001) substrate. Another advantage of growing on nano-patterned
Si is aspect ratio trapping (ART), where defects are encouraged to propagate laterally
rather than vertically during the initial growth [36].

While the use of V-grooves reduces the occurence of APBs, other defects, specifically
threading dislocations (TDs), still pose an issue due to the significant lattice mismatch.
In order to eliminate TDs, the full GaAs on V-groove Si (GoVS) template consists of a
GaAs buffer grown on the patterned silicon substrate, followed by thermal cycle annealing
(TCA) and the growth of strained layer superlattices (SLSs) which act as dislocation
filters. Fig. 6.4 (adapted from [85]) shows the details of the GoVS template with cross
section SEM images highlighting the elimination of defects in the buffer, resulting in low
total defect density in the device layers. This GoVS template is used as the starting

point for the laser epitaxy demonstrated later.
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Figure 6.4: GoVS template and growth results showing annihilation of APBs and
threading dislocations in the buffer layer. Figure adapted from [85].
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6.3.2 Laser Epitaxy

The GoVS template was used to grow the QD laser structure shown in Fig. 6.5(a).
The device epi layer stack consists of a GaAs n-contact layer, n-type Aly,GaAs lower
cladding, 5 layers of InAs/GaAs QDs embedded in a GaAs waveguide layer, p-type
InGaP upper cladding (lattice matched to GaAs), and GaAs p-contact layer. AlGaAs
was chosen for the lower cladding as it is generally easier to grow on GaAs than InGaP.
If the InGaP composition is not perfectly matched to GaAs then stress in the film can
lead to defects and surface roughness, especially for the thick film necessary to create
the cladding layer [87]. Obtaining a high quality surface is especially important for the
lower cladding since the active region is grown on top and any defects will negatively
influence QD growth. AlGaAs of any composition is lattice matched to GaAs, so slight
variation in the composition during growth does not affect film quality, hence the choice
of AlGaAs for the lower cladding. However, the high temperature required for AlGaAs
growth can influence existing QDs and shift the PL peak. Surface quality is less critical

for the upper cladding, and InGaP can be grown at lower temperature (~550 °C), so this
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was used for the upper cladding. Suppressing InGaP phase separation during MOCVD
growth is a significant challenge and is addressed in [87]. In the case of growth on planar
Si, no phase separation is observed in the InGaP cladding. AlGaAs with 40% Al and
lattice matched InGaP have similar bandgaps and refractive indices, so this layer stack
is still more or less symmetrical in terms of optical confinement. Fig. 6.5(b) shows the
PL spectrum for the 5-layer QD structure demonstrating a PL peak near 1300 nm. This
epitaxial structure is used to fabricate the Fabry Perot lasers on Si discussed in the next

section.
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Figure 6.5: (a) QD laser epitaxial layers grown by MOCVD on GoVS template, and
(b) measured QD PL spectrum.

6.4 Laser Fabrication

6.4.1 InGaP Dry Etch Recipe Development

The epitaxial layer structure for both the lasers on planar Si and SAH devices con-

tains InGaP cladding, and in the case of the planar Si devices both InGaP and AlGaAs.
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Typical InGaP dry etch recipes (based on InP etches) are performed using Cly /Ny gas
chemistry with substrate temperatures around 200 °C [132,|133]. However, this high
temperature is not suitable for etching GaAs/AlGaAs materials and would lead to sig-
nificant undercutting, particularly in the thick lower AlGaAs cladding layer used for the
planar Si devices. Rather conveniently however, around the time of this work, a new
Oxford ICP Etcher (PlasmaPro 100 Cobra) was installed in the UCSB nanofab, and one
of its advertised capabilities was low temperature etching of InP and related materials
by adding CHy4 to the gas mixture. A customized recipe was developed to reliably etch
InGaP at low temperature while also etching AlGaAs and GaAs with reasonable etch
rate and sidewall quality. Table 6.1 shows 5 different recipe variations that were tried
before finally selecting the 5th one as the best overall. Fig. 6.6 is a collage of SEM
images from each etch test showing that recipe 5 results in the best sidewall quality in
terms of both verticality and surface roughness, while still having a reasonable etch rate
of 0.4 pm/min. I make no claim that this is the best InGaP etching recipe that can be
obtained with the Oxford ICP, however it worked reliably for this epitaxy and was used

for the remainder of the device fabrications.

Table 6.1: InGaP Dry Etch Recipes

Recipe Gas Flow Temperature  Pressure ICP Power Etch Rate
(°C) (mTorr) (W) (nm/min)

1 Cly/CHy/Hy 60 3.0 800 0.22
(18/10/15)

2 Cly/CH4/Hy 60 3.0 800 0.22
(18/10/15)

3 Cly/CHy/Hy/Ar 20 2.0 800 0.4
(15/10/15/10)

4 Cly/CHy/Hy/Ar 20 3.0 1000 0.4
(15/10/15/10)
(18/10/15/5)
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Figure 6.6: (a-e) InGaP dry etch recipe waveguide etching results from recipes 1-5
showing that recipe 5 (e) has the lowest roughness and most vertical sidewalls.

6.4.2 Device Fabrication

Fig. 6.7 shows the process flow for fabrication of Fabry Perot ridge lasers on the
planar GoVS template using the epitaxy that was described in the previous section.
Fabrication starts with electron beam deposition of Ti/Pt/Au for the p-contact. A
SiN/SiO, dielectric stack is then deposited as a hard mask for the waveguide etch and
the ridges are formed using the ICP dry etch recipe described above. Ridge widths on
the mask varied from 3 pm to 20 pm. Since the lower cladding was AlGaAs and we had
no selective etch to stop on the GaAs below, the etch was precisely timed to stop just
after reaching the n-GaAs contact layer. The etch depth was verified with SEM imaging.
After ridge etching, Ni/AuGe/Ni/Au contacts were deposited on the n-GaAs contact

layer. The sample was then passivated with 5 nm of aluminum oxide (AlO) via atomic
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Figure 6.7: Summary of fabrication steps for Fabry-Perot ridge lasers using GoVS
template on planar silicon.

layer deposition (ALD) followed by a SiN/SiO, stack deposited with PECVD. Vias were
opened in the dielectric to reach the n- and p-contacts, and Ti/Au was deposited for the
probe metal. The silicon substrate was then thinned to approximately 150 pm, and the
sample was cleaved to form Fabry-Perot (FP) lasers of varying lengths.

Thermal cracks in GaAs are a known issue for blanket growth on Si [92]. These cracks
naturally align to the GaAs crystal axes and to maximize yield, the waveguides should
be aligned with a crack, and thus the crystal axis. The sample was inspected to find
the regions with lowest crack density and the Heidelberg maskless aligner (MLA) in the

UCSB cleanroom was used to manually align the first layer with the cracks. Fig. 6.8(c)
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shows a microscope image after deposition of the p-contact layer, highlighting alignment
to the cracks. Fig. 6.8(a) shows a tilted SEM image of the waveguide just after etching,
showing reasonably low sidewall roughness using the recipe developed earlier. Fig. 6.8(b)
shows a cross-section of a cleaved facet device after fabrication. The waveguide sidewalls
are close to vertical and the n- and p-contact metals are clearly visible and contacted to
the n- and p-GaAs layers respectively. Fig. 6.8(d) is a top-view microscope image of one

of the laser bars after fabrication and cleaving.

Figure 6.8: (a) Tilted SEM image of waveguide etch, (b) cross-section SEM of cleaved
facet laser after fabrication and (c¢) top-view microscope after p-contact deposition
showing relative alignment to thermal cracks, and (d) microscope image of fabricated
lasers.
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6.5 Laser Testing and Characterization

Following fabrication, the planar silicon sample was cleaved into laser bars for testing.
Fig. 6.9(a) shows LIV characteristics for a 4 pm wide and 1850 pm long laser at room
temperature under both pulsed and CW current operation. This laser demonstrates
a CW threshold current of 46.8 mA (354 A/cm? threshold current density), and up
to 16 mW CW power from a single facet. Under pulsed current operation, the single
facet output power is greater than 25 mW and the threshold current is 38 mA (289
A/em? threshold current density). Fig. 6.9(b) illustrates the room temperature lasing

characteristic for a 20 pm wide and 1600 pm long broad area laser under pulsed current

operation, demonstrating up to 100 mW output power from a single facet.
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Figure 6.9: LIV characterstic for (a) 4 nm wide, 1850 pm long ridge laser under both
CW and pulsed current operation and (b) LI characteristic under pulsed current for
a 20 pm wide, 1600 pm long broad area laser.

The diode series resistance for these devices was higher than expected. In Fig. 6.9(a)
the bias is close to 4 V to reach 250 mA, which is nearly 1 W of power dissipation. The
high resistance leads to self-heating under CW operation, which explains the significant

difference in threshold current and efficiency for the pulsed versus CW LI curves. How-
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ever, we have attributed this to a fabrication issue in forming the n-contacts and not
an issue with the epitaxial layers. It is not shown here, but the n-contact metal did
not properly form ohmic contacts, and the resulting contact resistance was rather high.
Several additional annealing steps were performed after fabrication and cleaving which
significantly improved the overall series resistance. Fig. 6.9(a) represents one of the
improved IV curves. Further annealing only ended up degrading the QD gain properties
and light emission was significantly reduced. In spite of the high resistance, both the
broad area and narrow ridge lasers exhibit reasonable output powers and the narrow

ridge device still delivers greater than 15 mW out of each facet under CW operation.
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Figure 6.10: (a) Inverse differential efficiency versus cavity length to extract internal
loss and injection efficiency for 4 pm wide lasers and (b) pulsed current LI curves
associated with the data points in (a).

Additional pulsed measurements were performed with 4 pm wide lasers of varying
lengths to extract internal loss and injection efficiency. The results are shown in Fig.
6.10(a), which plots inverse differential efficiency versus cavity length to extract internal
loss, a;, of 5.85 cm™! and injection efficiency, n;, of 0.56. Fig. 6.10(b) shows the five

LI curves corresponding to the data points in Fig. 6.10(a). This value for injection
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efficiency is quite close to the 60% that has been reported for 3 pm wide MOCVD grown
QD lasers on native GaAs [131]. Injection efficiency as high as 87% has been reported
for MBE grown, 6 pm wide QD ridge lasers on Si [134] and up to 90% for MBE grown
QD broad area lasers on native GaAs [135]. It is worth noting, however, that in both of
these publications injection efficiency varies considerably with laser geometry. In |134],
3 nm wide lasers have 7; in the 60-75% range and in [135], lasers with thicker active
region have 7; around 70%. Ideally, it is better to use broad area lasers (e.g. 20 pm
or wider) to extract internal loss and efficiency as it minimizes the influence of effects
such as sidewall recombination and excess scattering loss from sidewall roughness [80].
However, the sample fabricated here did not yield a sufficient number of broad area lasers
for this measurement due to the presence of cracks in the GaAs. So, while it appears
that MOCVD grown QD lasers may have lower injection efficiency, it’s likely that the
extracted value for n; would be higher if the measurements were performed on wider ridge
lasers.

The laser’s temperature dependence was also measured for a 4 pm wide ridge, as
shown in Fig. 6.11. These lasers demonstrated CW lasing at up to 60 °C in spite of
the high series resistance. The same device was tested with pulsed current at varying
temperature in Fig. 6.11(b). With current pulsing to mitigate the effects of self heating,
lasing is demonstrated at up to 80 °C which was the maximum temperature achievable
with this setup. Higher temperature pulsed current operation could likely have been
demonstrated with a different thermoelectric cooler (TEC).

The lasing spectrum was also measured by coupling light from one of the 4 pm wide
ridge lasers to a lensed optical fiber connected to the optical spectrum analyzer (OSA).
Fig. 6.12 shows lasing spectra at two different current injection levels - just above lasing
threshold at I = 1.3 - I;,, and high current injection at I = 5 - I;,. The fundamental

mode peaks at a wavelength around 1280 nm in Fig. 6.12(a). The broad gain spectrum
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Figure 6.11: (a) CW current LI characteristic and (b) pulsed LI characteristic with
varying temperature.

that is characteristic of QD lasers can be clearly seen under high current injection in Fig.
6.12(b).

In this chapter, InAs/GaAs QD lasers monolithically grown on (001) silicon entirely
by MOCVD have been demonstrated. The lasers presented here exhibit reasonable out-
put powers under both CW and pulsed current operation. This demonstrates the feasibil-
ity of MOCVD for growing QD lasers on silicon. Due to the high growth rates of MOCVD
this is promising as a path towards large-scale monolithic integration of QD lasers for
silicon photonics. In the next chapter, our work towards demonstrating MOCVD grown
QD lasers with selective area heteroepitaxy (SAH) will be presented. Electrically pumped
SAH lasers on silicon are really the ultimate goal in terms of high-volume production and
monolithic integration with existing silicon photonics processes. The work presented in

this chapter is a critical step towards realizing that goal.
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Figure 6.12: Lasing spectra at (a) just above threshold current and (b) at 5 times
threshold for a 4 pm wide QD laser on Si.
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Chapter 7

III-V on Silicon by MOCVD
Selective Area Heteroepitaxy

Selective area growth is a technique in which a dielectric mask is deposited on a semi-
conductor substrate and then patterned, and epitaxial layers are grown locally in the
un-masked regions. This approach is commonly used for active-passive integration on
InP PICs [49]. MOCVD is the preferred technique as it allows for conformal growth
on the patterned substrate, rather than MBE which is a line-of-sight technique and can
lead to potential shadowing effects in the corners of the patterned area. MOCVD is
also more selective and the growth parameters can be tuned such that growth primarily
occurs on the exposed crystalline material, with little or no nucleation on the dielectric
mask. Whereas MBE deposits across the whole sample and the material deposited on
the dielectric mask ends up being poly-crystalline. This chapter specifically discusses the
development of selective growth by MOCVD of III-V materials on silicon, known as selec-
tive area heteroepitaxy (SAH), with the goal of demonstrating electrically pumped lasers
on silicon. Section 7.1 covers some background on MOCVD SAH in general, highlighting
previous accomplishments. Process development for SAH device fabrication is presented
in section 7.2, discussing some of the challenges that are specific to laser fabrication in a

recess. Section 7.3 covers the fabrication process for the devices that were built for this
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thesis, and section 7.4 presents corresponding test results and device characterization.
Section 7.5 presents simulation results for coupling light from III-V SAH waveguides to

Si/SiN.

7.1 MOCVD Selective Area Heteroepitaxy

The approach to SAH employed in this work involves etching recesses into a thick
oxide layer on a silicon substrate, and growing the III-V epitaxy in the recess. There
are other approaches to SAH, that involve growing laterally rather than vertically, but
these will not be discussed here [136-138]. SAH has a number of advantages compared
to planar growth. One advantage, and perhaps the most obvious, relates to photonic
integration. For all the laser demonstrations on planar Si, the presence of a thick buffer
layer has effectively prevented any chance of coupling light from the I1I-V waveguide to
Si. With SAH however, the buffer layer is buried in the recess beneath the SiPh device
layers so the waveguides can be vertically aligned. The schematic in Fig. 7.1 shows how
a GaAs waveguiding layer can be aligned to SiN waveguides for coupling to SiPh. In this
scheme, the light is first coupled to a dual SiN waveguide and then transitions to the Si
waveguide below.

Another advantage of SAH relates to the mismatch in coefficient of thermal expansion
(CTE). Stress due to the difference in CTE between Si and III-V can lead to cracking on
the ITI-V surface, as discussed in the previous chapter. However, with SAH, the overall
IT1-V footprint is smaller so the cumulative stress is lower. For growth in a long narrow
recess, cracking is effectively eliminated in the perpendicular direction, although stress
still builds up along the length of the recess and cracking can still occur. It should be
noted that MBE growth in pockets (or recesses), while it is not strictly selective, still

affords these two advantages; namely vertical alignment of the waveguides for integration
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Figure 7.1: Selective area heteroepitaxy III-V laser stack showing vertical alignment

to SiN waveguide layers. In this approach light is first coupled to SiN and can then

be transitioned to the lower Si waveguide.
with SiPh and reduction of the thermal cracking problem. However, another advantage
that is more specific to SAH by MOCVD is the absence of a gap between the crystalline
ITI-V material and the SiO, sidewalls. With MBE growth, the material near the recess
edges becomes polycrystalline and must be removed prior to laser fabrication which
leaves a gap between the III-V and the SiPh waveguides . This gap presents
a significant challenge to efficient coupling. With selective growth by MOCVD, however,
crystalline ITI-V material in the recess extends all the way to the SiO, sidewalls. Although
there is some distortion, or "faceting”, in the epi layers near the edges, it is typically only
a few microns. It will be shown later via simulation that this is still preferrable to an
air gap in terms of coupling efficiency. MOCVD growth is also desirable for high-volume
production. The growth templates used later in this chapter start with a MOCVD grown
GaP buffer layer. If the device layers can also be grown by MOCVD, then the entire
layer stack could be grown in a single growth step, which is again advantageous in terms
of production costs.

Prior to the device fabrication that was performed in this thesis, considerable work

was done to optimize growth conditions and demonstrate QD and QW active regions via
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MOCVD SAH. Some of this early development, specifically demonstrations of optically
pumped lasers, is highlighted here before discussing the specific devices fabricated in this

work.

7.1.1 Optically Pumped Lasers by SAH

While electrically pumped lasers by SAH are the ultimate goal, these are of course
not possible without sufficient gain in the active layers. An intermediate step towards
demonstrating electrically pumped lasers is to fabricate optically pumped lasers. This
simplifies initial growth development since efforts can be concentrated primarily on op-
timization of the gain region (either QW or QD), without considering doping levels for
electrical contacts and current injection, or the thick cladding layers necessary for elec-
trically injected lasers. The fabrication process is also simplified as no metalization steps
are required.

The growth template started with either nano V-groove patterned Si (001) or flat on-
axis (001) Si, with a 6 pm-thick SiO, layer deposited on the surface. 15 pm wide and 25
nm wide recesses with varying lengths were then patterned and etched into the thick oxide
layer to expose the underlying Si in preparation for SAH growth [60,(140}/141]. Sample
preparation and growth of the GaAs buffer followed the procedures described in |142].
Optically pumped microdisk lasers (MDLs) were then fabricated on these templates with
both QW and QD active regions [140,[141]. These MDLs consist of a circular cavity, a
few microns in diameter, which supports a whispering gallery mode. Lasing is achieved
by optically pumping the MDLs with a 660 nm pump laser in a micro-PL setup. Fig.
7.2 shows an example of MDLs grown by MOCVD SAH on both flat-bottom Si and
nano V-groove Si templates. Lasing was demonstrated in both cases, however, the nano

V-groove devices demonstrate lower threshold and less variation between devices. This
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should come as no surprise as nano v-grooved silicon has been shown to suppress defects

such as APBs leading to higher quality QD material.
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Figure 7.2: Examples of QD microdisk lasers grown by MOCVD SAH and presented at
the International Semiconductor Lasers Conference (ISLC) 2022 [140]. Both flat-bot-
tom Si and nano V-groove Si templates were used, with noticeable performance ben-
efits for the V-groove Si devices. Figure adapted from [140].

7.1.2 SAH Laser Epitaxy for Electrical Pumping

Selective area growth presents a number of unique challenges compared to blanket
growth. The MOCVD development will only be discussed briefly here, but more details
can be found elsewhere [60,/85,[140H144]. Some of the challenges arise as a result of the
different growth rate during SAH. The growth rate is typically higher for SAH than
for planar growth, and local variation is observed across the sample (e.g. faster growth
near the edges of the recess compared to the center). The difference in rate means that
growth parameters must be retuned to achieve the target layer thicknesses, composition,
and doping levels. With SAH grown QDs already demonstrated in the optically pumped
MDLs, one of the next steps is to demonstrate high doping levels for the n- and p-GaAs
contact layers. Early growths suffered from low doping in the contact layers, which

prevented the formation of good electrical contacts. To experimentally verify sufficient
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doping, the contact layers were grown by SAH on the same GoVS template used for the
MDL demonstrations. Fig. 7.3(a) shows this structure for the n-contact with 650 nm
of highly doped n-type GaAs grown on GoVS. Fig. 7.3(b) shows the mask layout for
depositing metal pads on GaAs in a recess. The transfer length method (TLM) is used
to determine contact resistance and GaAs resistivity [145]. Four TLM patterns with
different dimensions were included on the mask. Fig. 7.3(c) shows IV measurements
for the different pad spacings on one TLM pattern and Fig. 7.3(d) shows resistance
versus pad spacing for the 4 different measurements. The TLM measurement measures
the resistance, Ry, between metal pads with contact area width, W, and pad spacing L.
These are related by,

Rr = %(L +2L7) (7.1)

where R; is sheet resistance and Ly is the transfer length. The contact resistance, Ro and
semiconductor bulk resistivity p are calculated with the following equations, where p¢ is

the specific contact resistance (in 2 - em™2) and ¢ is the thickness of the semiconductor

film.
pc RSLT
R~ = = 7.2
CT LW W (72)
p=Rs-t (7.3)

The measurements in Fig. 7.3 resulted in contact resistance in the range of 1-2 Q
which is typical for n-type GaAs contacts [146]/147], and GaAs resistivity p &~ 0.003 Q-cm.
For the purpose of fabricating devices, the ability to demonstrate good contacts with
reasonably low resistivity is perhaps more important than knowing the exact doping
level and these measurements indicate no issue in this regard. However, the doping level
can be approximated from the resistivity [148,|149]. The approximate doping level for

this structure is in the range of 2.4e17 - 1.4el8 cm™2. This is a range because resistivity

118



I1I-V on Silicon by MOCVD Selective Area Heteroepitaxy Chapter 7

(a)

Mefol Contacts 25 um Trench
Sio, 650 nm n+ GaAs Sio,
(~3.5-5e18/cm?)
l % %1 < pﬁ%
(C) . IV for Measurement 1 350 Resistance vs. Pad Spacing
—2om (d) o
——40um 300 - o M2
80um M3
1+ |——160um 250 o M4

——320um

Resistance ()
o o N
> a o
o o o

o
S

o

21t
-100 -50 0 50 100 0 50 100 150 200 250 300 350
I (mA) Length (zm)

Figure 7.3: (a) n-GaAs contact layer grown on GoVS by SAH with metal contact
pad, (b) layout for TLM measurements, (c¢) IV curves for different pad spacings on
one TLM device and (d) resistance versus metal pad spacing for all 4 TLM devices.

is dependent on mobility which is not known without a priori knowledge of the doping

level. Resistivity is given by,
1
B e, D e

(7.4)

where pi. is electron mobility, and Np is electron donor concentration. Fig. 7.4(a)
shows electron mobility in GaAs versus doping concentration and Fig. 7.4(b) shows
measured GaAs resistivity versus doping concentration from [149]. Similar experiments
demonstrated good contacts and low resistivity on p-type GaAs grown by SAH, indicating
reasonable p-type doping in GaAs as well.

The full laser stack devices that will be used in the following sections were all grown on
a GaP-on-Si template, rather than GoVS (although similar structures have been grown
by SAH with the GoVS template at UCSB). These templates were provided by
our collaborators at SUNY. The samples provided were either 300 mm Si or 300 mm

SOI wafers (diced into small coupons for growth and fabrication) with the recesses pre-
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Figure 7.4: (a) Electron mobility in GaAs vs doping concentration adapted from [149],

and (b) GaAs resistivity vs doping from [150]
patterned into the oxide. The MOCVD GaP buffer was grown by NAsP ;v [88,[151] on
a 300 mm wafer before dicing and sending to UCSB for MOCVD growth. The GaP-on-Si
approach is an alternative to V-groove patterned Si that provides similar advantages in
terms of reducing the occurence of APBs and other defects [89-91]. The nominal full
laser stack for an electrically pumped laser is shown in Fig. 7.5. In this figure, SN and FN
represent SiN waveguide layers, and SE is the Si waveguide layer, all of which are present
in the SiPh process at AIM Photonics [152] where these wafers originate. The samples
were already patterned with the oxide recesses when they arrived at UCSB for III-V
growth. InGaP was chosen for the p- and n-cladding layers as it can be grown selectively,
whereas selective growth of thick AlGaAs is extremely difficult |[140]. Additionally, InGaP
can be grown at lower temperatures than AlGaAs (525 °C, rather than ~700 °C) which

avoids unwanted annealing effects in the QDs [87].
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Figure 7.5: Epitaxial layers for a typical laser structure grown by MOCVD SAH, using
a GaP-on-Si template. The SiN (SN, and FN) and Si (SE) waveguides shown here
only indicate the vertical position of these layers in the AIM Photonics process; their
horizontal position relative to the III-V layer stack depends on device design.

7.2 Fabrication Process Development

7.2.1 Parasitic III-V Particles on Selective Growth Samples

While MOCVD growth is generally selective, there is still a tendency for some para-
sitic III-V particles to nucleate on the SiO, surface . While this doesn’t necessarily
affect the III-V material quality in the recess, these parasitic particles can present a
challenge for fabrication later. Some of the particles can be multiple microns in diame-
ter and if they are densely distributed across the surface this can inhibit the ability to
get reliable photoresist coverage for lithography. Additionally, the particles can interfere
with alignment marks which again presents a challenge for lithography. To remove these
parasitic growths, a simple wet etch process was developed. The composition of the
particles is primarily a combination of GaAs and InGaP, so the etch chemistry needs to
etch both of these compounds. For this purpose a solution of hydrochloric acid (HCI),
phosphporic acid (H;PO,) and hydrogen peroxide (HyO,) can be used [153]. The process
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Figure 7.6: Wet etch process to remove parasitic III-V particles that form on SiO»

during growth without damaging the epitaxial layers in the recess.
flow is shown in Fig. 7.6 and begins with spinning a thick photoresist (PR) on the sam-
ple (in this case SPR220-3.0 which is approximately 2.7 pm thick), then exposing and
developing the resist to leave a protective layer of PR over the III-V. The PR extends
beyond the recess edges by approximately 10 pm to avoid any chance of the wet etch
undercutting the PR and etching into the ITI-V epitaxy. The sample is then immersed in
a HCL:H3PO4:H504 (1:5:1) solution to etch the particles. GaAs is etched via an oxidation
process where the HyO5 acts as an oxidizing agent for the GaAs surface and the resulting
oxide is then etched with HCl. HCl:H3PO, is a well known etchant for InP and InGaP
materials. After mixing, the solution is allowed to sit for approximatlely 5 minutes, after
which the sample is immersed for another 5 minutes. The surface is then inspected under
a microscope and additional 1 minute etches are performed as needed until the particles

are completely removed.
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Results from the parisitic I1I-V etch are shown in Fig. 7.7. Fig. 7.7(a) shows particles
on the surface before etching and Fig. 7.7(b) is a close-up SEM image of a typical parasitic
growth. Figs. 7.7(c-d) show the same location on the sample before and after etching,
demonstrating full removal of parasitic particles that would otherwise interfere with the
alignment marks. With this simple wet etch process to remove parasitic growths, the

sample is now ready for device fabrication.

llI-V Particles -

ipm UCSB 11/28/2022
X 4,300 5.0kV LET SEM WD 13.8mm

Figure 7.7: (a) Microscope image of III-V particles on sample surface with PR pro-
tecting the III-V material in the recesses; (b) SEM image of a single particle; (c)
ITII-V particles before etching and (d) the same area on the sample after wet etching
in HCl:H3PO4:H505 solution
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7.3 Selective Area Heteroepitaxy Device Fabrication

Multiple fabrication runs were performed on selectively grown samples with the goal of
demonstrating electrically pumped lasers by SAH. These are summarized below in Table
7.1 in the order in which they were fabricated. Two of the fabrication runs included a
full laser epitaxial stack, one with QWs and the other with QDs for the active region.
The other ”short-loop” fabs used a reduced epi stack for the purpose of debugging which
layers contributed to the high diode series resistance encountered in the first fab. All of
the fab runs used the GaP-on-Si template from SUNY, and the last two used a modified
version with wider recesses. This section begins with a general description of the mask
layout and fabrication steps which were common to all fabrication runs, before presenting

device results in the next section.

Table 7.1: Fabrication Runs

Fabrication ‘ Epitaxy ‘ Template
Fab 1 QW full laser stack SUNY
Short-loop (x3) | PiN junction, reduced stack | SUNY (wide)
Fab 2 QD full laser stack SUNY (wide)

7.3.1 Mask Layout

All of the devices fabricated in this section were grown on the GaP on Si templates
described above. Fig. 7.8(a) shows the layout for a single die showing the locations of
the recesses (in green) where subsequent III-V material is grown, and in the inset, a
close-up of the layout with the III-V layers added for laser fabrication. The inset also
shows TLM patterns that can be used for measuring contact resistance. A photograph of
the diced sample before fabrication is shown in Fig. 7.8(b) with the corresponding mask

area highlighted in Fig. 7.8(a).
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Figure 7.8: (a) Mask layout showing ITI-V recesses and close-up of III-V laser-in-recess
layout in the inset. (b) Photograph of diced sample after MOCVD III-V growth using
GaP-on-Si template, but before device fabrication.

7.3.2 Fabrication

Figure 7.9 schematically demonstrates the process flow for fabricating laser diodes in
a recess. The wet etch for removing parasitic I1I-V growths on the oxide was performed
prior to starting the process shown here (step 1 is the "clean” sample). After parasitic
growth removal the next step is the p-contact deposition (step 2). This consists of a
Ti/Pt/Au (20/40/200 nm) metal stack deposited via electron beam deposition. After
the p-contact, the sample is covered with a SiN/SiO, stack (~500 nm total) to serve
as a hard mask for waveguide etching. Waveguide lithography was performed with the
Heidelberg maskless aligner (MLA) in the UCSB nanofab using SPR220-3.0 photoresist,
the hard mask was etched and then the waveguide ridge was etched using the InGaP
dry etch recipe described earlier (step 3). Due to the nature of selective growth with

MOCVD, the III-V stack thickness varies across the length of the recess, tending to be
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thicker near the edges and thinner in the middle. So, the waveguide dry etch does not
reach the n-GaAs at the same time across the length of the recess. To ensure that the
n-GaAs is exposed across the whole length, and to avoid the risk of accidentally etching
through the n-GaAs, the waveguide etch is deliberately stopped in the lower cladding.
This is followed by another lithography step, and a selective wet etch to remove the
remaining InGaP lower cladding and stop at the n-GaAs (step 4). After etching to the
n-type GaAs layer, another metal deposition is performed to form the n-contact with
Ni/AuGe/Ni/Au (5100/20/300 nm) (step 5). The sample is then passivated with 5 nm
of AlIO and 10 nm of SiO, using atomic layer deposition (ALD) followed by a 700 nm
thick SiN/SiO, stack deposited with PECVD (step 6). Vias were then opened to access
the n- and p-contacts (step 7) in two separate lithography and etch steps. Finally the

metal pads were deposited for the probe metal (step 8).

1. lI-V in Trench 2. P-Contact 3. Waveguide Etch 4. Wet Etch to N-GaAs

rvvvvvvvev
revvvvvvev)
revvevevevi

5. N-Contact 6. Passivation 7. Open Vias 8. Probe Metal

GaAs Buffer - Probe Metal
- INnGaP - Hard Mask/Dielectric Sio,
HHEE QDs in GaAs WG Contact P silicon

Figure 7.9: Overview of fabrication process for selective area heteroepitaxy devices
grown in a recess, after removal of parasitic III-V growths.
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Fig. 7.10 shows images from various stages of fabrication. Fig. 7.10(a) is an SEM
image of the waveguide ridge after both dry etching and wet etching to remove lower
InGaP cladding. The smooth surface on either side of the ridge is the n-GaAs contact
layer where the selective wet etch stopped. The leftover material around the edges of the
recess is a result of the uneven growth; when the non-selective dry etch was stopped, most
of the exposed surface was InGaP (see Step 3 in Fig. 7.9), but some of the surface near the
edge was GaAs because the stack is, on average thicker near the edge. So, the selective
etch only removed the exposed InGaP, and left some GaAs material in place near the
edge. Fig. 7.10(b) shows a top-view SEM of the waveguide ridge after depositing probe
metal. Fig. 7.10(c) is a cross-section after cleaving the fabricated devices into bars. Figs.
7.10(d-e) show top-view microscope images after depositing the p-contact, and before

etching the ridge. Fig. 7.10(f) is a microscope image of devices after fabrication.

Figure 7.10: SEM images of (a) waveguide ridge after etching, (b) top-view after
probe metal deposition, (c) cleaved facet after fabrication. Microscope images of (d-e)
ITI-V material in recesses after p-contact but before ridge etch, and (f) fully fabricated
devices before cleaving. ITI-V material grown on the GaP-on-Si template.
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7.3.3 Device Results
Fabrication 1 - QW Devices

The first fabrication used a QW active region and was grown using the GaP-on-Si
template. The mask layout, shown in Fig. 7.7 contained primarily 20 pm and 30 pm
wide recesses oriented both vertically and horizontally. PL measurements on the QWs

showed a strong peak near 980 nm which is shown in Fig. 7.11. After fabrication, the
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Figure 7.11: PL emission measured for SAH QWs with peak around 980 nm, and
strongest PL from 20 pm wide recesses. QW epitaxy grown on a GaP-on-Si template.

diodes were tested on the die before cleaving or thinning the sample. The mask layout
included TLM test structures for measuring contact resistance as well; these results are
shown in Fig. 7.12(a). Both the n- and p-contacts appear ohmic with typical contact
resistance (~ 1 — 2 € for both) and reasonable sheet resistance. However, the diodes
exhibited very high series resistance under forward bias. Fig. 7.12(b) shows a typical IV
curve from one of the devices which demonstrates less than 0.5 mA of current even when
biased at 4 V. Because the contacts are good, we can reasonably assume that the high

series resistance likely originated from the InGaP cladding layers.
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Figure 7.12: Electrical measurements on SAH QW diodes. (a) N- and P-contact
measurements showing ohmic contacts with reasonably low resistance, and (b) diode
IV curve demonstrating very high series resistance due to phase separation in InGaP
cladding layers.

Short Loop Electrical Diode Fabrication

Based on results from the first fabrication it was assumed that the InGaP cladding
layers were responsible for the high diode series resistance as phase separation in InGaP on
GaAs is a known issue . Because InGaP is only lattice-matched to GaAs at a specific
composition (Ing49Gags P) any variation in the composition leads to strain. This is
particularly problematic for the thick InGaP layers that are necessary for laser cladding.
Excess buildup of strain leads to a variety of defects such as threading dislocations and
stacking faults.

To debug the high resistance problem and try to identify which layers were the root
cause, 3 test structures were grown and are shown in Fig. 7.13. The InGaP growth

recipe was optimized to achieve closer lattice matching with GaAs and the doping level
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in the cladding and contact layers was increased. The n-GaAs lower contact layer was
also made thicker to allow for greater tolerance during fabrication. These test structures
included a simple GaAs PiN junction with no InGaP layers in Fig. 7.13(a), a full laser
stack excluding p-InGaP cladding in Fig. 7.13(b) and a full laser stack excluding n-InGaP
cladding in Fig. 7.13(c), all with 5 layers of QDs in the GaAs waveguide layer, which had
a total thickness of around 600 nm. These samples also used the GaP on Si template, but
with a modified version of the layout that had wider openings; each recess was widened
by 8.5 pm so the 30 pm wide openings became 38.5 pm. The wider recesses are easier for
fabrication as there is more space to fabricate devices in the flat smooth area toward the
center. A simplified version of the fabrication process with a modified mask layout was
used to create electrical diodes. This involved simply etching down to the n-GaAs layer
on one half of the recess and then depositing metal for the p- and n-contacts. Results
from IV curve testing are also shown in Fig. 7.13 for each of the three structures. The
IV curves are significantly improved compared to the previous fabrication in all 3 cases.
The improvement in the IV curves from these devices indicated that the InGaP cladding

growth was sufficiently improved to grow the full stack with both cladding layers.

Fabrication 2 - QD Devices

For the final fabrication, the full laser stack (with both n-InGaP and p-InGaP claddings)
was grown on the wide recess templates with 5 QD layers. Fig. 7.14 shows the measured
PL spectrum from the QDs, with peak emission near 1230 nm for the 30 pm wide vertical
recesses. The fabrication process and sample layout were both identical to Fabrication
1, but with the wider recess template. The label in Fig. 7.14 says 30 pm” but in reality
they were 38.5 pm wide on this template. After fabrication, the electrical performance
of the devices was tested and the relevant results are shown in Fig. 7.15. Fig. 7.15(a)

shows contact resistance measurements on TLM patterns, demonstrating reasonably low
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Figure 7.13: III-V layer structure and corresponding diode IV curves for (a) GaAs
PiN junction, (b) full laser stack excluding p-InGaP cladding and (c) full laser stack
excluding n-InGaP cladding. All three structures utilized the GaP-on-Si growth tem-
plate.
contact and sheet resistance values for both p and n-type. The numbers in Fig. 7.15(a)
should be interpreted cautiously because the calculations assumed the contact is applied
across the entire width of the recess when in reality there is some area near the edges
of where the surface cannot be contacted reliably (refer to e.g. Fig. 7.10). However,
the contacts were clearly ohmic, and the TLM data points are linear with reasonable
resistance so it’s safe to assume that the slow turn-on in Fig. 7.15(b) is not a result of
poor contacts. Fig. 7.15(b) shows an exemplary diode IV curve in one on the 38.5 pm
wide recesses. In the linear region, the series resistance is approximately 8 €2 which is not
unreasonable. However, the diode turn-on is very slow, and the curve doesn’t become
linear until beyond 4 Volts. The inset to Fig. 7.15(b) shows some improvement after
burning in the contact by applying 100 mA of current for an extended period (over an
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Figure 7.14: Measured PL emission from SAH QDs with peak wavelength around 1230

nm, and strongest emission from 30 pm wide recess. QD epitaxy grown on GaP-on-Si

template.
hour in total), but the IV curve still shows slow turn-on. In spite of the slow turn-on,
this electrical performance is a significant improvement from the first fabrication. Fig.
7.15(c) shows an IV curve from the first fab for comparison. Furthermore, some of the

devices on planar Si demonstrated in the previous chapter had very similar IV curves

(before additional annealing) and still demonstrated lasing. After initial electrical test-
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Figure 7.15: (a) N- and P-contact measurements on TLM patterns and (b) diode IV
curve demonstrating reasonable series resistance in linear region but slow turn-on.
Slight improvement with contact burn-in shown in inset. (c¢) IV curve from fab 1 QW
devices for comparison.
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ing, the sample was thinned to approximately 150 pm and cleaved into bars for testing.
The cleaved facet from one of these devices was shown in Fig. 7.10(c). Because the
ITI-V is not present across the entire sample surface, and the underlying substrate is Si,
it was difficult to get good quality cleaves. As a result some roughness is seen on the
facet in Fig. 7.10(c), however it is not severe enough to entirely prevent lasing in its own
right. Figs. 7.16(a-b) show the device under test with QD emission clearly visible in
7.16(b) with the lights turned off in the lab. However, Fig. 7.16(c) shows a typical LIV
characteristic for all the tested devices, which demonstrates LED-like behavior but no
lasing. Every device on the sample was tested, and exhibited similar performance. The
stage was also cooled down to 10 °C and the devices were tested under pulsed current
operation and driven hard out to ~800 mA with narrow 100 ns pulses and still no lasing

was observed.
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Figure 7.16: (a) Picture of cleaved device under test and (b) QD emission observed
on camera. (c¢) LIV curve for cleaved facet device under CW operation demonstrating
LED behavior but no lasing.
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InGaP Failure Analysis

One of the fabricated devices from Fab 2, was taken for TEM analysis to uncover
issues with the epitaxy that might cause the slow turn-on and low QD gain. Fig. 7.17(a)
shows a cross section of the device after performing a focused ion beam (FIB) cut in the
center of the recess, with the metal layers clearly contacting the semiconductor and the
passivation dielectric still intact. The QD layers, however, are quite ”wavy” as a result of
the uneven InGaP layer on which they were grown. Fig. 7.17(b) shows a close-up TEM
image of the QD layers on InGaP where the surface non-uniformity is clearly visible. The
yellow arrows point out phase separation in the lower InGaP cladding, which causes the
waviness seen in the QD layers. The phase separation is caused by Ga-rich defects (seen in
Fig. 7.17(c-d)) which results in defects due to lattice mismatch from the inhomogeneous
InGaP composition. Phase separation in the lower InGaP cladding which causes the
surface waviness results in defective InAs clusters during QD growth. These clusters
result in a high density of large dots which affects the QD stacking. Fig. 7.18(a) shows a
close up TEM image of the defective QD layers which in turn causes dislocation defects
to cascade into the upper InGaP cladding, further degrading the quality of the overall
epi stack. Fig. 7.18(b) highlights the presence of stacking faults (SF) and antiphase
boundaries (APBs) in the N-GaAs layer which likely contributed to the initial phase
separation observed in the lower InGaP cladding. The conclusion to all of this is that
phase separation in the lower InGaP cladding layer causes the surface waviness observed
at the start of QD growth. This in turn results in highly defective QD layers (hence the
low gain, and relatively low PL intensity compared to QWs) and the defects propagate
into the upper InGaP cladding. This is consistent with our observations from the short-
loop fabrication where the diode with only lower InGaP cladding displayed the worst IV

characteristic (see Fig. 7.13(b)). In the device with only upper InGaP, any defects that
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Trench center perpendicular cut

Ga-rich

Figure 7.17: (a) FIB cut and cross section TEM in center of recess after full device
fabrication. (b) Close-up showing clear phase separation in InGaP, and EDX mapping
of (¢) Ga and (d) In elements.

might have been present on the n-GaAs surface were likely terminated during QD growth

in the GaAs waveguide layer which left a good surface for growing the upper InGaP.

7.4 Next Steps for Lasers in Recess

Based on the discussion thus far, the InGaP claddings are clearly the most problematic
in terms of demonstrating electrically pumped lasers by SAH. QD and QW active regions
with strong PL emission have been grown by SAH, and optically pumped MDLs have
been demonstrated [60,[140,[141]. This shows that it is possible to grow active layers
by MOCVD SAH. Good electrical contacts have been demonstrated, on both n-GaAs
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Figure 7.18: (a) TEM analysis of defective InAs clusters and cascading dislocations
in the upper InGaP cladding. (b) Evidence of stacking faults (SF) and antiphase
boundaries (APBs) in the n-GaAs layer contributing to phase separation of lower
InGaP.

and p-GaAs, and a reliable process has been developed for fabricating III-V devices in
an oxide recess on Si. The InGaP cladding layers remain as the only clear obstacle to
demonstrating the first electrically pumped lasers grown entirely by MOCVD SAH on Si.
There are three possible paths forward to accomplish this goal: 1. continue optimizing
the growth to achieve InGaP with no phase separation and low defect density, 2. use
AlGaAs for the lower cladding and InGaP for the upper cladding like the planar Si devices
from chapter 6 or, 3. use AlGaAs for both lower and upper cladding, with a sufficiently
low temperature in the upper AlGaAs to avoid QD annealing. Of these, options 2 and
3 are the most promising for achieving lasing in the short term. InGaP is attractive, in
theory, since it can be grown selectively and at low temperature, but based on the results
in this chapter there is likely a considerable amount of optimization before upper and
lower InGaP cladding can be grown reliably and without phase separation. Option 3 is
the lowest risk in terms of actually demonstrating a working laser, and would require only
minor changes to the fabrication process. Growth development of AlGaAs in recesses is

ongoing and so far looks quite promising. Fig. 7.19(a) shows a new epitaxial design
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with Alp4GaAs cladding and InGaAs QWs. Fig. 7.19(b) shows a cross section of the as
grown structure where some polycrystalline AlGaAs material was deposited on the oxide
surface, which is the downside of using AlGaAs. However the polycrystal here is relatively
thin (~450 nm) and could easily be removed with dry or wet etching. Fig. 7.19(c) is a
TEM image of the grown structure showing no phase separation in the AlGaAs layers, a

very flat, smooth surface, and few dislocations.

(a) Designed structure

' 150nmp+GaAscontact
1200 nm p-Al0.4GaAs cladding

Designed

[ 100nm GaAswaveguide
TOTa @it | )
[ 100nm GaAs waveguide

2x {6 nm In,,,GaAs/7 S

5.45 um nm GaAs QW}

1200 nm n-Al0.4GaAs cladding

1000 nm n+ GaAs
200 nm InGaAs/GaAs

1500 nm GaAs buffer

Si (001) substrate

(c) Actual as-grown structure

5um

Figure 7.19: (a) Potential new epitaxy design with AlGaAs upper and lower cladding,
(b) cross section of the grown structure showing some polycrystalline AlGaAs deposi-
tion on the oxide, and (¢) TEM image of the structure showing very flat layers, with
no phase separation and minimal dislocations.
The AlGaAs cladding approach seems promising from this initial demonstration. The
next step would be to demonstrate QDs in the active region and see how they are affected

by growth of the upper AlGaAs. Alternatively, InGaP could be used for the upper

cladding only. Based on results from the short-loop fab, upper InGaP cladding does not
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appear to negatively impact the IV curve. Because AlGaAs is not selective, this approach
would require the sample to be removed from the chamber after growing the active region
and the poly removed from the oxide surface before regrowing the upper InGaP cladding
layer. In either case, some new fabrication process development would be necessary with
the use of AlGaAs since the InGaP dry and wet etches would no longer be suitable. In
particular, reliably etching down to the n-GaAs layer without etching through it would
require careful timing of the etch, or development of a selective etch (either dry or wet).
The fabrication in chapter 6 used a carefully timed dry etch to etch through the lower
AlGaAs and into the contact layer. However, the challenge for SAH devices is that the
growth rate is somewhat less predictable so the exact thickness of the layers may not
be known. If the n-GaAs layer is thick enough, then there should be sufficient tolerance
to over etch the AlGaAs, but there is still a risk of unintentionally etching through the

contact layer.

7.5 Coupling to SiN Waveguides: Simulation

One of the advantages of the MOCVD SAH approach, as mentioned earlier, is the
absence of a gap between the III-V and SiO, sidewall. Fig. 7.20 shows a cross-section of
the I1I-V/SiO, interface after performing a FIB cut on the sample, demonstrating how
the III-V material extends to the edge with no gap. Although there is some distortion, or
"faceting”, in the layers near the edge. In the image shown here, the distorted material
is mostly within 2 pm of the edge.

One of the challenges of coupling from a III-V waveguide to SiN is the inherent mode
mismatch. For a simple edge coupling scheme, maximizing coupling efficiency is a matter
of maximizing the overlap between the fundamental modes, and making the gap between

them as small as possible. The SiN waveguides in this template are comprised of two SiN
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Figure 7.20: Zero-gap interface between III-V and SiO» for III-V laser stack grown by
MOCVD SAH.

layers, each 220 nm thick and separated by 100 nm of SiO5. The 2D optical mode profiles
were simulated for a I1I-V ridge waveguide (GaAs with InGaP cladding), and for the SiN
waveguide as shown in Fig. 7.21(a). Mode simulations were performed with the Ansys
Lumerical Finite-Difference Eigenmode (FDE) solver. The III-V ridge in this case was 5
pm wide with a 500 nm thick GaAs waveguiding layer. The SiN width was swept from
0.2 pm to 6 pm wide. The loss due to mode mismatch was calculated for each SiN width
to find the optimal dimension for coupling to the 5 pm ridge. The results from this sweep
are shown in Fig. 7.21(b). The optimal SiN width is 4.8 yum, as shown in Fig. 7.21(a), and
mode mismatch loss is about 0.5 dB. The loss shown here is due only to mode mismatch
(i.e. different shapes, and reflections due to index difference) and assumes no gap between
the waveguides, so this is really the upper limit in terms of possible coupling efficiency.
In reality of course, even with the ”zero-gap” interface shown in Fig. 7.20, the faceting
near the edge will degrade the coupling efficiency. It is difficult to precisely simulate the
effect of this faceting, however it can be approximated. In Lumerical finite difference

time-domain (FDTD), rather than use an idealized geometry, the GaAs waveguide layer
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Figure 7.21: (a) Top-view schematic of III-V ridge in a recess coupling to SiN waveg-

uides, with corresponding cross-sectional mode profiles shown below. (b) Simulated

coupling loss due to mode mismatch versus SiN waveguide width. Simulation assumes

zero gap between III-V and SiN.
was broken up into sections with different thickness in the final 2 pm of the ridge to
mimic the true geometry. A side-view from the FDTD simulation geometry is shown in
Fig. 7.22(a), and the simulated mode field profile is shown below for this geometry. The
coupling efficiency of this geometry was compared to the case of a straight facet with a
gap between the III-V and SiN by performing a sweep over different gap lengths. The
blue curve in Fig. 7.22(b) shows results from the 3D FDTD sweeep of coupling efficiency
versus gap distance, assuming the gap is filled with SiOy (an air gap would have worse
performance due to lower index). In the zero-gap case, coupling efficiency is the same
as predicted with the mode mismatch simulation. However, the efficiency drops rapidly

*7 shows

with gap distance and at 3 pm the coupling efficiency is about 40%. The red
the coupling obtained from the 3D FDTD simulation from Fig. 7.21(a), with 2 pm of
faceting at the interface, but no gap. Here the coupling efficiency is almost 70% whereas

a 2 pm SiO, filled gap would result in coupling efficiency around 45%. This highlights

the advantage of the SAH approach in terms of coupling efficiency, because, even with

140



I1I-V on Silicon by MOCVD Selective Area Heteroepitaxy Chapter 7

some poor material quality near the edges, the efficiency is still significantly higher than

having a gap between the waveguides.

(a) FDTD Simulation (side view) (b)
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Figure 7.22: (a) 3D FDTD simulation to mimic faceting effects in the true geometry.
(b) Sweep of coupling efficiency versus gap distance compared to results from (a).
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Chapter 8

Summary and Future Work

The PIC market has been dominated by InP and SiPh in recent decades. InP because it
provides a suitable platform for optical gain in the C- and O-bands for optical commu-
nication, and SiPh because it leverages state-of-the-art CMOS foundries to manufacture
low loss, high performance passives in high volume at low cost. More recently, these two
platforms have converged with various heterogeneous integration techniques employed to
put InP gain chips on SiPh to get the best of both. However, InP is costly and its spectral
range is limited to wavelengths above ~ 1.2 pm. While this is good for fiber based optical
communication, other wavelengths are often necessary for specific applications. GaAs is
less costly than InP and is ideal for wavelengths near 1 pm, and lasers in this range have
been well researched. With the addition of QDs for gain, GaAs is also suitable for O-band
lasers at 1.31 pm. Active-passive integration on native GaAs, analogous to InP PICs,
is relatively immature, however. And heterogeneous integration of GaAs on Si is only a
recent development compared to InP on Si. Direct heteroepitaxy of III-V materials on
silicon has always been the long term goal, and for this GaAs-based lasers with QD gain
appear to be the most promising. The work in this thesis demonstrated the utility of
GaAs as an active-passive PIC platform, and explored monolithic integration of GaAs
lasers on Si by MOCVD direct heteroepitaxy. This chapter provides a summary of the

accomplishments in section 8.1. Ongoing and future work is then discussed in section
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8.2.

8.1 Summary of Accomplishments

8.1.1 GaAs Active-Passive PIC Platform

A fully monolithic active-passive PIC platform on GaAs was demonstrated for oper-
ation near 1030 nm. This platform integrates active gain sections, with passive sections,
while maintaining state-of-the-art Fabry-Perot (FP) laser performance for this material
system. Extensive testing was done to extract various material parameters and gain char-
acteristics. FP lasers demonstrated injection efficiency as high as 98%, and over 240 mW
of CW output power from broad area devices. Threshold current density as low as 94
A/em? was measured and transparency current density of 85.5 A /cm? was extracted from
the gain characteristic. Efficient coupling between active and passive waveguide sections
was demonstrated with active-passive FP lasers exhibiting performance comparable to
all-active lasers. Although the passive waveguide loss was slightly high at around 4 cm™?.
These devices also had high characteristic temperature, T, = 205 K. Widely tunable
SGDBR lasers were fabricated on this PIC platform. Tunable laser chips were cleaved,
AR coating applied to the facets, and mounted to AIN carriers for testing. Continuous
tuning across a range of more than 20 nm was demonstrated and typical SMSR was
greater than 30 dB across most of this range. Greater than 35 mW of output power was

demonstrated from the front facets.

8.1.2 MOCVD Grown Lasers on Silicon

InAs/GaAs QD lasers monolithically grown on planar (001) silicon entirely by MOCVD

were demonstrated. FP lasers with a 4 pm wide ridge exhibited CW output power of
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more than 16 mW from each facet, and CW lasing up to 60 °C. Pulsed current operation
of a broad area laser demonstrated greater than 200 mW total output power. This work
demonstrated the feasibility of using MOCVD for growing QD lasers on silicon. Due to
the high growth rates of MOCVD this is promising as a path towards large-scale mono-
lithic integration of QD lasers for SiPh. Growth by selective area heteroepitaxy (SAH)
and subsequent fabrication of laser structures in a trench was also demonstrated. The fab-
ricated devices exhibited LED behavior, but electrically pumped lasing was not achieved.
However significant progress was made towards the goal of achieving electrically pumped
SAH lasers by MOCVD. Issues with the material were identified, specifically phase sep-
aration in the InGaP cladding, and some improvement was seen in the material quality.
A significant amount of effort was also undertaken to develop the fabrication process for
lasers in a trench. Ongoing work is underway to grow a similar structure with AlGaAs

cladding, rather than InGaP.

8.2 Future Work

8.2.1 1030 nm GaAs PICs

Active-Passive Epitaxy Improvements

There are a few potential improvements that could be made to the active-passive
epitaxy. One issue noted in chapter 3 was the high passive waveguide loss, which was
attributed partly to free-carrier absorption due to overlap with the p-doped cladding.
One option to reduce this is to increase the Al content in the upper cladding of the
current structure to confine the mode more tightly in the waveguide. However, high
Al content AlGaAs is more susceptible to oxidation which can degrade performance.

Furthermore, if Al content is greater than around 50-60%, than BHF cannot be used at

144



Summary and Future Work Chapter 8

any time during processing because it attacks AlGaAs with high Al. A better design
would be to make the GaAs waveguide layer a little thicker, and use Al content around
40% for both upper and lower cladding. This is a good Al percentage for fabrication, and
the thicker waveguide layer would allow the mode to spread out without overlapping the
doped cladding layers as much. Another improvement for fabrication purposes could be
to use InGaP as the grating layer. HCl:H3PO, etches InGaP selective to GaAs/AlGaAs,
so this could be used to etch the gratings and get an accurate and repeatable depth
without relying on a carefully timed dry etch. An InGaP layer below the MQW layers
could also serve as an etch stop for precisely removing active layers in the OQW design.
The index difference between InGaP and GaAs would also allow the regrowth process to
start with GaAs, rather than AlGaAs. This makes it possible to create a thicker GaAs
waveguide without offsetting the MQW layers too far from the center, thus improving

both QW confinement and active-passive coupling efficiency.

Wavelength Tuning

The analysis in chapter 5 determined that the primary tuning mechanism for the
SGDBR lasers is likely thermal, due to self-heating with current injection. One possible
conclusion, supported by literature, was that oxygen defects at the regrowth interface
contributed to higher Shockley-Read-Hall (SRH) recombination, thus reducing total car-
rier density and increasing internal heating. Future work will utilize improved surface
preparation before regrowth to minimize oxygen incorporation. The series resistance of
the diode could also potentially be reduced by accessing the n-contact from the top of
the epi, rather than backside contacting. This would reduce the effect of self-heating
when tuning with current injection. Further testing is required to accurately determine

the upper limit of the tuning speed for the lasers fabricated in this work.
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8.2.2 SAH Lasers
AlGaAs Cladding

It was concluded in chapter 7 that phase separation in the InGaP cladding layers
severely degraded device performance and prevented lasing. Although some improve-
ment was observed with optimization, the InGaP quality did not improve sufficiently
to demonstrate lasing. AlGaAs has been identified as an alternative cladding and early
growth demonstrates are promising. Because AlGaAs does not grow selectively, some
additional process development will be required to remove the polycrystal that forms on
the oxide during growth. The etch recipes for forming the ridge will also need to be

modified to accommodate AlGaAs.

Coupling to SiPh

The long-term goal of SAH lasers is monolithic integration with SiPh. Future work
should focus on the design of efficient coupling schemes to demonstrate coupling from the
ITI-V ridge to SiN waveguides. Some simulations were presented in chapter 7, however
additional designs could be considered such as a multi-tip SiN coupler to improve mis-
alignment tolerance. The coupler design is only the first step. Once this is accomplished,
additional work should take advantage of the whole suite of passive devices available in

the AIM photonics PDK, to demonstrate truly monolithic ITI-V on Si PICs.
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