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ABSTRACT

Reliability of InAs quantum dot lasers grown on silicon: Physics, Limits and Solutions

by

Jennifer Grace Selvidge

Direct crystal growth approaches for Il1-V/silicon integration are of great
technological interest for photonic integrated circuit applications. However, historically, these
approaches have been hindered due to the generation of large numbers of interfacial
dislocations that form to mediate materials property mismatches between GaAs/InP based
films and the silicon substrate. The presence of dislocations at this interface, far from critical
device regions, is not inherently problematic. But their ends, termed threading dislocations,
rise upward through all the subsequent device layers, facilitating non-radiative recombination
losses where they cross the light-emitting ‘active’ region. Further, the energy released in these
defect-assisted processes facilitates ongoing dislocation growth during laser operation. As a
result, these runaway ‘recombination enhanced dislocation climb’ and ‘recombination
enhanced dislocation glide’ (REDC and REDG, respectively) processes culminate in device
failure. Thus, laser reliability engineers have traditionally focused on efforts to reduce
threading dislocation densities and to develop dislocation tolerant infrared emitters. However,
even with decades of research seeking to reduce threading dislocation densities and to develop

more dislocation tolerant gain materials such as p-modulation doped InAs quantum dots (QD),
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device lifetimes at industrially relevant temperatures (near 80°C) remained too short by orders

of magnitude.

Seeking to better understand the mechanism by which even relatively low densities of
threading dislocations led to failure in InAs QD lasers, my colleagues and | identified that the
threading dislocations give rise to in plane misfit dislocations lying at the QD layers. This
however was puzzling: these layers are designed to be too thin for misfit dislocations to form
due to lattice mismatch during growth. We therefore proposed that these specific misfit
dislocations formed instead during post-growth cooldown due to (1) thermal expansion
mismatch between the (Al)GaAs layers and the silicon and (2) local mechanical hardening
effects in the QD layers. To test this hypothesis, we then used metallurgical principles to
intentionally widen the mechanically hardened region and thus displace misfit dislocation

formation to less critical regions of the device.

This was very successful. Placing a single, thin, alloy-hardened ‘misfit dislocation
trapping layer’ approximately 100-200 nm to either side of the quantum dot active region
reduces the total QD adjacent misfit dislocation length by >10x and trapped misfit dislocations
show no evidence of recombination enhanced dislocation climb (REDC) after more than 1000
hours of continuous operation at 60°C. Furthermore, lasers with misfit dislocation trapping
layers operating 80°C demonstrate median extrapolated lifetimes significantly greater than
100,000 hours—meeting the requirements for data center operation. Thus, these results
simultaneously emphasize both the importance of moving in earnest towards the advanced
photonic integration schemes and the importance of continuing fundamental materials studies

on 111-V semiconducting systems.
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Chapter 1:

Introduction

As of the end of 2019, approximately 4 billion people use the Internet in some form.[1] Our
telecommunications technologies seamlessly convert information back and forth between
electrical and optical signals ones as the information travels around the globe. Nevertheless,
as the demand for data continues to grow steadily, technology has struggled to keep up.[2] To
address this, researchers have focused on converting electrical pathways to optical ones that
promise not only substantial increases in data rates but also substantial reductions in energy
costs. This is because, while it requires less energy to generate electrical signals, they suffer
higher transmission losses. Thus, at some critical distance, it becomes more efficient to
transmit data optically. Optical pulses of different wavelengths do not interact with one
another, meaning tens or hundreds of different data streams can be sent simultaneously down
a single path.[3]-[6] In contrast, an electrical signal sent down one path can affect a second
electrical signal on a separate path through induction, if those paths are sufficiently close
together; this also leads to substantial energy losses. Likewise, resistive heating, another
process that leads to signal attenuation and energy waste in electrical systems, does not occur
in optical waveguides the way it does in electrical wires. Loss in optical systems instead occurs
through scattering processes, especially Rayleigh scattering, and through changes to the

relative orientation of the light and the waveguiding materials, such as those occurring due to



bending.[7]-[9] Today, data is transmitted optically using infrared light over long and short

distances alike, but work remains to be done.

When thinking about the path information takes, as it travels from person to person,
there are several different trip lengths of interest ranging from hundreds of km down to
meme microns, each with unique considerations. But, at their most fundamental, optical
transmission systems require light sources to generate the signal, waveguides to carry it, and
detectors to receive it. Lasers, that generate coherent light, are preferable over LEDs as data
transmission light sources for transmission rates above 1 Gbps. While a variety of laser
designs exist (gas, dye, solid-state/solid-state-fiber), semiconductor lasers are of particular
interest because they can be directly electrically pumped and are significantly smaller than
the other types. Furthermore, alloying various compound semiconductors with one another
provides a broad range of available emission wavelengths, as shown in Figure 1.1. Silica
waveguides are used in both modern long haul systems connecting data centers and chip to
chip links within them, and so they use GaAs- and InP-based diode lasers as light sources.
These systems have several key differences arising due to their dissimilar operating
wavelengths, 1550 nm and 1310 for long haul systems and chip to chip linking, respectively,

but the underlying technology platforms are fundamentally similar.
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Figure 1.1 Bandgap energy versus lattice constant for common I11-V zinc-blende semiconductors and
Group IV semiconductors. Note both that the connecting lines between the 111-V compounds are
represented in black (rather than blue or red) and thus do not indicate whether the intermediary
compositions will have direct or indirect bandgaps. After ref.[10]

In contrast, designing optical information pathways on individual chips necessitates
more substantial changes to the optical technology platform. In addition to the 111-V based
systems already discussed, modern information systems also rely very heavily on traditional
silicon based integrated circuit components, whose ever shrinking foot-prints remain an area
of active development.[11] Additionally, decades of work have resulted in virtually

dislocation free 300 mm diameter silicon substrates with costs as low as $0.47/cm?.[12]
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Silicon’s high thermal conductivity also makes it an ideal platform choice for active
components. Thus, researchers have sought to pathways to build optical systems on existing
silicon-based integrated circuit platforms, leading to the rapid growth of silicon photonics
which provides high-bandwidth interconnects at a low-cost. Combinations of silicon,
germanium, silica, and silicon nitride provide excellent waveguiding materials with refractive
indices suitable for wavelengths spanning the infrared to the ultraviolet and, due to the high
quality interfaces between them and improved processing, losses as low as 0.1dB/m.[13]-[17]
Likewise, both silicon and germanium have been historically used in photodetectors for a wide
variety of applications. However, neither is particularly well suited as a light source: their
indirect bandgaps lead to slow radiative recombination rates.[18] To date, neither high
performance silicon-based lasers nor high performance germanium-based lasers have been
demonstrated. Instead, the focus has been on integrating the existing highly-efficient, direct-

bandgap 111-V light sources with on-chip silicon photonics.

But integrating these two technology platforms has proven difficult; materials
properties mismatches between silicon and the 111-Vs lead to the generation of large numbers
of crystal defects. As a result, two fundamental integration frameworks have emerged: (1)
growing I11-V light sources on native substrates to prevent defect formation and then
integrating them with the silicon based components and (2) growing the I11-V light sources
directly on CMOS compatible substrates and attempting to mitigating the defects. Hybrid-
integration approaches, using co-packaged I11-V devices and silicon based devices, and
heterogenous-integration approaches such as wafer-bonding, where light is evanescently

coupled between bonded silicon and I11-V regions are examples of the former framework.



While there are clear and important differences between approaches within the first
framework (i.e., heterogenous integration strategies can be used for on chip data transmission
and should substantially improve the energy efficiency over co-packaged designs) they are
universally limited by use of expensive, small 111-V native substrates. Nevertheless, most
silicon PICs still rely on the co-packaging based approaches, despite substantial energy costs
associated with re-timing the electrical signal.[17] Figure 1.2 presents the projected evolution
of these co-packaged approaches. Gen I-111 have been commercially deployed as of 2020,

while IV and V are projected.[17]
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Figure 1.2 Generations of optics and the evolution of co-packaging technologies used in data center
applications. Gen I-111 have been deployed commercially, while IV and V are projected in the coming
decade. Reprinted from N. Margalit, C. Xiang, S. M. Bowers, A. Bjorlin, R. Blum, and J. E. Bowers,
“Perspective on the future of silicon photonics and electronics,” Appl. Phys. Lett., vol. 118, no. 22, p.
220501, May 2021, doi: 10.1063/5.0050117, with the permission of AIP Publishing.

On the other hand, by eliminating the need for 111-V native substrates, direct crystal
growth methods promise easily scalable low-cost [11-V integration solutions.[19]
Nevertheless, they have yet to be adopted at an industrial level as fabricating reliable, high-
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performance GaAs- or InP-based lasers on silicon has proven challenging.[20]-[22] During
growth, dislocations nucleate to mediate lattice mismatch between the substrate and film and
their ends thread upwards to the film surface.[22]-[25] These so called ‘threading
dislocations’ have traditionally been the main limiting factor in both the performance and
reliability of I11-V lasers grown on Si.[20]-[22], [26]-[35] Where they intersect the device’s
active region, they facilitate non-radiative recombination, degrading performance. The energy
released causes dislocations to lengthen during device operation, a run-away degradation
process ending in device failure.[20], [30], [31], [36] In conjunction with decades of work to
reduce threading dislocation densities to 10°-107 cm2,[37]-[41] use of more dislocation
tolerant quantum dot based emitters substantially improved room-temperature device
lifetimes from a few hundred hours to millions.[42]-[48] Figure 1.3 presents an overview of

improvements in room temperature device lifetimes.[49]

However, even using quantum dots and carefully designed threading dislocation
filters, the lifetimes at industrially relevant temperatures for data center applications (65-85°C)
remained short.[40] Using plan-view scanning transmission electron microscopy (PV-
STEM), my colleagues and | identified an additional key, limiting defect: unexpected
dislocations, termed ‘misfit dislocations,” found lying flat at the uppermost and lowermost
QD layers, in even record lifetime QD lasers.[46], [49]-[51] Using cathodoluminescence
spectroscopy, we demonstrated that the misfit dislocations, have a much greater interaction
area with the active region than threading dislocations and are potent non-radiative
recombination centers.[52] Misfit dislocations generally form in layers exceeding a certain

“critical thickness” during growth to mediate lattice mismatch.[53], [54] However, the active



region layers are designed to be misfit dislocation free.[25] Despite this, unexplained misfit
dislocation formation has also been observed in nominally sub-critical thickness QW
lasers.[35] Even more puzzling, in quantum-dot-in-quantum-well (DWELL) structures, the
QDs provide a precipitate hardening effect that ought to hinder misfit dislocation

formation.[55]
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Figure 1.3 Room temperature lifetimes for experimental 111-V lasers on silicon substrates over time.
Reprinted with permission from D. Jung et al., “Recent Advances in InAs Quantum Dot Lasers Grown
on On-Axis (001) Silicon by Molecular Beam Epitaxy,” Phys. Status Solidi A, vol. 216, no. 1, p.
1800602, 2019, doi: 10.1002/pssa.201800602. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.



To explain their presence, my colleagues and | show that these MDs form through a
previously unreported mechanism during sample cooldown due to the combined effects of (1)
thermal expansion mismatch between (Al)GaAs and silicon and (2) mechanical hardening
effects in the DWELL active region.[51] The MDs form when pre-existing threading
dislocations glide in the cladding to relieve the increasing thermal stress, but are immobilized
at the DWELLSs. We hypothesized that this hardening arose from both the quantum dots’
mechanical hardening and from previously reported alloy hardening[56] in the QW. My
colleagues and | went on to validate said hypothesis: showing that by inserting a single
indium-alloyed MD ‘trapping layer’ on both sides of the QD active region, we can engineer
the local mechanical properties to shift MD formation away from the QD layers. While this is
a somewhat unorthodox filtering strategy—it changes neither the total MD density nor the
density of threading dislocations in the full device—we demonstrate that it substantially
improves performance and reliability.[51], [57] In reliability studies on lasers without trapping
layers, my colleagues and | identified extensive evidence of recombination-enhanced
dislocation climb (REDC), a failure mechanism in GaAs-based lasers.[21], [46], [58], [59] In
contrast, in devices with trapping layers, the vast majority of misfit dislocation formation is
displaced to the doped cladding regions of the device; the trapped MDs show no evidence of
REDC. Table 1.1 presents power fit extrapolated lifetimes (failure criterion = time to double
initial threshold current) for the highest performing device from Bowers group QD laser
generations. The reader should note that, due to small sample sizes, these lifetimes are based
on the highest performing devices. As such, fabrication variability, specifically voids in the
p-cladding, plays a role in the reported numbers, helping to explain the apparent increase in

lifetime with temperature in the Gen V.B set. Even despite these fabrication errors, my
8



colleagues and | demonstrate industrially relevant lifetimes at 80°C, with virtually no
optimization. Based on these extremely promising results, early stage optimization efforts are
already underway, and additional possible directions are proposed in Chapter 7 of this work.
In any case, although the I11-V lasers presented here are preliminary materials designs
fabricated into simple structures, they demonstrate that the more complex technologies

required for photonic integrated circuits, once widely considered to be nearly impossible, are

within reach.
. . TL Aging Extrapolated lifetime
Material Innovation TDD position pMD temp. (hours) Reference
Generation (cm?) (nm) (cm®) (°C) 35°C 60°C 80°C

Genl GaP/Si for remove APD 2x108 N/A N/A 35 800 [40]
Gen Il TCA to reduce TDD 7x107 N/A N/A 35 20K [40]
Gen 111 SLS to reduce TDD 7x10° N/A N/A 35 >1 M 2500 [40]
Gen IV pMD for high T 7x10°  N/A  5x107 60 70K [49]

performance

GenV.A 3x107 180 5x10% 60 >1 M [57]
Gen V.B TLs to block MDs 3x107 80 5x10% 60 80 K 100 K [57]
GenV.C 7x10° 180 5x10Y 80 100 K [60]
Gen VI ASG f"ternggecord low 108 180  5x10v 80 100 K [60]

Table 1.1 Extrapolated lifetime values based on a (y = a x t?) power fit using 100% increase in
threshold current for the failure criterion for the highest performing device from various QD laser
generations in Bowers group. Temperature provides a significant accelerating factor in laser lifetimes,
as shown. Red entries highlight devices with trapping layers. The reader should also note that
fabrication variability (voids in the p-cladding) impacts the results of Gen V.A and Gen V.B, helping
to explain the apparent increase in lifetime with increasing temperature in Gen V.B. Adapted from
ref.[61] using most recent data from E. Hughes.



Although the thrust of this work is outlined in the preceding paragraphs, to assist the
casual reader in their understanding, the Chapters in this thesis have been divided topically,
rather than strictly chronologically. Thus, Chapter 2 seeks to provide the reader with a
baseline understanding of various electron microscopy methodologies used in reliability
studies. Next Chapter 3 discusses mechanical properties of crystalline systems in general as
well as 111-V semiconducting systems specifically. It focuses on the role dislocation motion
plays in plastic flow and outlines the roles various metallurgical and thin film specific effects,
including the formation of misfit dislocations in the active regions of QD lasers on silicon
substrates. Next, Chapter 4 provides the reader with an improved understanding of the
optoelectronic behaviors of dislocations, discussing dislocations as non-radiative centers and
recombination enhanced dislocation motion. Relying on the insight from Chapters 2 — 4,
Chapter 5 discusses various dislocation filtering and mitigation strategies. To lay the
groundwork, | initially discuss various threading dislocation reduction strategies; this is
followed by a full discussion of trapping layer implementation for misfit dislocation specific
filtering. The subsequent discussion in Chapter 6 serves to provide the reader with insight
into various important failure mechanisms in semiconductor lasers in general, relying on the
insight gained in the previous Chapters. This is followed by a discussion of the specific failure
mechanisms we have observed to be active in our devices, recombination enhanced
dislocation climb, and provides the reader with insight into how trapping layers substantially
mitigate those processes. In the final Chapter, Chapter 7, | briefly conclude the important
points discussed in the previous Chapters and launch into a more substantive discussion of
interesting future experimental directions. Thus, Chapter 7 may be the most interesting to

readers whose goal is to continue the work outlined here.
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Chapter 2:
Reliability Experimental Techniques

2.1 Introduction

While Chapter 1 provides the reader with insight into the results composing the bulk of this
thesis, it gives very little practical advice as to how my colleagues and I identified a strategy
to improve 80°C lifetimes. Thus, the aim of this Chapter is to provide the reader with an
overview of the microscopy-based failure analysis techniques employed. Ueda and Herrick
can broadly characterize these techniques into two major categories: “high level” and “micron
and sub-micron” inspection techniques. I, too, have found to be a useful formalism in my own
thinking and in assisting others in their efforts to better understand why their devices are
behaving the way they do. However, while most failure analysis can be done with optical
microscopy, for detailed materials defects studies, micron and sub-micron techniques are
often the only ones that can provide the necessary information. For this reason, and due in part
to difficulties arising from the COVID-19 pandemic, the experiments presented in this thesis
were performed entirely on electron microscopes. Likewise, some electron microscopy-based
experiments were originally planned, but due to COVID-19 restrictions, were not possible in
this time frame. Nevertheless, they deserve some discussion due to their importance in the

field of semiconductor device reliability engineering in general.
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2.2 High Level Optical Inspection Techniques

High-level inspection techniques can help to identify consistent problem areas and large scale
nonuniformities. These techniques, in general, are simpler to perform than micron or
submicron based alternatives and have fewer equipment requirements. A standard optical
microscope, for example, can be used to identify large-scale fabrication errors such as obvious
shorts, metal delamination, and scratches. Light emitting devices, like lasers and LEDs, lend
themselves well to analyses like electroluminescence (EL) imaging, a technique in which the
device is operated, and an optical microscope is used to map its local luminescence.
Electrically active defective regions appear dark, and we describe them based on their shape
(i.e., dark spot defects and dark line defects). Like other optical microscopy techniques, EL is
useful in identifying problem areas and can be used as a guide for more detailed inspection
techniques. Depending on the device geometry this can either be done from the backside,
mapping the luminescence through the substrate or top-down. For Fabry-Perot lasers, the
sample geometry used in the experiments outlined in the subsequent Chapters, EL is generally
done from the backside. Figure 2.1 shows three segments of a quantum dot laser imaged
through the silicon substrate via electroluminescence. The arrows highlight dark lines defects

both parallel and perpendicular to the laser bar.
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Figure 2.1 Three sections of an InAs QD laser structure imaged through the silicon wafer via
electroluminescence. Arrows highlight examples of dark lines defects. After ref.[62]

2.3 Micron and Submicron Techniques

In addition to high-level optical microscopy-based techniques discussed, researchers have
relied heavily on micron and submicron inspection techniques. The experiments described in
the subsequent Chapters rely heavily on both scanning electron microscopy (SEM)-based
techniques and transmission electron microscopy (TEM)-based techniques. As a wide variety

of these methods have proven instrumental in this work, they warrant a full discussion.

2.3.1 SEM-Based Analyses

Universal Techniques

SEM uses a relatively low energy processing beam of electrons provide information about the
sample’s surface and a very shallow depth below it. It can be used to collect localized physical,

chemical, and optoelectronic information. To assess physical structure, researchers often
13



measure Techniques measuring secondary electrons—those emitted as ionization products—
and backscattered primary electrons (i.e., from the incident beam) provide insight into
physical structure, as well as some limited chemical information. Electron backscatter
diffraction based techniques are particularly important in mapping crystalline information and
can be used for applications such as grain, phase, and defect mapping. One such technique
used extensively in this work, Electron Channeling Contrast Imaging (ECCI), provides
surface level structural defect visualization by relying on the localized changes in the
backscattering behavior as shown in Figure 2.2. The yellow arrow indicates the location of a

dislocation, made visible due preferential backscattering in its vicinity.

Figure 2.2 ECCI image of threading dislocations and near surface misfit dislocations (channeling
condition = (400)/(220) in quantum dot model structure (for additional details see Figure 4.3) The
orange arrow marks a misfit dislocation with a threading end that terminates at the film surface (point
contrast at top).
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In addition, both secondary electrons and backscattered electrons can provide some
basic compositional information as heavier atoms will generate larger numbers of both
secondary and backscattered electrons, a phenomenon known as mass contrast. The
interactions between incident electron beam and core shell electrons in the atoms of sample
also result in the generation of characteristic x-rays. Detecting these x-rays and mapping them,
a technique referred to as energy dispersive x-ray spectroscopy (EDS), provides precise
chemical information about the sample surface and a shallow depth beneath it. While not
explicitly mentioned in the subsequent analysis, I relied heavily on compositional information,
especially mass contrast imaging during sample preparation using both secondary electron
and backscattered electron detectors. The ability to unambiguously distinguish indium
containing layers from the surrounding material has proven critically important, as it enables
precise localization of the areas of interest within these samples. Figure 2.3 shows presents a
side-view of a portion of a quantum dot laser being prepared for scanning transmission
electron microscopy (STEM) analysis. The vertical dark stripe in the center of the sample is

due to the higher average atomic mass in the quantum dot layers.
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Figure 2.3 Through lens detector SEM image of plan-view scanning transmission microscopy foil of
a laser active region in preparation. The dark vertical band down the center of the sample indicates a
compositional change. In this case, this is due to the increased indium content in the active region.

Semiconductor-Specific Techniques

In semiconductors specifically, because the incident beam generates charge carriers, it is also
possible to map the local optoelectronic properties of a sample using an SEM.
Cathodoluminescence spectroscopy (CL), for example, uses a photodetection system to map
the local luminescence behavior of the sample at each scan point. Thus, CL, like EL, can be
used to map optically active defects. CL can have significant advantages as the analysis can
be performed on undoped bare semiconductor, rather than requiring an operational device. CL
systems with spectrum analyzers enable insight into precise localized wavelength information,
as shown in Figure 2.4. In addition to providing insight into luminescence behaviors in
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quantum dot materials, spectrally resolved CL information has also proven particularly
important in the study of yellow defects in GaN systems.[63] Nevertheless, using CL to
analyze full device structures has proven impractical in our case, as QD layers are far from

the sample surface.
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Figure 2.4 Wavelength filtered cathodoluminescence maps of quantum dot ground state (GS)
emission, first excited state (FES) emission, and second excited state (SES) emission for a single, near-
surface quantum dot layer across the temperature range 10 K—300 K. For additional details on sample
structure, see Figure 4.3. Reprinted from J. Selvidge et al., “Non-radiative recombination at
dislocations in InAs quantum dots grown on silicon,” Appl. Phys. Lett., vol. 115, no. 13, p. 131102,
Sep. 2019, doi: 10.1063/1.5113517, with the permission of AIP Publishing.

Although I did not use electron beam induced current spectroscopy (EBIC), another
SEM based optoelectronic analysis technique, in my work, it warrants mentioning as it offers
some the advantages of both CL and EL. In complete circuits including a p-n junction or
Schottky diode, the incident electron beam induces a measurable current response. This
response 1s sensitive to the presence of electrically active defects, so their locations and
relative impacts can be identified using a standard electrical multimeter. Unfortunately,
however, this technique, like CL, is not well suited for analysis of our full lasers as the

quantum dots active region is simply too far from the sample surface.
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2.3.2 Focused Ion Beam (FIB) and SEM Dual Beam Analysis

Before moving on to a discussion of S/TEM based techniques, it is also worth mentioning
SEM and focused ion beam (FIB) dual beam analyses. Focused ion beam systems use a beam
of charged particles to irradiate the sample surface, in much the same way SEM systems do.
However, due their much larger mass, the incident ions can be used to intentionally mill into
samples to expose previously inaccessible material, in addition to facilitating sample imaging.
For this reason, FIB is a critical tool in STEM and TEM sample preparation and cross sectional
SEM analysis. One additional key feature of dual beam systems is the presence of a gas
injection system (GIS). GISs flow metal-organic precursors into the path of the electron beam
or ion-beam. When the incident beam interacts with the metal-organic gas it destabilizes the
molecular bonds resulting in the deposition of the metal atom on the sample surface. This
capability is critical for creating high quality FIB cross-sections and STEM samples alike.
Although T performed my work using a Ga™ ion FIB system, many in the semiconductor
community uses Xe" plasma FIB systems for a variety of wafer scale failure analyses and to
eliminate gallium implantation as a source of error. Although this effect is a concern, none of

the conclusions in this work rely on precise chemical compositions.

2.3.3 SITEM-Based Analyses

In both TEM and STEM systems, high energy (generally > 100 kV) electrons are transmitted

through the full width of a thin sample. Various kinds of information (e.g., structural,
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compositional, and opto-electronic) about the sample can be extracted by (1) measuring
changes in the electron beam after it passes through the sample and (2) measuring the sample’s
response to the incident beam. The key difference between TEM and STEM is the shape of
the electron beam: TEM uses a parallel electron beam that simultaneously images the entire
sample, while STEM uses a converged processing beam with each pixel image sequentially.
However, this change in beam shape, although quite simple to describe, involves a change in
the lens layout, specifically, the removal of an objective lens. This change in lens layout
uniquely suits STEM systems for the experiments performed in this work. Because the
removed lens inherently introduces some degree of chromatic aberration in TEM systems,
STEM systems substantially improve the spatial resolution in thick samples. Figure 2.5
demonstrates this effect, showing two images of the same 1.1 um thick sample, imaged with
100 kV excitation voltage in STEM (Figure 2.5a) and in conventional TEM (Figure

2.5b).[64]
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Figure 2.5 1.1 um indium and polystyrene sample imaged with 100 kV excitation voltage in (a) STEM
and (b) TEM modes. STEM mode provides substantially improved spatial resolution due to the
elimination of objective lens chromatic aberration. Reprinted with permission from P. Gentsch, H.
Gilde, and L. Reimer, “Measurement of the top bottom effect in scanning transmission electron
microscopy of thick amorphous specimens,” J. Microsc., vol. 100, no. 1, pp. 81-92, 1974, doi:
https://doi.org/10.1111/j.1365-2818.1974.tb03915.x, 1974 Blackwell Science Ltd.

Features of STEM Systems

STEM systems are designed to facilitate the simultaneous collection of both structural and
compositional information and often include several annular detectors and a single circular
detector as shown in the Figure 2.6. STEM annular detectors are commonly used to collect
electrons whose path of travel has been changed due to interactions with sample. As this
generally constitutes a relatively small fraction of the total transmitted electrons, we refer to
these detectors as ‘dark field detectors.” Annular detectors are also characterized by their
collection angle. Those with a minimum acceptance angle greater than 100 mrad are
characterized as high angle annular dark field (HAADF) detectors, while those with

acceptance angles on the order of a few tens of mrad are referred to simply as annular dark
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field (ADF) detectors. HAADF detectors are often used to collect high level compositional
information because much of the signal arises from Rutherford scattering processes, which
depend strongly on atomic number; while ADF detectors are commonly used to image strain
contrast as their acceptance angles collect diffracted electrons. STEM systems often also
include a circular detector that collects those electrons whose paths have not been significantly

altered by features in the sample, an imaging modality referred to as ‘bright field” (BF).

HAADF Detector

ADF Detector

BF Detector

Figure 2.6 Standard STEM detector set-up. High angle annular dark field (HAADF) detectors have a
minimum acceptance angle of ~100 mrad, annular dark field (ADF) detectors have a minimum
acceptance angle on the order of a few 10s of mrad, and bright field circular detectors have a maximum
acceptance angle of a few 10s of mrad.

While the three detector types mentioned in the preceding paragraph are the most

common, TEM and STEM systems frequently come equipped with additional detector types
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including EDS detectors and electron energy loss spectroscopy (EELS) detectors. Both these
techniques are used for more advanced chemical analysis than simple HAADF imaging.
Additionally, more exotic techniques including STEM-EBIC, STEM-CL, and TEM electron
holography can be used to provide insight into the optoelectronic properties of semiconducting
materials. These, however, are relatively uncommon. Nevertheless, in each case, as before,
the information is extracted by measuring the response of the electron beam to the sample or

the response of the sample to the electron beam.

Diffraction Contrast Imaging

Although the preceding Section offers some insight into the collection of structural,
compositional, and optoelectronic information using STEM and TEM systems, diffraction
contrast imaging techniques are the most frequently used for dislocation imaging and these do
not require any specialized detectors in either TEM or STEM. Instead, they simply rely on the
ability to carefully orient the sample with respect to the beam. Tilting the sample to specific
positions leads to preferential diffraction of the incident electrons beam off specific crystalline
planes. Often, the desired result is the splitting of the incident beam into a single transmitted
spot and a single strongly excited diffracted spot, a condition referred to as two beam imaging.
These conditions are identified by the set of planes associated with the strongly excited spot
and are reported as g = hkl. An aperture is used such that the resulting image is formed from
one of these beams. For two beam imaging in STEM, often the beam convergence angle is set
such that the detectors themselves function as the aperture.[65]-[67] This is shown

schematically in Figure 2.7 (ref. [66]). Breaks in the crystal symmetry, such as dislocations
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and stacking faults, generally diffract the incident beam more strongly than surrounding
material. This is explained in more detail in Chapter 3. As a result, they appear as dark
features in the transmitted image and bright features in the diffracted one, and these imaging

modes are referred to as bright-field (BF) and dark-field (DF), respectively.

Figure 2.7 lllustration of two beam imaging configuration in STEM mode. Reprinted from
Ultramicroscopy, 111/9, P. J. Phillips, M. C. Brandes, M. J. Mills, and M. De Graef, “Diffraction
contrast STEM of dislocations: Imaging and simulations,” 1483-1487, Copyright (2011), with
permission from Elsevier.

Two-beam imaging is particularly useful when studying dislocations as their
appearance can vary widely between diffraction conditions. In certain diffraction conditions
(g - b = 0) dislocations will appear invisible, a key tool in burgers vector (b) identification.
This, however, is an important consideration in dislocation counting and can be addressed by
taking images in multiple diffraction conditions or with on-zone imaging.[65], [66] For

additional information on burgers vectors, see Chapter 3.
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It is also worth noting that STEM BF two-beam can provide improved resolution over
BF-TEM when imaging dense dislocation networks. Figure 2.8 compares the same
dislocation networked imaged in BF-TEM (Fig. 2.8a) and BF-STEM (Fig. 2.8b).[68] This is
because the convergent beam in STEM provides an averaging effect that reduces the
background contrast from the dislocations’ elastic fields, which facilitates distinguishing

between closely spaced defects.

500nm RD

Figure 2.8 (a) TEM image and (b) STEM image of dislocation networks in highly deformed, high
purity aluminum. Reprinted from Mater. Sci. Eng. A, 528/2, Y. Miyajima, M. Mitsuhara, S. Hata, H.
Nakashima, and N. Tsuji, “Quantification of internal dislocation density using scanning transmission
electron microscopy in ultrafine grained pure aluminium fabricated by severe plastic deformation,”
776-779, Copyright (2010), with permission from Elsevier. From ref.[68]

Special Considerations when Imaging Dislocations in Quantum Dot Systems

Dislocation imaging whether in an SEM or a TEM, as discussed in the previous Sections, is
done using strain contrast based techniques. However, this can prove somewhat problematic
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when imaging dislocations in quantum dot materials for the simple reason that quantum dots
themselves generate significant strain contrast. Traditionally, most dislocation analysis in thin
film systems is performed using cross-sectional S/TEM imaging, but in QD systems this can

lead to very ambiguous contrast, making dislocations very easy to overlook.

Figure 2.9 presents an example of this effect. | intentionally lifted out this foil along
the [100] direction such that all the in-plane misfit dislocations, marked with black arrows,
will appear the same length (proportional to the foil thickness). To increase the clarity, 1 also
performed contrast enhancement in post-processing. Even so, the strain contrast from the
misfit dislocations is very difficult to distinguish from the contrast due to the dots themselves.
Unfortunately, in more conventional [110] lift out orientations, misfits will appear as black
dots (see ref.[49]) that are nearly indistinguishable from the dots themselves or as long
segments of slightly increased contrast. Depending on the length of the misfit dislocation
segments parallel to the [110] oriented foil, the slight increase in contrast can extend for the
length of the foil. Thus, although the [100] geometry can offer a stop-gap imaging solution,
generally plan-view imaging techniques are far more appropriate when trying to make a

conclusive statement about the presence or absence of dislocations near quantum dots.
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Figure 2.9 (a) Cross-sectional scanning transmission electron microscopy image of misfit dislocations
lying at the uppermost quantum dot layer in a quantum dot laser stack imaged along the [100] zone
axis. Because the lift-out geometry (inset) ensures all the misfit dislocations will appear the same
length, we can use that to identify them. Black arrows mark the locations of QD adjacent misfit
dislocations while the white arrow denotes a misfit dislocation elsewhere in the structure. Post-
processing contrast-enhancement was used to maximize misfit dislocation visibility. (b) At higher
magnification (boxed area in (a)), the misfit dislocation’s strain contrast is rendered nearly invisible
by the quantum dots own strain contrast.

Electron Tomography for Dislocation Studies

Although cross sectional dislocation imaging is often difficult and unreliable in quantum dot
systems, cross sectional information may still be necessary. To address this need, | used
specialized electron tomography to perform parts of the analysis discussed in the subsequent
Chapters. Electron tomography, in general, involves the acquisition of a relatively large
number of images taken at different tilts for the same sample area. From this set of images,
the positions of various features with respect to each other can be unambiguously determined.
Figure 2.10 provides a schematic representation of the basic process.[69] Variants of the
fundamental technique can be performed using both TEM and STEM systems. These methods

have been successfully applied to a variety of biological and materials science problems.
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Figure 2.10 Schematic representation of (a) the acquisition of a 2D image “tilt series” and (b) back-
projection of these images to obtain a 3D reconstruction. Reprinted (adapted) with permission from R.
Leary, P. A. Midgley, and J. M. Thomas, “Recent Advances in the Application of Electron
Tomography to Materials Chemistry,” Acc. Chem. Res., vol. 45, no. 10, pp. 1782-1791, Oct. 2012,
doi: 10.1021/ar3001102. Copyright (2012) American Chemical Society.

Dislocation tomography, the specific application relevant to this work, is generally
performed by following a specific diffraction condition during the acquisition of the tilt series.
Imaging with different portions of the signal has provides researchers, including myself, a
great deal of flexibility. Techniques utilizing the transmitted beam,[70]-[72] a single strongly
excited diffracted spot,[67] a single weakly excited diffracted spot,[73], [74] several higher
order reflected beams,[75], [76] and systematic row imaging using the transmitted spot a small
number of low angle diffracted spots[50], [51] have all been demonstrated to work well. Some
researchers report that STEM based techniques provide improved reconstructions due to the
convergent beam’s inherent averaging effect, which suppresses contrast variation due to slight
changes in specimen thickness and diffraction condition.[67], [71] Note also that diffraction
contrast based tomography is particularly well suited to imaging quantum dots, as they too
have significant strain contrast. Figure 2.11 presents a sample plan-view (top down)
diffraction contrast BF-STEM image from tomographic reconstruction series and the

associated reconstruction (Figure 2.11a and Figure 2.11b, respectively). The strain contrast
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from the quantum dots allows us to identify five distinct layers, and the additional contrast

from the dislocation allows us to localize it at the fifth dot layer.
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Figure 2.11 (a) Bright field plan-view scanning transmission electron micrograph (g = 220)
showing a misfit dislocation among a field of quantum dots from the active region of a lifetime
tested InAs quantum dot laser on silicon. (b) The tomographic reconstruction reveals that the misfit
dislocation lies at the fifth quantum dot layer. Reprinted from J. Selvidge et al., “Defect filtering for
thermal expansion induced dislocations in 111-V lasers on silicon,” Appl. Phys. Lett., vol. 117, no.
12, p. 122101, Sep. 2020, doi: 10.1063/5.0023378, with the permission of AIP Publishing.

2.4 Summary

Defects in semiconductors lend themselves well to both structural and optoelectronic
microscopy characterization using optical microscopy, SEM-based techniques, and S/TEM
based techniques. Optical microscopy based techniques provide insight into large scale
features, while electron microscopy based techniques are better suited for detailed micron-
scale characterization. In general, SEM based techniques are only suited to surface and

shallow depth characterization studies, while S/TEM techniques provide improved insight
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for studying buried device regions. Diffraction based techniques in both SEM and S/TEM
systems can be particularly powerful in understanding defect structures, but, for our system,
the quantum dots’ own strain contrast can be a complicating factor, especially in S/'TEM
cross-sectional analyses. Techniques like electron tomography offer alternative pathways to

access similar cross sectional information using plan-view imaging.
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Chapter 3

Mechanical Behaviors of 111-V Systems

3.1 Introduction

The mechanical properties of ductile crystalline materials, including semiconductors at
elevated temperatures, arise due to the presence of defects in the system. Although a variety
of defects are important in understanding their mechanical properties, dislocations are of
particular importance. As such, the aim of this Chapter is to provide the reader with insight
into the properties of dislocations, both in general, and in I1l-V zinc-blende thin film
semiconductors, specifically. The influence of additional structural and compositional
features on the behavior of dislocations are discussed. The Chapter concludes with a
discussion of both the traditional dislocation formation mechanism in thin films and the

alternative pathway we identified during this work.

3.2 Dislocations in Crystals

3.2.1 Fundamentals

A dislocation is a missing or extra half plane of atoms in a crystal that, in general, are nucleated
to relieve mechanical stress. Although it is a simplification, for convenience, we often think

of them as an extra half plane of atoms as terminating in a line of dangling atomic bonds.

30



However, while dislocations are nucleated to relieve global strain fields, they themselves
generate a local strain field. Nearby atomic bonds are stretched and compressed to
accommodate extra half plane as shown in Figure 3.1. The deformed bonds, as well as the
broken bonds along the dislocation core itself, result in a localized break in the overall
symmetry of the crystal. We describe dislocations using two vectors: the line’s direction u
and a vector describing the magnitude and direction of the associated lattice distortion,
referred to as the Burgers vector b. In Figure 3.1a, the dislocation’s line direction is

perpendicular to the plane of the page and its Burgers vector points to the right.

In naming dislocations, we describe the relationship of these two vectors to each other.
An edge dislocation describes a dislocation in which the line direction and burgers vector are
perpendicular to one another. In the case where the line direction and the burgers vector are
parallel, the dislocation is referred to as screw type. Dislocations with line directions that are
neither perpendicular nor parallel to their Burgers vectors are referred to as mixed as they
have both screw components and edge components. However, while the Burgers vector is a
fixed a single dislocation will often have multiple different line directions along its length.
Figure 3.1b provides an example of this, showing a dislocation with screw, edge, and mixed

regions.

31



Burgers vector

it

L:-

Edge
dislocation
line

T

I I LT

1 I} I 1

Figure 3.1 (a) 3D schematic representation of atomic positions around an edge dislocation; the line
direction u is perpendicular to the page. (b) Top down representation of a dislocation that has edge,
screw, and mixed character portions along its length. Open and closed circles denote atomic positions
above and below the slip plane, respectively. The dislocation is pure screw at point A and pure edge
at point B. After ref.[77]

3.2.2 Dislocation motion

Glide Mechanism

Glide occurs in response to mechanical stress through a ‘slip’ process whereby bonds are
atomic broken and reformed, allowing the dislocation line to move, while the atoms
themselves remain relatively stationary. The motion is “conservative” meaning it does not
involve the addition or removal of atoms and is constrained to planes containing both their
defining vectors (b and u). This process of bond-rearrangement occurs most readily between
atoms on close packed planes along close packed directions. We refer to these combinations
of planes and line directions as the system’s primary slip systems. When a dislocation’s glide

plane is a primary slip plane for the system, we refer to it as ‘glissile’, meaning able to glide,

32



dislocations who do not satisfy this criterion are referred to as ‘sessile’. In general, this process
occurs readily for screw type dislocations (b||u), which can glide on any of the primary slip
planes of a system. Note that for a dislocation to glide the applied mechanical stress must have

some shear component that acts along its glide plane.

Glide
w p|ane «

Figure 3.2 (a) Schematic showing the atomic structure of an edge dislocation and its glide plane
(green). The glide plane contains both the line direction (referred to here as &) and the Burgers vector
b. (b) An atomic scale excursion of the dislocation (kink) forms in the glide plane and expands
laterally. (c) The expansion of the kink eventually leads to the dislocation moving rightward by |b].
Reprinted from Reliability of Semiconductor Lasers and Optoelectronic Devices, K. Mukherjee,
“Chapter 4 - Materials science of defects in GaAs-based semiconductor lasers,” 113-176, Copyright
(2021), with permission from Elsevier.

As simultaneous rearrangement of the bonding along the entire length of a dislocation
line is both energetically and statistically unlikely, the motion instead happens via excursions

in the dislocation line on the order for a few atoms, which expand over time. Figures 3.2a-
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3.2¢ (ref. [78]) show this process schematically. For double kink-formation to occur the
excursion must overcome the short-range, interatomic Peierls stress, tp (~4 GPa in GaAs[79]).
This happens readily with relatively small resolved shear stresses at elevated temperatures;
but it is prohibitive at room temperature leading GaAs’s observed brittle characteristics in this
temperature range.[80] We can model the thermal glide velocity (note that this is distinct from
the recombination enhanced glide velocity) using the following equation from Alexander and

Haasen:

_ Tex\™ Q
v =1, E exp(—kB—T

where 7., is the net resolved shear stress measured in MPa, vy, m, and Q are experimentally
determined parameters, and 7, = 1 MPa.[81] Note that all three experimentally determined
parameters (including the exponential terms) are dependent on factors such as the
dislocation’s line direction. Yonenaga and Sumino report that this can vary significantly
between different dislocation types within a single GaAs based sample.[82] Likewise, they
report that electrically charge impurities, generally referred to in the semiconductor
community as ‘dopants’ can dramatically influence these parameters as well as shown in
Figure 3.3. Indeed, they show that screw dislocation velocities in GaAs doped with silicon
(n-type) can be as much as four orders of magnitude lower than screw dislocation velocities

in GaAs doped with zinc (p-type) for a given temperature (550 °C in the case of Figure 3.3).
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Figure 3.3 Screw dislocation velocity as a function of applied stress (three point bending) at 550°C in
undoped GaAs and GaAs with acceptor (Zn), donor (Si), and isovalent (In) impurities. Reprinted from
I. Yonenaga and K. Sumino, “Impurity effects on the generation, velocity, and immobilization of
dislocations in GaAs,” J. Appl. Phys., vol. 65, no. 1, pp. 85-92, Jan. 1989, doi: 10.1063/1.343380, with
the permission of AIP Publishing.

Additional Mechanical Hardening Effects

The dramatic reduction in glide velocities in n-doped GaAs samples are an example of a much
broader phenomenon referred to as ‘mechanical hardening.” As Figure 3.3 demonstrates,
dislocation glide can be hindered even at higher temperatures by impurities; features such as
precipitates and grain boundaries can also provide similar effects. This is because these
features, much like dislocations, generate localized athermal stress fields portions of which
oppose glide.[83]-[87] Indeed, dislocation glide can even be hindered by the presence of large

numbers of other dislocations.[54] Even small compositional fluctuations, such as those that
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occur in a random alloy been observed to provide in plane stress fields, leading to mechanical
hardening effects in several semiconductor systems including in SiGe,[88] GaAsP,[89] and
low-indium InAlGaAs alloys.[56] Figure 3.4 and Figure 3.5 compare the extent of
recombination enhanced dislocation glide (REDG) (for a fuller discussion of REDG see
Chapter 4) observed in Iny(Alo.15Gao g5)1-xAs/Ink(Alo.25Gao.75)1-xAs heterostructures on silicon
for x=0 (Figure 3.4) and x=0.05 (Figure 3.5). In the latter case, an overshoot layer was added
to ensure the strain state in the film was equivalent. Figures 3.4a-b present selected CL images
from early and late in the image series, respectively. From these images, the paths and speeds
of various glissile dislocations were tracked, as presented in Figure 3.4c. Note that the

inclined paths arise due to substrate offcut.
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Figure 3.4 Panchromatic cathodoluminescence map from an AliGaixAs heterostructure showing
threading dislocations as dark spots. The images selected imaged were taken after (a) 50 frames and
(b) 2882 frames. Some dislocations have undergone REDG and exited the imaging area. (c) Tracks of
the gliding threading dislocations from the same area, colored by the glide velocity. The substrate
offcut results in inclined paths. Reprinted from E. T. Hughes, R. D. Shah, and K. Mukherjee, “Glide
of threading dislocations in (In)AlGaAs on Si induced by carrier recombination: Characteristics,
mitigation, and filtering,” J. Appl. Phys., vol. 125, no. 16, p. 165702, Apr. 2019, doi:
10.1063/1.5088844, with the permission of AIP Publishing.

The addition of 5% indium to the structure reduces the observed threading dislocation

speed by approximately 20X, despite an equivalent driving force and equivalent illumination
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conditions, as shown in Figure 3.5. In this case, even though InAs is softer than GaAs, the
difference in covalent radii[90] between gallium (124 pm) and indium (142 pm) leads to a

varying stress field which opposes glide.
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Figure 3.5 Tracks of threading dislocations undergoing REDG colored by their velocity in
Ino.os(AlxGaix)o.9sAS heterostructure with overshoot layer. Despite the equivalent driving force to
Figure 3.4, most threading dislocations are stationary. The few that do move have dramatically
reduced glide velocities. Reprinted from E. T. Hughes, R. D. Shah, and K. Mukherjee, “Glide of
threading dislocations in (In)AlGaAs on Si induced by carrier recombination: Characteristics,
mitigation, and filtering,” J. Appl. Phys., vol. 125, no. 16, p. 165702, Apr. 2019, doi:
10.1063/1.5088844, with the permission of AIP Publishing.

Climb

Dislocations can also move and change in length by absorbing and/or emitting point defects.
Thus, it is generally a ‘non-conservative’ process. We classify climb by whether the extra half
plane of atoms is contracting (positive climb) or expanding (negative climb). Figure 3.6 (ref.
[78]) presents a dislocation undergoing negative climb, by expelling vacancies into the crystal.
Much like dislocation glide, dislocation climb occurs in small unit steps, referred to as ‘jogs,’

which expand outwards, as shown in Figure 3.6b. However, unlike kink formation, as jog
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formation and expansion necessitate the participation of point defects, climb can effectively
be halted due to an opposing chemical driving force (e.g., local depletion of the required
interstitial atoms), referred to as an osmotic potential. However, just as chemical driving
forces can oppose climb, they can also enable it. For example, in our system we observe
negative climb, which we expect is driven in part by an undersaturation of Ga vacancies at
relevant temperatures.[50] Dislocations can also climb in response to a mechanical stress,
however, as glide occurs far more readily, this occurs primarily in cases where there is not a

net shear acting along the glide plane.
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Figure 3.6 Schematic of an edge dislocation undergoing negative climb by emitting vacancies. (a) The
climb plane (red) is orthogonal to the Burgers vector b. (b) The edge dislocation emits a vacancy,
creating an upward excursion in the climb plane (jog). The jog expands laterally by emitting additional
vacancies such that (c) the dislocation has climbed upward a distance equal to the jog height. If
conditions permit, the vacancies diffuse away from the dislocation core, if they do not, osmotic
pressure builds, opposing further climb. Reprinted from Reliability of Semiconductor Lasers and
Optoelectronic Devices, K. Mukherjee, “Chapter 4 - Materials science of defects in GaAs-based
semiconductor lasers,” 113-176, Copyright (2021), with permission from Elsevier.

38



3.3 Dislocations in Zinc-Blende Thin Films

In hetero-epitaxially grown zinc-blende semiconductors, mixed type 60° dislocations are of
particular interest. It is more energetically favorable accommodate the lattice distortion
associated with these dislocations over a larger area. Figure 3.7 shows two 60° dislocations
at an Ino.08Gao.92As/GaAs interface. The dislocation in Figure 3.7a that has dissociated into a
30° and a 90° partial dislocation bounding a planar defect (stacking fault), while the
dislocation in Figure 3.7b remains perfect. The red line in Figure 3.7b indicates the position

of the extra half plane of atoms.
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Figure 3.7 Aberration corrected HAADF-STEM images of (a) dissociated and (b) perfect 60°
dislocations at an InosGaog2AS/GaAs interface. The red line in (b) marks the extra half plane. After
ref.[91]

Dislocations in GaAs based compounds can either terminate on either the group 111 or
the group V sublattice. Figure 3.8 shows the structure of 30° and 90° partial dislocations for
both arsenic and gallium terminated dislocation types; these are referred to as o and 3 type

dislocations, respectively. Although the differences between these two structures are relatively
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subtle, their behaviors are quite distinct: Yonenaga and Sumino report an order of magnitude

increase in dislocation velocities in a dislocations over 3 dislocations.[82], [92]
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Figure 3.8 30° and 90° partial dislocation structures for arsenic-terminated o and gallium-terminated
B dislocations. Reprinted from I. Yonenaga and K. Sumino, “Effects of In impurity on the dynamic
behavior of dislocations in GaAs,” J. Appl. Phys., vol. 62, no. 4, pp. 1212-1219, Aug. 1987, doi:
10.1063/1.339672, with the permission of AIP Publishing.

In thin films, we are often also concerned with the angle between the dislocation’s line
direction and the film growth direction. We refer to dislocations with some component of their
line direction in the growth direction as ‘threading dislocations’ and dislocations that lie
directly in the growth plane (have no component of their line direction in the growth direction)
are referred to as ‘misfit dislocations’. Figure 3.9 shows an example of a dislocation with both

a MD segment and a TD segment.
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Figure 3.9 Diagram of a dislocation in a I11-V film on a silicon substrate with a misfit dislocation
segment (black) at the interface, and a threading dislocation segment (red) extending from the interface
to the surface of the film.

3.3.1 Thin Film Dislocation Formation and Motion Mechanisms

Lattice Mismatch

Misfit dislocations, as their name implies, form at the interface between two dissimilar
materials to mediate their lattice mismatch in most cases. For the simple case of a single lattice
mismatched layer grown on a substrate with a pre-existing threading dislocation, the
Matthews-Blakeslee critical thickness describes the layer thickness, h., above which
dislocation glide in the threading segment in the upper layer becomes energetically favorable.
Below this thickness, although the layer experiences net shear forces due to the lattice
mismatch, the dislocation’s line tension is sufficient to prevent glide. Figure 3.10 shows the
critical thickness for an InxGai.xAs layer grown on GaAs as a function of indium fraction,
assuming an anisotropic and isotropic calculation of the biaxial Young’s Modulus. However,
for device design purposes, strain thickness product, based on the assumption that the misfit

dislocation should not generate more strain than it relieves, is often a more useful metric.[93]
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Below a strain thickness product of 20 nm% the layer remains pseudomorphic (i.e., misfit

dislocation formation does not occur).[94], [95]
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Figure 3.10 log (h.) for a single InyGai«As on GaAs as a function of InyGai.xAs composition
calculating the anisotropic Young’s modulus (—) and assuming an isotropic Young’s modulus (---).
Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Journal of Materials Science: Materials in FElectronics, “Strain and strain relaxation in
semiconductors,” D. J Dunstan, © 1997 Chapman & Hall.

Under certain circumstances, the dislocation density in a substrate is insufficient to
relieve the strain arising from lattice mismatch. As a result, additional dislocations are
nucleated through processes such as half loop nucleation whereby a dislocation forms at the
film surface and glides downward to the interface. This results in a misfit segment lying at the
interface with threading segments that extend to the surface on either end. This process is
important in the plastic relaxation of GaAs-based films deposited on silicon wafers, as these

systems have substantial lattice mismatch (4% compressive), and Si substrates are effectively
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defect-free. Additionally, in cases where there are some existing threatened dislocations, spiral
and Frank-Read multiplication processes can help to increase the overall dislocation density

as well.[54]
Thermal Expansion Mismatch

Due to a substantial thermal expansion coefficient mismatch between GaAs and silicon
(@gans — @si = 3 x 107 K1), tensile stress builds in thick GaAs-on-Si films during cooldown.
But the measured 0.15-0.17% tensile elastic strain is lower than expected,[96] consistent with
plastic relaxation via dislocation glide during cooldown. As is the case in Figure 3.4, the
incident SEM beam enables dislocation glide at room temperature via REDG (see Chapter 4
for additional details on REDG), allowing us to observe this process continue at room-
temperature, as shown in Figure 3.11a. As carrier recombination does not induce a driving
force for glide and nearly equally lattice-mismatched GaAs-on-GaP structures (aggas —
Agap = 1 X 1076 K1) of similar thickness show no evidence of in situ REDG,[97] this motion

must be a result of the residual thermal stress.

The reader should note that the GaAs-on-Si thermal-strain relaxation behavior is quite
distinct from classical misfit dislocation formation due to lattice mismatch. Firstly, rather than
nucleation and growth of tensile-strain relieving misfit dislocations by the standard
mechanism (Figure 3.11b), we expect that relaxation occurs through (1) reverse glide of pre-
existing threading dislocations shrinking their compressive-strain-relieving misfit dislocation
segments (Figure 3.11c) and (2) vertical glide of entire compressive-strain-relieving misfit
dislocation segments (Figure 3.11d). Note that as the relevant misfit dislocation segments are

buried deep below the sample surface, we cannot resolve them using SEM based techniques;
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for additional detail on ECCI and other SEM-based characterization methods, refer to
Chapter 2. Secondly, the relaxation process occurs spontaneously: extending a misfit
segment leads to a line tensional force that opposes glide, but the line tension of a shrinking

misfit segment acts in the direction of glide and thus pulls the threading dislocation along.
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Figure 3.11 (a) Time-lapse electron channeling contrasting imaging sequence of showing
recombination-enhanced threading dislocation glide (one moving and one stationary) due to thermal
mismatch strain. (b) Schematic of classical misfit dislocation formation mechanism, this occurs during
growth to form compressive-strain-relieving misfit dislocations at a GaAs/Si interface. However,
plastic relaxation does not occur through this pathway during cooldown. Instead, the system removes
the existing compressive-strain-relieving misfit dislocations (¢,d) through (c) reverse glide of the
existing threading dislocations, as shown in (a), and (d) upward glide of the misfit dislocation
segments. (e) Excess stress on the threading dislocation segment and corresponding dislocation glide
velocity for an a-type core in undoped GaAs calculated for a GaAs/Si structure with two values of
residual compressive strain 0% and 0.02% at the end of the growth. The former case results in
spontaneous dislocation motion due to a persistent positive excess stress. After ref.[62]
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To better understand this counterintuitive effect, it is useful to apply the concept of
excess stress on a TD developed by Dodson and Tsao,[98] and expanded upon by [99]-[101].
By this formalism, the excess stress, t.,, on the TD segment is given by the sum of the
resolved shear stress on the glide plane in the direction of the Burgers vector, 7, and the
interfacial misfit dislocation’s line tension, 7, i.e., 7., = 7,5 + 7;. Inthis case, a positive value
of t,, provides a driving force for MD contraction. Assuming no plastic relaxation, the biaxial

strain & during cool down from a growth temperature, Tg,.,

to a temperature, T, is:
&= (aGaAs - aSi)(Tgr - T) + Eress

where &, is the post-growth residual strain at T,,.. Thus, for a given film thickness (h), we

have:

1+v>

Tps = 2,uesinacosasinﬁ(1
—v

and

ub cos a (1 — v cos? B) | <4h>
T = —].

4h(1 —v) b

Here, u is the shear modulus of the film (assumed to be equal to the shear modulus of the

substrate) and Poisson’s ratio v = 0.3. « is the inclination angle of the glide plane to the

interface normal (a« = 54.74°); S is the angle of the Burgers vector b and the MD line direction

(B =60° or 120°). For simplicity we assume a dislocation cut-off radius of b /2.

Assuming T, = 600 °C, Figure 3.11e shows how 7., varies as a function of h and T

for two cases: €., = 0 and &, = —0.02% (compressive strain). In the former case, 7., IS
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positive for all thicknesses at all points during cool down. While in the latter case, the misfit

dislocations initially expand (7., is negative) before they begin to contract. As the line tension

begins to decrease with increasing thickness (i.e., Aim mg% = 0), 7., also decreases for

increasing h. This reduction in the driving force for dislocation glide is consistent with
observations of cracking in thick films of GaAs-on-Si.[102] Finally, using mobility
parameters for a-type TDs v, = 1.9 X 10° um/s, Q = 1.3 eV, and m = 1.7 from Yonenaga
and Sumino, we calculate the corresponding glide thermal velocities for both cases using
Alexander and Haasen’s model (Section 3.2.2). As shown in Figure 3.11e although the excess
stress continues to increase with decreasing temperature, the dislocation velocity begins to

decrease noticeably below 500 °C, freezing out below 300 °C.

3.3.2 Quantum Dot Specific Effects

Quantum Dot Formation

Nevertheless, while these both the strain thickness product and Matthews-Blakeslee models
are a useful guideline for the design of planar layers, quantum dots provide yet another layer
of complication. Like dislocations, quantum dots form, in this system, due to lattice mismatch
after some critical thickness, which I will refer to as hy, to differentiate it from the Matthews-
Blakeslee critical thickness for dislocation glide. Balancing the surface energies of the

substrate, s, epitaxial film surface, y;, and the thickness dependent substrate/film interfacial

energy, v;(h), allows us to predict whether the two materials will wet for a given film
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thickness, h. Figure 3.12 shows three cases of epitaxial deposition that occur under different
circumstances. Figure 3.12a, Volmer-Weber growth, occurs when y¢ + y;(h) >y, for h >
0. Figure 3.12b, Frank-van der Merwe growth, occurs when y; + y;(h) <y, for h > 0. As
shown, this does not lead to quantum dot formation. Figure 3.12c, Stranski-Krastanov growth,
occurs when y¢ +y;(h) < ys for 0 < h < hyp but yf +y;(h) >y, for h > hyp. Stranski-
Krastanov growth generally produces greater dot uniformity than VVolmer-Weber growth. For

additional details, see ref.[103]
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Figure 3.12 Schematics of various epitaxial growth modes that arise as a function of the relative
interfacial and surface free energies between the film and substrate. (a) Volmer-Weber or island
growth occurs when y; + y;(h) > ys for h > 0. (b) Frank-van der Merwe or layer by layer growth
occurs when yf + y;(h) <y, for h > 0. (¢) Stranski-Krastanov growth occurs when y¢ + y;(h) < v,
for 0 < h < hyp, leading to 2D growth, but y; + y;(h) > y, for h > hyp leading to subsequent 3D
growth. After ref.[104]

Quantum Dot Mechanical Hardening

As the self-assembled quantum dots in this system form due to lattice mismatch, it should not
come as a surprise that they generate localized 3D strain fields in their vicinity, much like

dislocations. Indeed, Beanland et. al demonstrate that they provide a mechanical hardening
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effect akin to that of precipitates in metals. Assuming a hard sphere (R = 5 nm) InAs quantum
dot at the bottom of an InxGaixAs quantum well (dot-in-well or DWELL) on a GaAs substrate,
they calculate a significant increase in critical thickness for the case in which a dislocation
bends over the quantum dots and glides above them in the quantum well, as shown in Figure
3.13.[55] They also report that QDs precipitate hardening like behavior seemingly suppress
dislocation growth via both glide and climb during device operation.[43] Li reports a similar

increase in critical thickness in quantum dot structures.[105]
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Figure 3.13 Calculated increase in critical thickness for InAs quantum dot in InyGa;—<As quantum well
structures as a function of quantum well composition assuming spherical, 5 nm radius InAs quantum
dots at the bottom of the quantum well. Reprinted from R. Beanland, J. P. R. David, and A. M. Sanchez,
“Quantum dots in strained layers—preventing relaxation through the precipitate hardening effect,” J.
Appl. Phys., vol. 104, no. 12, p. 123502, Dec. 2008, doi: 10.1063/1.3028270, with the permission of
AIP Publishing.
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Misfit Dislocation Formation in QD Structures from Thermal Expansion Mismatch

As previously mentioned, GaAs has a larger coefficient of thermal expansion than Si (agq4s —
as; ~ 3 x 107¢ K1), which my colleagues and | have demonstrated also is a key factor in misfit
dislocation generation.[51] As shown in Figure 3.14a, after the termination of growth, but
before cooldown begins (T =580°C), we don’t expect any misfit segments at the quantum dot
layers: the 7 nm thick layers are far below critical thickness. However, during cooldown,
tensile strain builds in GaAs layers as they approach 300 °C for the reasons discussed
previously. The existing threading dislocations—nucleated to relieve the 111-V/Si interfacial
lattice mismatch—experience a glide force in any GaAs layers that are thicker than a few
hundred nanometers (evaluated approximately using the strain-thickness product). The QD
layer, however, prevents the threading dislocation segment it contains from gliding, referred
to as pinning. As the free threading dislocation segment glides away, it lays down a misfit
segment at the GaAs/QD layer interface (Figure 3.14b). The precipitate-like quantum dots
and alloy hardening effects in Ing.15GaoesAs QW mentioned previously provide the pinning
shear. We do not expect the magnitude of these two effects to be the same, however, which is

explored in greater depth in Chapter 5.
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Figure 3.14 Schematic representation of dislocation structure in a single DWELL model structure
during the post growth cool down process. (a) Immediately following growth (T = 580°C) the film is
relaxed so there is no net glide force on the existing threading dislocations. While the DWELL itself
is compressively strained, it is sub-critical thickness (i.e., no misfit dislocation segments should be
present). (b) As the structure cools towards 300°C the film contracts more quickly than the substrate
leading the existing threading dislocations to glide in the thick underlying GaAs layers. However,
within the DWELL itself, the threading dislocation is pinned, leading to the formation of a misfit
dislocation segment at the interface between the DWELL and thick underlying GaAs. The upper GaAs
layer is assumed to be too thin for glide to occur at these small strains (¢ = 0.1%).

3.4 Summary

Dislocations in thin film semiconductors, in general, form and move due to an applied
mechanical stress. They can do so conservatively via glide processes or non-conservatively
via climb processes. Glide occurs significantly faster than climb, but glide rates are very
sensitive to a variety of factors such as doping, dislocation structure, alloying, and the
presence of other structural features, including quantum dots. In-plane misfit dislocations are
generally thought to arise due to the initiation of glide in lattice mismatched layers
exceeding critical thickness, but my colleagues and I propose an alternative formation

mechanism for misfit dislocations in critical regions of the device, as the layers in question
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should be below critical thickness. We propose instead that localized mechanical hardening
in the quantum dot layers prevents glide there, forcing misfit dislocation segments to form as

the underlying thick GaAs layers relax in response to an increasing thermal tensile stress.
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Chapter 4:

Optoelectronic impacts of dislocations on
guantum dots materials

4.1 Introduction

While the preceding Chapter offers insight into the presence of dislocations in III-V films
grown on silicon substrates, these defects could have substantial negative impacts on both
device performance and lifetime may not be immediately apparent. In semiconducting
systems, the crystal symmetry and atomic bonding results in a bandgap—a set of forbidden
energy levels with allowed energy levels on either side where the energy levels in the valence
band (below the gap) are filled and those in the conduction band (above the gap) are empty.
When the material is provided with sufficient energy, electrons in the valence band are excited
across the bandgap into the conduction band. This results in an electron in the conduction
band as well as an empty state, referred to as a hole, in the valence band. When conduction
band electrons and valence band holes recombine the energy can released as light in radiative
recombination processes (both spontaneous emission and stimulated emission in lasers).
However, electrons and holes can also recombine through two non-radiative pathways: Auger
recombination and defect assisted Shockley-Read-Hall (SRH) recombination. This Chapter
first provides the reader with some context on these non-radiative processes and the factors
that influence them. Next, I detail an experiment my colleagues and I performed to

characterize defect assisted non-radiative recombination processes in quantum dot materials.
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Finally, I conclude by discussing the effects of non-radiative recombination on the structure
of the dislocations themselves, discussing both recombination enhanced dislocation glide and

recombination enhanced dislocation climb process.

Note that I performed the InAs quantum cathodoluminescence work in this Chapter at
EAG Laboratories-Eurofins Materials Science in Raleigh, NC under the supervision and with
the assistance of Dr. Michael E. Salmon during a summer internship. The InAs QD CL work
in Chapter S was also performed at EAG in Raleigh, however, as I had returned to UCSB at
the point, those measurements were performed by Dr. Salmon. Note also that the single
quantum dot layer sample analyzed in Section 4.3 was grown by Dr. Justin C. Norman who
at the time was with the Bowers group and has subsequently joins Quintessent, Inc. Its
threading dislocation density reducing buffer (for more details on TDD filtering, see Chapter
5) was grown by Dr. Dachwan Jung who at the time was with the Bowers group and has
subsequently joined the Korea Institute of Science and Technology. Note also that the ECCI
measurements in the same Section were performed by Mr. Eamonn T. Hughes who is a current

student in the Bowers and Mukherjee groups.

4.2 Carrier Recombination in Semiconductors

As we are not considering full laser structures in this Chapter, we can model the change in

. . dn, . .
number of charge carriers, N, over time (E) with the equation:

dN
— = —AN — BN? — CN?3
dt
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where BN? represents the radiative recombination rate due to spontaneous emission, AN
represents SRH recombination rate, and CN3 represents the Auger recombination rate. 4, B,
and C are the rate constants for SRH recombination, radiative recombination, and Auger

recombination, respectively.

4.2.1 Auger Recombination

Unlike radiative recombination which requires the simultaneous participation of two charge
carriers, an electron and a hole, Auger processes require three. In these processes, an electron
and a hole recombine across the bandgap, however, the resulting energy is passed to the third
charge carrier, which can be either an electron or a hole, exciting it away from the band edge.
The energy is released as heat when the high-energy carrier subsequently decays back the
band edge. Although microstructure, including quantum dots, can impact Auger

recombination rates,[ 106] we generally treat them as materials properties.

4.2.2 Shockley-Read-Hall Recombination

SRH recombination rates, in contrast, are heavily dependent on microstructure. Because
crystal defects locally break the crystal symmetry, they give rise to their own set of available
energy states. Often this leads to available energy states within the bandgap referred to as trap
states. These trap states provide an alternative carrier recombination pathway that results in
the generation of heat rather than light. Unlike radiative recombination which requires the
simultaneous participation of the electron-hole pair, non-radiative recombination at defects
occurs sequentially because an empty trap state cannot capture any additional holes, nor can

a filled trap state capture any additional electrons. Instead, the carriers effectively swap places.
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As aresult, the non-radiative recombination rate arising from defects is necessarily a function
of the concentration of both electrons and holes and their respective capture times. The capture
times in turn are function of the total number of trap states available as well as the efficiency
of'individual trap states. We describe the non-radiative recombination rate due to defects using
the following equation:

R B NP — N?
aefect = (N* + N)ty + (P* + P)7,

where Rgerece IS the defect recombination rate, N is the electron density, P is the hole density,
N; is the intrinsic carrier concentration, N* and P* are the electron and hole densities that
would exist if the fermi level were aligned to the energy level of the trap state. 7, and 7;, and
represent the time to capture an electron from the conduction band, assuming all trap states
are empty and the time to capture a hole from the valence band assuming all trap states are

full, respectively. Under device operating conditions (P = N > N*, P*, N;) this expression

1
Th+Te

simplifies t0 Ryefect = ( )N . As the rate depends on sum of the capture times, a trap

located near the center of the bandgap which will capture both carriers similarly efficiently
maximizes its recombination rate.

Mitigating Shockley-Read-Hall Recombination

However, while Shockley-Read-Hall recombination is problematic, it is substantially easier
to mitigate than Auger recombination. As each defect has a finite number of trap states and
each SRH event takes a finite amount of time. Thus, reducing defect densities, reduces SRH

losses. Likewise, limiting the number of carriers that can reach the trap states can also
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minimize SRH losses. GaN-based devices, for example, often have relatively high dislocation
densities. But, as GaN based alloys have short minority carrier lengths, dislocations
effectively have access to only a tiny fraction of the total carriers in the material. Under such
a scenario, even with very high dislocation densities, cathodoluminescence maps, like the one
shown in Figure 4.1, show clear bright areas.[107] The many small dark spots, on the order
of 100 nm, are attributed to threading dislocations; dark spot sizes (a convolution of minority
carrier length and incident beam size) are consistently reported in GaN to be on the order of
10s to 100s of nm. [107]-[109] While it is clear from these images that threading dislocations
are very non-radiative, the short diffusion length and thus relatively small number of trap-
accessible carriers means that high electron mobility transistors with threading and light
emitting diodes with dislocation densities as high as 108-10° cm? demonstrate reasonably
reliable operation.[110], [111] Unfortunately, in arsenide-based QW systems, rather than a
few 10s of nm, this length is on the order of a few microns, meaning that each individual
dislocation reduces the carrier concentration in several square microns of material.[112]-

[115]
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Figure 4.1 Monochromatic CL micrograph (A=360 nm) acquired at 5 K using 1 kV excitation voltage
of silicon doped GaN. Inset shows the corresponding 5 K CL spectra. Reprinted from N. Pauc, M. R.
Phillips, V. Aimez, and D. Drouin, “Carrier recombination near threading dislocations in GaN
epilayers by low voltage cathodoluminescence,” Appl. Phys. Lett., vol. 89, no. 16, p. 161905, Oct.
2006, doi: 10.1063/1.2357881, with the permission of AIP Publishing. After ref. [107]

4.3 Shockley-Read-Hall Recombination Behaviors in

Quantum Dots

4.3.1 Initial Expectations

However, although the presence of both threading and misfit dislocations within the active
regions of experimental quantum dot lasers on silicon have been observed previously,[46],
[49] these defects’ optoelectronic impacts in quantum dot systems were not well characterized
prior to this work. As noted previously, quantum dot based devices demonstrate substantial
improvements in laser performance and reliability over quantum well based devices.[40]

Researchers frequently attributed this behavior to the quantum dots’ atom-like density of
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states, arguing it should prevent carriers from reaching the trap states generated by
dislocations.[42], [45], [46], [112] Figure 4.2 presents a comparison of carrier diffusion in
quantum wells and the assumed diffusion in quantum dots. Figure 4.2a and Figure 4.2b show
a structural schematic and band diagram of a quantum well containing a threading dislocation.
Carriers sufficiently close to the dislocation, within the minority carrier diffusion length,
diffuse freely to its trap states and recombine non-radiatively via Shockley-Read-Hall
recombination. Conversely, as shown in Figure 4.2c and Figure 4.2d, in quantum dot based
systems, researchers expected diffusion lengths to be on the order of a few tens of nm,
approximately the spacing between the quantum dots. The quantum dots were assumed to be
ideal, meaning that once carriers were captured by a quantum dot they would be strongly
confined and thus unable to diffuse to available energy states arising from nearby quantum
dots or defects.[116] In this case, only those carriers within a single dot length would be able
to reach the dislocation’s trap states, as free carriers further away would be captured by non-
defective quantum dots. This should result in performance similar to GaN based systems, and
indeed, quantum dot lasers on silicon have been shown to operate for thousands of hours with
threading dislocation densities on the order of 108 cm,[46] as compared to but their lifetimes

have been shown to depend strongly on threading dislocation density.[40]
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Figure 4.2 (a) Schematic and (b) band diagram of a threading dislocation crossing a QW. Carriers can
easily laterally diffuse to the mid-gap trap state generated by the dislocation, allowing them to
recombine non-radiatively (red arrow) as opposed to radiatively (green arrow). (¢) Schematic and (d)
band diagram of a threading dislocation crossing a QD layer. Only those carriers sufficiently close to
the dislocation can reach the trap state; carriers within non-dislocated dots are assumed to stay there
and recombine radiatively.

4.3.2 Model Structure

To better understand dislocations’ optoelectronic impacts in quantum dot material, we
investigate these defects using two SEM based techniques: ECCI and CL. As these
techniques require that the area of interest be accessible via a low excitation voltage, we
grew a QD model structure via molecular beam epitaxy, as shown in Figure 4.3. It consists
of single QD layer 100 nm from the surface on a GaAs buffer containing defect filter layers

on Si as shown both schematically and via bright field STEM. The inset shows a higher
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magnification bright field image of the dot layer. The stark contrast between the DWELL
and the surrounding GaAs matrix arises from the change in composition and the high degree
of strain in the dot layer. Note that | acquired the STEM images in this Chapter, on a
ThermoFisher Talos G2 200 TEM/STEM using a 160 mm camera length and a Thermo

Scientific BFSTEM circular detector.

In, [Ga, As/GaAs (x10)
300 nm GaAs

200 nm In, Gay, /As
1600 nm GaAs

GaAs on GaP/Si

Figure 4.3 Cross-sectional [110] zone axis bright field scanning transmission electron micrography
(BFSTEM) image and schematic showing the model structure. Inset shows a higher magnification
BFSTEM image of the quantum dot layer. Reprinted from J. Selvidge et al., “Non-radiative
recombination at dislocations in InAs quantum dots grown on silicon,” Appl. Phys. Lett., vol. 115, no.
13, p. 131102, Sep. 2019, doi: 10.1063/1.5113517, with the permission of AIP Publishing.
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4.3.3 Growth Details

The details of the buffer design are discussed in detail in by Jung et al. in ref. [39], resulting

in a threading dislocation density in the sample of 7 x 10° cm™2.The InAs QDs were grown

in an Ino.15GaogsAs QW at 500 °C, with 2 nm of Inp.15GaossAs below the dots and a 5 nm cap
above, and 2.5 monolayers of InAs grown for the dots themselves at 0.03 nm/s. We grew the
Ino.15Gao.gsAs layer below the dots with a /111 ratio of 10 and the dots and capping layers at
a V/III ratio of 35. After growth of a 2.5 nm GaAs cap, we annealed the dots-in-a-well

structure at 580 °C for 5 min, followed by growing the top 97.5 nm GaAs layer at 580 °C.

4.3.4 Baseline Optoelectronic Measurements

We performed some initial room temperature (RT) characterization of our structure using
photoluminescence (PL) spectroscopy. This provided a baseline spectrum for comparison
with the RT CL measurements. The PL spectrum allowed us to identify distinct peaks, as
shown in Figure 4.4. In order of increasing energy, the peaks correspond to the QD ground
state (GS), first excited state (FES), and second excited state (SES) emissions, respectively.
The broad peak near 1000 nm we attribute to the wetting layer (WL) emission. From the PL
spectrum, we measured energy separations between the bound states to be 58 meV from the
GS to the FES and 48 meV from the FES to the SES—shown schematically. The reader
should note that this diagram is a simplification by necessity; the higher order emission
peaks are particularly sensitive the strain state and shape of the dots, so assigning them
specific electron and hole states is difficult.[117]-[119] There is also some evidence that the

SES peak may involve transitions with hybrid QD-2D-continuum states,[120] in agreement
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with the results discussed in this Chapter. Note that we also see a PL emission peak at
approximately 1080 nm in Fig. 4.4; we attribute to an artifact from the optics of the

measurement setup.
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Figure 4.4 Room-temperature photoluminescence (PL) and cathodoluminescence (CL) spectra from
the structure showing emission from the quantum dot and wetting layers (shown offset vertically); the
labeled peaks correspond to the ground state (GS), first excited state (FES), second excited state (SES),
and wetting layer (WL). These transitions are also represented schematically. Reprinted from J.
Selvidge et al., “Non-radiative recombination at dislocations in InAs quantum dots grown on silicon,”
Appl. Phys. Lett., vol. 115,no. 13, p. 131102, Sep. 2019, doi: 10.1063/1.5113517, with the permission
of AIP Publishing.

The area-averaged CL spectrum also presented in Figure 4.4 closely matches the PL
spectrum. | collected this spectrum, and all subsequent CL data in this Chapter, using an

Attolight Rosa System with an Andor iDus InGaAs detector. In all cases, emission intensity
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values were collected over a 262 nm wavelength range (0.5 nm step-size) at each pixel. The
spectrum here and the luminescence maps in Figure 4.5b and Figure 4.7a were generated
using a 10 kV excitation voltage and 5 nA beam current. Note that for this CL spectrum, and
for all subsequent CL measurements, RT correspond to the system’s ambient temperature

with neither heating nor cooling: 281 K.

4.3.5 Linking Dark Regions to Dislocations

After marking the sample with fiducials using a focused ion dual beam system, we found
dislocations in these marked areas using ECCI (Figure 4.5a). ECCI data was collecting
using a 30 kV electron beam, a probe current of 3.4 nA. The (400) / (220) channeling
condition should render all the expected dislocations visible,[39] however, only if those
dislocations are sufficiently near to the sample surface—and thus the shallow QD layer.
Figure 4.5b shows a panchromatic CL map imaged at RT. The 10 kV excitation voltage and
5 nA probe current results in a ~400 nm diameter carrier generation volume. The relatively
low densities of both misfit dislocations and threading dislocations allow us to correlate
individual dark lines and spots to specific misfit and threading dislocations, respectively. We
note that the presences of QD-adjacent misfit dislocations in our model structures was
unexpected. Their formation mechanism is outlined briefly in Chapter 3, and their

mitigation strategy is outlined in Chapter 5.

| additionally performed PV- BFSTEM (using a (220) two beam condition) of this
site after the conclusion of ECCI and CL studies (Figure 4.5¢). Yellow arrows mark a few

selected misfit dislocations and their corresponding optical signatures in all three images.
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Further examination of Figure 4.5¢ shows that some misfit dislocations are present in the
PV-STEM foil but do not appear in the ECCI or CL. The location of one such dislocation

has been marked with a red arrow in all three images.

(a) ECCI (b) Panchromatic CL (c) BF STEM

Figure 4.5 Corresponding (a) electron channeling contrast imaging (ECCI) map [channeling condition
= (400)/(220)], (b) room temperature panchromatic cathodoluminescence (CL) map (10 KV excitation
voltage), and (c) plan-view bright field scanning transmission electron micrography image for a single
region (g=220). Yellow arrows denote misfit dislocations that appear in all three images, while the red
misfit dislocation appears only in the STEM image. Comparing the threading dislocation segments for
the dislocation marked with the red arrow and the dislocation marked with the orange arrow allows us
to identify that they are different depths from the sample surface. Reprinted from J. Selvidge et al.,
“Non-radiative recombination at dislocations in InAs quantum dots grown on silicon,” Appl. Phys.
Lett., vol. 115, no. 13, p. 131102, Sep. 2019, doi: 10.1063/1.5113517, with the permission of AIP
Publishing.

To understand why certain misfit dislocations might be visible in STEM but invisible
via SEM based techniques, we measure their associated threading dislocation segments’
lengths. Threading dislocation segments in this system are lie on {111} planes. Therefore,
the misfit dislocation marked with the red arrow lies 400—500 nm below the surface—too far

from the QD layer to impact its luminescence and too deep to be detected via ECCI. In
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contrast, by examining the threading segment associated with the dislocation marked with
the orange arrow, we can deduce the misfit segments lies 100—150 nm from the surface.
Thus, we would expect this misfit dislocation to be visible in ECCI and to be sufficiently

close to the QD layer to generate a dark line in the CL emission.

While a full analysis of the dark spot behaviors arising from threading dislocations is
important, threading dislocation clustering makes it more difficult to analyze the behavior of
a single thread. On the other hand, as the long segment of misfit dislocations have larger
impacts on the active layer and are generally isolated, they have been used for the
subsequent analysis. It is also worth noting that direct comparison to CL studies of
dislocations in the literature is difficult. Dark line characteristics are governed not only by
the recombination strength of the defect and the carrier capture lengths, but also by the

sample structure and the excitation conditions.

4.3.6 Estimating Dark Line Width

Figure 4.6a shows a RT filtered CL GS emission intensity map with dark line defects. The

5 kV excitation voltage and 2 nA beam current yield a carrier generation volume diameter of
approximately 100 nm. For this and all subsequent wavelength filtered CL maps, we
selected a wavelength range consisting of the full peak width at half-maximum intensity for
the ground state (GS) first excited state (FES) and second excited state (SES), averaging the
intensity at each pixel from that subset. Figure 4.6b shows the intensity profiles across the
marked dark line regions in Figure 4.6a. We measure ~40% peak relative intensity loss due

to misfit dislocations. The fine-probe CL-measured dark-line half width of 0.5 um provides

65



a very rough estimate of the carrier capture length[121] for the high injection regime in this
system at RT. This length is much larger than the mean QD spacing (20—40 nm). Instead it is
in line with carrier diffusion lengths for QD samples reported on native substrates.[112],
[122] Notably, it is also only two to four times shorter than the carrier diffusion lengths
reported for QW samples.[114] This implies that carriers are not nearly as confined to the
quantum dots as initially expected. Instead thermally excited carriers[123] can travel
through the two-dimensional QW-like WL to dislocations. Thus, the WL, rather than the

quantum dots, controls the dislocations’ area of influence.
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Figure 4.6 (a) Room temperature filter ground state emission cathodoluminescence map (5 kV
excitation voltage) showing misfit and (b) half side normalized intensity (averaging across a 1.18 um
width) as a function of distance from the dislocation’s center for the sites indicated in (a). Reprinted
from J. Selvidge et al., “Non-radiative recombination at dislocations in InAs quantum dots grown on
silicon,” Appl. Phys. Lett., vol. 115, no. 13, p. 131102, Sep. 2019, doi: 10.1063/1.5113517, with the
permission of AIP Publishing.
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4.3.7 Temperature and State Dependent Dark Line Behaviors in

QD Materials

Measuring the peak CL emission loss at misfit dislocations and their dark line width as a
function of temperature provides insight into the mechanism by which dislocations capture
carriers from QDs. Figure 4.7a shows CL maps from a typical region containing misfit
dislocations across a temperature range of 10 K-300 K. I collected and processed each map
using the 10 kV imaging conditions and filtering described previously. Figure 4.7b shows
the intensity profile across the indicated misfit dislocation in Figure 4.7a for each
temperature and emission state. As shown in Figure 4.7a, the dark line width remains
constant with temperature, but the peak intensity loss is strongly dependent on both the
temperature and the state. The SES emission loss appears to be nearly temperature invariant,

whereas the behaviors in both the GS and the FES depend strongly on temperature.

To assess this behavior more robustly, Figure 4.7¢ present mean peak intensity loss and
standard deviation from five misfit dislocations. At 300 K, there is no clear difference in the
peak intensity loss at misfit dislocations between the GS, FES, and SES: all values fall
within the error. This, combined with the temperature and state independence of the dark
line width, suggests a common pathway for carrier capture at dislocations across all states.
However, lowering the temperature below 200 K dramatically reduces the emission loss
from first the GS and then the FES. Below 100 K, the GS and FES peak intensity loss at the

dislocation drops to =~10% and =15%, respectively. In contrast, the maximum SES emission

67



loss at the dislocation remains ~40%—50% across the entire temperature range, in agreement

with the temperature invariance noted previously in Figure 4.7b.
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Figure 4.7 (a) Filtered 10 kV cathodoluminescence maps of the ground state (GS), first excited state
(FES), and second excited state (SES) emissions across the temperature range 10 K—300 K. (b)
Normalized GS, FES, and SES CL intensities as a function of distance across the dislocation
indicated in (a) over the same temperature range. (¢) Mean peak intensity loss as a function of
temperature for the GS, FES, and SES emission; the error bars indicate the standard deviation from
the five dislocation sample. Reprinted from J. Selvidge et al., “Non-radiative recombination at
dislocations in InAs quantum dots grown on silicon,” Appl. Phys. Lett., vol. 115, no. 13, p. 131102,
Sep. 2019, doi: 10.1063/1.5113517, with the permission of AIP Publishing.

Note that I performed these experiments in order of increasing temperature from 10 K to
300 K. In some cases, as the temperature crossed 250 K, a change in the dislocation structure

accompanies the increase in GS nonradiative recombination. The change in the dislocation
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segment on the top left of each image in Figure 4.7a provides direct evidence of
recombination enhanced dislocation glide, a known failure mechanism in QD lasers on

Si.[46]

While the wide dark line widths at room temperature suggest that the WL controls
dislocations’ impacts in this system, the strong temperature and state dependences of the
dark line intensity loss suggests that the situation is more complex. The quantum dots’
temperature dependent carrier occupation behavior appears to control the reduction in
emission. At 300 K, all the QD states are in thermal equilibrium with the WL and so show
similar emission loss profiles. Thus, non-radiative recombination at the dislocation will
proportionally reduce carriers in all three QD states. However, at lower temperatures the GS
and FES occupation probabilities becomes increasingly random.[116], [124], [125] Each QD
accepts any available carriers until all its states are filled. The low temperature prevents the
carriers from thermalizing to the WL, preventing them from traveling to adjacent dots or
nearby dislocation trap states, consistent with a reduction in emission loss. Temperature-
dependent PL measurements on InAs QDs on Si also show a drop in GS luminescence
starting at 200 K due to increasing carrier thermalization.[126] As the SES shows no such
change, we expect that the WL has a relatively wide emission band. Its trailing lower energy
states may even hybridize with SES dot states, as the SES carriers appear to have an escape

pathway at all temperatures. This difference is shown schematically in Figure 4.8.

We additionally considered that the incident beam could generate high kinetic energy
carriers that could recombine directly at dislocations via diffusion in the GaAs or QW layers

prior to capture by the dots.[127] But, we expect that direct diffusion of carriers to

69



dislocations would be temperature invariant. The strong temperature and state dependences
therefore imply that the QDs capture the electron beam-generated carriers rapidly; these
carriers simply subsequently thermalize and diffuse to the dislocations at sufficiently high
temperatures. While in theory the carriers could also travel to adjacent dots, we expect that
at these high carrier injection levels the neighboring dots should also be occupied, making

re-trapping unlikely.
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Figure 4.8 Schematic comparing carrier escape from quantum dot states at low temperatures (T<100
K) and near room temperature (T >250 K). At low temperatures, only carriers in the second excited
state can thermalize to the wetting layer, but near room temperature, all the quantum dot’s energy
states are in thermal equilibrium with the wetting layer.

4.3.8 Source of Dislocation Tolerance in QD Model Structures

Our results suggest that carrier confinement in InAs QDs plays a secondary role in improving
device performance. And at industrially relevant device temperatures, near 80°C, this benefit
is virtually eliminated by easy carrier escape. However, the basic premise for defect tolerance

due to carrier confinement remains interesting: as is, the GS and the WL thermally equilibrate
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at 300 K. Slightly increasing this energy separation between the states could push this
equilibrium point to higher temperatures but doing so is likely non-trivial. That said, our
current QD designs show substantially improved defect tolerance over QWs. We expect that
this in part because carriers simply cannot travel as far to reach dislocation trap states in QD
material—rendering these defects less harmful. The more limited diffusion in the WL may be
the result of increased carrier scattering, as we expect the WL to be far less uniform than a

standard QW.

4.4 Non-radiative Recombination’s effects on

Dislocations

To this point, I have been considering the impacts of defects on carrier recombination but have
only alluded to the impacts of carrier recombination on defects briefly, however, the effects
in that direction are equally important. Both glide and climb can occur because of carrier
recombination, and the recombination enhanced dislocation motion (REDM) processes

constitute an important failure mechanism in I11-V on Si lasers.

4.4.1 Recombination Enhanced Dislocation Glide (REDG)

GaAs experiences what is referred to as a ‘negative photo-plastic effect’ meaning the material
softens when illuminated with light whose energy is near the bandgap as a result of increased
dislocation mobility.[128], [129] Thus, while to this point I have mostly treated the system’s
optoelectronic and mechanical properties as independent entities, that is a clear over-

simplification. Likewise, electron beam illumination in an SEM,[51], [52], [56], [97], [130],
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[131] TEM,[132] and current injection[133]—[135] (i.e. device operation) have all been shown
to facilitate dislocation glide at ambient temperatures. We understand this
phenomenologically to be due to direct coupling of the energy released via SRH
recombination and bonding at the dislocation core which leads to a momentary reduction in
the Peierls barrier.[131] As an example, Figure 4.9 presents the initial and final frames of an
electron-channeling contrast imaging (ECCI) time-lapse sequence in a single quantum dot
model structure (for acquisition details, see Chapter 5). Newly grown misfit dislocation
segments are visible both in the [110] and [110] directions, an example of which has been

marked with the orange arrow.

0 minutes 66 minutes

Figure 4.9 ECCI images of a single DWELL model structure before imaging (left) and after 66
minutes of continuous image acquisition (right). The orange arrow indicates an example of a misfit
dislocation segment that formed through REDG during imaging.
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4.4.2 Recombination Enhanced Dislocation Climb

Carrier recombination also substantially increases the rate of dislocation climb and often
results in the growth of extensive, complex, <100> oriented networks[133], [136]-[138] an
example of which is presented in Figure 4.10.[139] The stereo image pair (a technique akin
to tomography) using g = 220 as the tilt axis (tilt angle demonstrating the three-
dimensional nature of the dislocation networks marked “A” and “B.”[139] The three-
dimensional nature of these structures, and the presence of dislocation loops like the one
marked “D” in Figure 4.10, suggest that climb occurs in these systems via the attachment of
prismatic dislocation loops to the dislocation line. With that said, our understanding of the
exact mechanism is somewhat unrefined. We know that REDC occurs generally occurs
more readily in wider bandgap zinc-blende semiconductors, however, InP is far less prone
than GaAs despite their relatively similar bandgap energies. Another important factor
appears to be whether the defects generate deep level trap states within the system, which,
occurs in GaAs based compounds (and InGaAsP lattice matched to GaAs) but does not

occur in InP (and InGaAsP latticed matched to InP).

73



Figure 4.10 Stereo image pair (tilt axis: g=220, tilt angle: 25°), illustrating the three dimensional
nature of the dislocation networks labeled A and B. The beam directions are close to (a) [116] and
(b) [116]. The threading dislocation PN intersects the p AlGaAs layer surface at point P and the n
AlGaAs layer at point N. After ref.[139]

We can also understand the increased rate in part due to recombination enhanced
defect reactions, which dramatically increase point defect diffusion rates. But it is not fully
clear why the necessary point defects would existence in the first place. Two models, referred
to as the intrinsic model and the extrinsic have been proposed, each with several variants. The
first, initially proposed by O’Hara[59], and later modified by Tan et al. to include a more clear
driving force,[140] argues that the non-radiative recombination at the dislocation provides the
energy to generate the necessary point defects. Our preliminary results reported in ref.[50]
support this conclusion. Nevertheless, the extrinsic model, which states that the necessary
point defects already exist in the system[141] or may be due to a free surface[142], may yet

still have merit.
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We find that the climbed structures that form are quite different in our quantum dot
based devices than traditional quantum well structures; we do not see the growth dislocation
networks due to threading dislocation climb.[46], [49], [50] Because we expect climb in this
system to proceed via the emission of vacancies into the bulk,[50] we expect that the
compressively strained quantum dot layers may resist the expansion of the extra half plane
of atoms, as observed by Wang, Hopgood and Ng.[136] We have also confirmed, using
tomography, that recombination enhanced dislocation climb on misfit dislocations results in

two-dimensional, rather than three-dimensional growth.[50]

To understand the two-dimensional climb on the misfit dislocations, consider, for
example, the position of the misfit dislocation segment adjacent to the quantum dot layer in
Figure 4.11a. At the quantum dot layers, the sign of strain switches from tensile in the
underlying GaAs layers to compressive in the quantum dot layer itself. The misfit
dislocation should lie in a position where it experiences no net shear in the in the z-direction.
Consider the addition of a prismatic loop with the same burgers vector as the dislocation
itself, Figure 4.11a. The attachment of the prismatic loop to the dislocation causes the
portions of the misfit dislocation to lie outside the plane of neutral strain, such that it
experiences a restoring glide force, along a cylindrical glide surface,[143] as shown in

Figure 4.11b. REDG facilitates the glide portion of the process.
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(a) [092] (b)

Figure 4.11 (a) A misfit dislocation (§ =110and b = % [011]) at lying at the neutral strain interface

between the bottom QD layer and the lower cladding. For simplicity, we assume the dislocation
relieves compressive strain is undergoing negative climb. Therefore, we represent the required point
defects as an interstitial prismatic dislocation loop. (b) Attachment of the loop results in a curved
protrusion segment out of the neutral strain plane. The protrusion experiences a restoring glide force
(yellow arrow) along a cylindrical glide surface (blue) due to compressive stress in the QD layer and
returns to the neutral strain plane. Reprinted from K. Mukherjee et al., “Recombination-enhanced
dislocation climb in InAs quantum dot lasers on silicon,” J. Appl. Phys., vol. 128, no. 2, p. 025703,
Jul. 2020, doi: 10.1063/1.5143606, with the permission of AIP Publishing.

4.5 Summary

Although quantum dot based structures were expected to be more dislocation tolerant than
quantum well based structures due to carrier confinement within the dots, my colleagues and
| found that, at room temperature, the affected area associated with dislocations is only two to
four times smaller in QD systems as compared to similar QW systems. However, we also
identify that this behavior is highly dependent on both state and temperature, suggesting that

additional optimization could provide improved dislocation tolerance due to increased carrier
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confinement within the dots. We suggest instead the observed dislocation tolerance at and
above room temperature arises due to scattering within the wetting layer and due to the QDs’

mechanical properties which resist the growth of extensive dislocation climb networks.
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Chapter 5:

Dislocation Filtering Strategies

5.1 Introduction

As dislocations have proven to be quite problematic, even in quantum dot systems, decades
of work have gone into identifying strategies to mitigate their impacts. Generally, these efforts
have focused on pathways to reduce the absolute number of threading dislocations within
device active regions. Thus, this Chapter provides a review of some common threading
dislocation reduction strategies, which are frequently pursued in tandem. However, as
discussed in Chapters 3&4, my colleagues and | additionally identified a previously
unaddressed misfit dislocations lying within the lasers’ active regions. To address these, we
propose an alternative filtering method whereby misfit dislocation formation is displaced,

rather than halted. As detailed, this strategy proves very successful.

5.2 Threading Dislocation Density Reduction

5.2.1 Inherent dislocation reduction in zinc-blende films

Fortunately, we have found that simply growing thicker layer offers some inherent reduction
in threading dislocation density (TDD). In GaAs, threading dislocations lie on {111} planes,

as the thickness increases in the [001] direction, there is a finite probability they will get
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sufficiently close to one another (50-100 nm)[144] to interact with one another. If they do not

repel one another, they may simply annihilate, as shown in Figure 5.1.

Figure 5.1 Two dislocations migrate towards each other on parallel glide planes and annihilate.
Reprinted figure with permission from P. G. Callahan, B. B. Haidet, D. Jung, G. G. E. Seward, and K.
Mukherjee, Phys. Rev. Mater., 2, 081601, 2018. Copyright (2018) by the American Physical Society.

2->1 dislocation fusion reactions are more likely, but these too reduce TDD. And due to the
face-centered cubic basis, fusions necessarily require the participation of two glissile
dislocations and one sessile one. Thus, Ward et al. report that the fraction of glissile
dislocations in will approach 0.5 in GaAs, which in turn will enable continued TDD
reduction.[145] Note that there is some variance in the reported the literature regarding the
exact relationship between TDD and thickness—Speck et al. report TDD [144] while George
et al. report TDD —[38] and that this technique is not a practical dislocation reduction strategy
for dislocation densities cm™. Note also that while the threading dislocation density reduces
with increasingly thick layers of GaAs on Si, the stress due to the thermal expansion mismatch

increases. This results in crack formation, an alternative strain relief mechanism.[102]

79



5.2.2 Thermal Cyclic Annealing

Thermal Cyclic Annealing (TCA) takes advantage of the mismatch in CTE between silicon
and GaAs and intentionally exploits it for the purposes of dislocation reduction.[146] After
growth, the temperature is ramped between up to intentionally put the film under compressive
stress and drive dislocations to glide. This is because moving threading dislocations are far
more likely to encounter another threading dislocation than static ones. Next the temperature
is ramped down below the growth temperature. This in turn introduces tensile stress and drives
the TDs to glide again. Cycling the temperature between a low and high temperature limits is
the most effective method for a significant reduction in TDD in GaAs/Si films. Comparing a
simple anneal of the structure to cycling with an equivalent amount of time spent high temp
(800 °C) Yamaguchi et al. found the latter decreases TDD by 10X more than the former, as

shown in Figure 5.2.[37]
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Figure 5.2 Changes in etch pit density in GaAs films on Si due to thermal annealing and thermal cycle
growth under several conditions. Case 1: a single 30 minute anneal at 800°C (N = 1); case 2: 5 minute
anneals at 800°C with 1, 3, and 7 temperature cycles; case 3: 1 minute anneals at 800°C and 6
temperature cycles. The solid lines show the calculated results using an exponential stress relaxation

model o = gyexp (_Tt) where r is the stress relaxation time constant and the dotted lines present an

unchanged stress model, respectively. Reprinted from M. Yamaguchi, A. Yamamoto, M. Tachikawa,
Y. Itoh, and M. Sugo, “Defect reduction effects in GaAs on Si substrates by thermal annealing,” App!.
Phys. Lett., vol. 53, no. 23, pp. 2293-2295, Dec. 1988, doi: 10.1063/1.100257, with the permission of
AIP Publishing.

5.2.3 Lattice Mismatch Based Dislocation Filtering Techniques

Just as thermal expansion both can generate defects and be leveraged for their reduction, so
too can lattice mismatch. Likewise, the goal in both cases is to induce dislocation glide such
that fusion (2-> 1) and annihilation (2->0) reactions occur. This is done through the intentional
inclusion of additional heteroepitaxial layers with thicknesses (h > h.). Often, for our system,
InxGai1-xAs alloys are used. There are two main approaches: block single-composition

interlayers[41], [147], [148] and strained layer super lattices[38], [39], [149]. Figure 5.3 and
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Figure 5.4 show these two approaches, the dark contrast in both images is due to large
amounts of strain contrast in the relevant layers. In both cases, the TDD is noticeably reduced.
Although it is not visible at this magnification, the three horizontal regions of dark contrast
are comprised of five 10 nm Ing.18Gao.s2As layers and four 10 nm GaAs layers in Figure 5.4.
There are scattered reports in the literature that, much like growth of thick films, some of these
strategies lead to cracking.[60], [148] However it is unclear how common this is due to

possible underreporting.

Figure 5.3 Cross-sectional TEM image of GaAs with an Ine¢7Gaoe3As interlayer on a Si substrate (g
= 220). Reprinted from Y. Takano, M. Hisaka, N. Fujii, K. Suzuki, K. Kuwahara, and S. Fuke,
“Reduction of threading dislocations by InGaAs interlayer in GaAs layers grown on Si substrates,”
Appl. Phys. Lett., vol. 73, no. 20, pp. 2917-2919, Nov. 1998, doi: 10.1063/1.122629, with the
permission of AIP Publishing.
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Figure 5.4 13 bright field TEM cross sectional images (g=220) of a sample with three strained
superlattice dislocation filters, each composed of five 10 nm Ing 1sGao s2As layers and four 10 nm GaAs
layers. The images join at edges a—a and b—b. Scale bar = 5 um. After ref. [38]

5.3 Misfit Dislocation Filtering

As | previously alluded to briefly, our team identified key components that enable the

formation of misfit dislocations in the active region of our QD lasers:

(1) lattice hardening in the active region due to alloy hardening and coherent strain
hardening and,

(2) tensile stress in the film from thermal expansion mismatch.

We took a non-traditional approach to address this, rather than attempting to remove the misfit
dislocations entirely, we inserted thin (i.e., h < h.), strained indium-alloyed “trapping layers”

a short distance both above and below the laser active region. This has the effect of extending
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the mechanically hardened region, displacing misfit dislocation formation away from the
QDs. We validated this approach using both studies on model structures and studies on full
lasers, as detailed below. Note that, all the samples in Section 5.3 were grown using molecular
beam epitaxy by Dr. Justin C. Norman and Mr. Chen Shang. Dr. Norman was with the Bowers
group at the time of these experiments and has subsequently joined Quintessent, Inc.; Mr.
Shang remains a student in the group. Note also that the CL measurements in Section 5.3 were
performed by Dr. Michael E. Salmon at EAG Laboratories-Eurofins Materials Science in
Raleigh, NC. Finally, note that the ECCI measurements were performed by Mr. Eamonn T.

Hughes who remains a student in the Bowers and Mukherjee groups at UCSB.

5.3.1 Investigation of Trapping Layers in Model Structures

Model Structure

Throughout this Section I refer to structures with trapping layers as “trapping layer” structures
and those without as “baseline” structures. Here, the baseline consists of a single molecular-
beam-epitaxy-grown QD layer capped with 100 nm of GaAs and grown on a GaAs-on-Si
template. Figure 5.5a presents a schematic of the full baseline structure, while Figure 5.5b
presents the buffer structure. The trapping layer structure, Figure 5.5¢c, includes a 7 nm
Ino.15Gao.gsAs and an addition 100 nm GaAs spacer, separating it from the QD layer, but it

otherwise equivalent.
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(a) (b) (c)

GaAs cap (100 nm)

QD layer (7 nm)

Tensile

Ing 1Gag ¢As (200 nm)
Compressive

GaAs cap (100 nm) GaAs spacer (100 nm)

QDdayer (7'nm) :. Ing 45Gay gsAs trapping layer (7 nm) I
GaAs buffer (1500 nm)

GaAs buffer (650 nm) GaAs buffer (650 nm)

GaAs nucleation (100 nm)

Compressive
GaAs/Ing 1¢Gag ggAs buffer on Si GaP/Si substrate GaAs/Ing 1¢Gag g9As buffer on Si

Figure 5.5 Schematics of (a) the baseline model structure, (b) the buffer design used for samples in
this Chapter and, (c) the trapping layer model structure. In (b) mismatched interfaces, where misfit
dislocations nucleate during growth, are marked with the sign of strain relieved.

The 111-V/Si buffer was grown on a commercially available GaP/Si template available
from NAsPiiv, GmbH. My colleagues grew a 100-nm GaAs nucleation layer at 500 °C with
0.1 um/h growth rate. Next, they grew a 1500-nm GaAs buffer at 580 °C and 1 um/h.
Subsequently, a twelve cycle TCA was performed with max. temp. = 700 °C and min. temp.
=400 °C. After the TCA, a 200-nm Ino.1Gao.oAs layer was grown. The DWELLS were grown
at 490 °C and annealed at 580 °C for 5 min before growing the spacer layer. Each DWELL
has a /111 ratio of 15 in the 2-nm Ino.15Gao.ssAs below the dots. To form the dots themselves,
2.55 ML of InAs were deposited at .11 ML/s with V/I11 of 35. This was immediately followed
by the deposition of the 5 nm Ing.15GaogsAs cap which was also done with V/III of 35.
Following the anneal, spacer layers were grown at 530 °C. The trapping layer here and the
subsequent ones in this Chapter were grown at 530 °C with a V/II1 of ~35 and a growth rate

of 2.12 Als.
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CL Investigation of Model structures

Using SEM CL, to investigate the baseline, we observe a network of dark lines (misfit
dislocations) and dark spots (threading dislocations), consistent with the experiment outlined
in Chapter 4. The CL maps presented in this Section, (Figures 5.6a-b and Figure 5.6d-e)
were collected at room temperature using an Attolight Rosa system with an accelerating
voltage of 10 kV, =10-nA probe current, and 0.1s per pixel exposure. The QD wetting layer
and ground state emission maps were collected using an Andor Newton CCD DU920P-Bx-

DD silicon detector and an Andor iDus InGaAs detector, respectively.

In Figure 5.6a, the sharp, dark lines in the wetting layer emission map indicate that
the misfit dislocation segments lie adjacent to the QDs, consistent with the analysis of Figure
4.6¢c. While, they appear more diffuse from inhomogeneous strain and uneven carrier
confinement, the InAs QD ground-state luminescence map presented in Figure 5.6b has

equivalent dark features.

As discussed in more detail in Chapter 3, we believed the misfits formed not due to
lattice mismatch, but instead due to thermal strain and localized mechanical hardening in the
QD layer. However, our attempts to alloy harden the entire laser stack by adding indium
throughout resulted in an even large number of misfit dislocations at the QD layer from lattice
mismatch.[62] Thus, we expected misfit dislocation formation would be very difficult to avoid
entirely and sought instead to extend the lattice hardened region slightly further by adding a
trapping layer and thus prevent misfit dislocation formation at the QD layer itself. The
results—a 95% reduction in total dark line length—are presented in Figure 5.6d-e. We

believe that the faint broad dark lines are a result of limited SRH losses at trapped misfit
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dislocations. The trapping layer introduces an additional threading dislocation pinning point,
as shown in Figure 5.6f. Because the thin intermediate GaAs is below the thermal critical
thickness, dislocation glide and misfit formation occur almost exclusively below the trapping
layer. Nevertheless, the presence of a few remaining dark-line segments indicated some misfit
segments have not been trapped. While these un-trapped are clearly in the minority,
identifying their formation mechanism remains an active area of research in Bowers and

Mukherjee groups.
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Figure 5.6 (a-b) Monochromatic cathodoluminescence images of the baseline structure from (a) QD
wetting-layer emission (1005 nm) and (b) QD ground-state emission (1245 nm). (c) Schematic
representation of misfit dislocation formation in the baseline. During cooldown, tensile stress builds
in the film, because the film contracts more quickly than the substrate. The threading segment (blue
line) in the thick underlying GaAs layer glides from its growth position (gray dotted line) to relieve
the strain. The threading segment is pinned where it crosses the QD layer (blue box), causing a misfit
segment (green line) to form at the bottom interface. (d-e€) CL emission maps of the trapping layer
structure from (d) the wetting layer (e) and the QD ground state. The trapping layer reduces the dark
line defect length by 95% by (f) introducing an additional threading segment pinning point to displace
misfit dislocation formation. Reprinted from J. Selvidge et al., “Defect filtering for thermal expansion
induced dislocations in 11—V lasers on silicon,” Appl. Phys. Lett., vol. 117, no. 12, p. 122101, Sep.
2020, doi: 10.1063/5.0023378, with the permission of AIP Publishing.

Comparing Mechanical Properties in QD layers and Trapping Layers

While the pinning points appear identical in the schematic in Figure 5.6f, we do not expect

the magnitude of the pinning shear to be equivalent in the two layers. To better understand the
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differences, Figure 5.7 presents a somewhat more nuanced, although admittedly still
simplified picture of pinning in the two adjacent layers. We consider the threading dislocation
in Figure 5.7a to be completely mobile in GaAs and pinned in both the Ing.15Gao.gsAs trapping

layer and the QD layer above it.

(a) (b) Weak pinning (QW only)

Tefrr Tanioy + Tmisfit + Tline

—» Tmisfit O s s s i 7
> Talloy, -
precip pinning

QD layer | = ‘lre,
(>1% compressive) )

(C) Strong pinning (QDs + QW)

—» Tmisfit Tefr

INg.15Gag gsAS

(1% compressive) —> Talloy

GaAs
(0.1% tensile)

Talloyprecip + Tmisfit + IlineJ_

-

A J

~tens of nanometers X

Figure 5.7. (a) Schematic showing a threading dislocation in a GaAs-based film on Si that is pinned
at two points: an INnAs DWELL layer and an Ing.1sGao.esAs trapping layer. In the Ino.15Gao.ssAs trapping
layer and the QD layer, ;.. represents the shear due to dislocation line tension; T,,;ss;¢, the shear due
to lattice mismatch between GaAs and the strained indium-alloyed layers, 7,50, represents the
resistive alloy hardening shear due to alloy compositional fluctuations and, 7,,¢;, represents the
resistive shear due to the precipitate-like quantum dots. (b-c) Rough sketches of the effective stress
landscape in (b) the Ino15GagssAs trapping layer and (c) the QD layer. While the pinning in the TL is
relatively weak, the combination of QDs inside a QW results in strong pinning. Reprinted from J.
Selvidge et al., “Defect filtering for thermal expansion induced dislocations in III-V lasers on silicon,”
Appl. Phys. Lett., vol. 117, no. 12, p. 122101, Sep. 2020, doi: 10.1063/5.0023378, with the permission
of AIP Publishing.

To glide in the high crystalline quality GaAs, the threading dislocation segment only needs
to overcome the short-range, interatomic Peierls stress, tp. The situation is more complex in

trapping layer and the DWELL, so we apply the concept of an effective stress (z.sr). By our
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convention, the threading segments here can only glide leftward if 7, is positive.[98], [99],
[101], [150] During cooldown, the sub-critical thickness Ino.15Gao.gsAs and DWELL layers
remain compressively strained. Thus, although threading segments in these layers experiences
a shear stress (Tom;s5i) due to this strain, it is, by definition, smaller, than the maximum value
of the line tension of the dislocation (7;;,.,). Normally, the shear from the dislocation line
tension would drag these short threading segments along so no misfit segments would

form.[99]

Yet misfit segments do form. Somewhere 7,.¢r = 0. Alloy hardening (z4;;0,) Provides this
additional stress in the trapping layer. As alluded to previously, compositional variation in the
alloy leads to a long-range varying stress landscape. We see misfit formation because at some
POINt |Ta110y + Tmisricl = Tuner- When this occurs, the threading dislocation segment is
pinned in the trapping layer, while the free segment glides away. The magnitude of the stress
field in the QD layer is substantially larger (Figure 5.7¢). In addition to the resistive shear due
to the alloy hardening effect in the QW, the precipitate-like QDs also provide their own far
stronger resistive shear, 7p.ecp, as discussed in Chapter 3. Note also that both the
compressively strained trapping layer and QD layer will prevent misfit segments from gliding

upward through them.

ECCI Investigation of Model Structures

We used ECCI, aligning to the intersection of the (400) and (220) channeling conditions in all
cases, to gain additional insight into the misfit and threading dislocations’ structural

characteristics. Although the films experience a 0.15% tensile strain at room temperature,
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glide kinetics normally prevent plastic relaxation below ~300 °C. However, electron
irradiation in an SEM, revives misfit dislocation formation in-situ via REDG. The ECCI time-
lapse series in Figure 5.8a presents the evolution of a single threading dislocation in the
baseline. The time-lapse sequence was performed using a ThermoFisher Apreo S SEM
scanning a 200 um? area for 66 min at 30-kV accelerating voltage and 3-nA beam current. By
chance, this dislocation did not glide during cooldown. But, assisted by REDM, now glides
below the QD layer, forming lengthening a misfit segment. Note that the threading
dislocation’s point contrast, visible only where it exits the film surface, remains stationary.
The contrast from the moving end gradually fades as the dislocation sinks below the ECCI
detection depth. The threading dislocation segment at the film surface is stationary, while its

opposite end glides freely, in agreement with the pictures presented in Figure 5.6c.

To gain a more complete picture, we compare misfit dislocation densities between the
baseline and the trapping layer structure before and after heavy SEM irradiation (Figure 5.8b-
e). Pre-imaging, post-imaging, and irradiation was performed using FEI Quanta 400F SEM.
We observe misfit dislocations, marked with black arrow, in the as-grown baseline structure
(Figure 5.8b). From their sharp contrast we know the lie near film surface; we expect they
are just below the QD layer. Next, SEM irradiation was performed at 30-kV acceleration
voltage and 100-nA beam current, scanning a 1725 um? area for 14 min. After SEM
irradiation, additional sharp-contrast misfit dislocation segments, marked with orange arrows,

appear (Figure 5.8c).

The as-grown trapping-layer structure, presented in Figure 5.8d, has substantially

fewer high-sharpness misfit dislocations; sharpness indicates depth in ECCI. Over 2500 um?,
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we measure a twenty-fold reduction in QD-adjacent misfit dislocation length near the QDs, in
agreement with the CL results. Following equivalent electron-beam irradiation we observe a
high-density network of diffuse-contrast lines (Figure 5.8e). REDM continues to enable
plastic flow, but the dislocations’ diffuse contrast that they lie farther deeper in the
structure.[151] We suspect they lie at the trapping layer. As the density of high-sharpness
dislocations remains constant, SEM irradiation apparently does not lead to further glide at the

QD layer.
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Figure 5.8 (a) ECCI time-lapse sequence (~550 s image interval) showing a misfit dislocation growing
through REDG from an existing threading dislocation. As only the portion of the threading dislocation
below the QD layer is free to move, the point contrast associated with termination of the threading
dislocations at the top surface is stationary. (b-c) ECCI micrographs of the baseline structure (b) before
and (c) after heavy in situ electron-beam irradiation. Black arrows indicate post-cooldown misfit
dislocations and orange arrows indicate misfit-dislocation growth due to electron-beam irradiation. (d-
e) Analogous ECCI micrographs of the trapping layer structure (d) before and (e) after electron-beam
irradiation. Compared to the sharp line contrast misfit dislocations in (b-c), The more diffuse line
contrast associated with the misfit dislocations in (e) arises because they are farther from the sample
surface. Reprinted from J. Selvidge et al., “Defect filtering for thermal expansion induced dislocations
in I1I-V lasers on silicon,” Appl. Phys. Lett., vol. 117, no. 12, p. 122101, Sep. 2020, doi:
10.1063/5.0023378, with the permission of AIP Publishing.
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5.3.2 Trapping Layer Laser Characterization

Laser Design

We fabricated InAs DWELL ridge structures on (001) Si with trapping layers in the epitaxial
stack, as shown schematically in Figure 5.9, alongside a baseline (Fig. 5.9a) sample with no
trapping layers.[48] The growth details remained the same as in the model structures, with the
following adaptations: layers prior to the QD layers were grown at 580 °C, while those
following were grown at 540 °C. Additionally, the active region p-modulation doped to a level
of 5x10%" cm. However, unlike in the model structure, the material above the active region
is sufficiently thick to relax during cooldown, so we insert a single 7-nm layer of Ino.15Gao.gsAS
above at and a single 7-nm layer of Ino.1sAlo.gsAs below the active region to prevent of misfit-
dislocation formation on both sides. We placed these layers at either 80 nm or 180 from the
nearest QD layer and refer to these structures as ‘TL80’ (Fig. 5.9b) and ‘TL180’ (Fig. 5.9¢),

respectively.

The asymmetric alloys (Ino.1sGao.ssAs on the p-side and Ino.15Alo.ssAs on the n-side)
were selected to minimize electron and hole barriers formed by unfavorable band alignments
in the laser. Figure 5.10 demonstrates the reasoning behind this choice. Although these
Silvaco simulations are clearly only an active region approximate band structure (they neglect
the QD layers), they allow us to qualitatively compare the band offsets for structures (1)
without trapping layers, (2) using Ino.1sAlo.gsAs trapping layers on both sides of the junction,
(3) using Ino.15GaossAs trapping layers on both sides of the junction, and (4) using

Ino.15AlogsAs on the n-side and Ino.15Gao.ssAs on the p-side. The fourth option minimizes the
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valence band offset on the p-side and the conduction band offset on the n-side as shown. More

accurate simulations are a subject of ongoing work in the Bowers and Mukherjee groups.
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Figure 5.9 Schematics for (a) baseline, (b) TL80 (trapping layers 80 nm from quantum dots (QDs)),
and (c) TL180 (trapping layers 180 nm from QDs) lasers.
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Figure 5.10 Simplified Silvaco band diagram simulations for devices with symmetrical and
asymmetrical TL compositions. Using Ing1sAlogsAs in the n-cladding and IngisGaossAs in the p-
cladding minimizes conduction band and valence band offsets, respectively. Note that these
simulations neglect the quantum dots in the active region.

Cross-Sectional STEM Characterization

| first examined a laser with trapping layers located at 80 nm from the nearest QD layer using
cross-sectional BF-STEM. Samples were prepared using standard lift out procedures on a FEI
Helios Dualbeam Nanolab 600 and thinned to approximately 400 nm. All STEM images were
acquired on a ThermoFisher Talos G2 200X TEM/STEM, using an excitation voltage of 200
kV, standard BF STEM circular detector, double tilt holder, and beam convergence angle of
10.5 mrad. The [100] foil orientation and on zone acquisition ensured the capture of misfit
dislocation segments from the orthogonal (110) misfit dislocation networks. Misfit

dislocations lie 45° to the foil thickness, thus their observed length is proportional to it. As
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shown, misfit dislocations, marked with black arrows, lie at both the upper and lower trapping

layers, successfully displaced away from the active region.

a)

5x QD
layers

Figure 5.11 (a) Cross-sectional bright-field STEM image of a TL180 laser ([100] zone axis,
convergence angle = 10.5 mrad). The foil is orientated at 45° to both orthogonal misfit dislocation
networks, as shown schematically in the inset. Arrows mark misfit segments at the trapping layers
which all appear the same length due to the foil orientation. (b) High-magnification image of (a)
showing misfits trapped both above and below the active region. Reprinted from J. Selvidge et al.,
“Defect filtering for thermal expansion induced dislocations in III-V lasers on silicon,” Appl. Phys.
Lett., vol. 117, no. 12, p. 122101, Sep. 2020, doi: 10.1063/5.0023378, with the permission of AIP
Publishing.

For secondary verification | performed additional XSTEM using a [110] foil
orientation. The images, acquired in a g = 002 diffraction condition, are presented in Figure
5.12. Threading dislocations, marked with black arrows, pass through the QD layers, and give
rise to misfit segments at the top trapping layer. Due to the foil tilt, although the misfit
segments connected to the threading dislocations in both images lie at the trapping layer, they

appear to differ in height. From this, we can infer that the misfit segments (marked with white
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arrows) lie at different depths from the surface of the foil. As a result of the tilt, the misfit
dislocations lying in the direction of the foil thickness, marked with white arrows appear

inclined.

(@) (b)

Figure 5.12 Both (a) and (b) show cross sectional scanning transmission electron micrographs of both
misfit and threading dislocations in a TL80 laser (g = 002). As the sample was lifted out parallel to the
[110] oriented laser bars, certain misfits run parallel to the length of the foil and other run
perpendicular to it (marked with white arrows). Due to the tilt, the perpendicular misfit dislocations
appear as vertical lines. Likewise, the spacer layers between the quantum dots (QDs) are masked by
the QD strain contrast. In agreement with Figure 5.11, the misfit dislocations here do not lie at the
same height as the QDs. We can also see that the threading dislocations (black arrows) give rise to the
misfit dislocations. The apparent difference in height between the parallel misfit dislocations indicates
that they are at different depths from the foil surface. Reprinted from J. Selvidge et al., “Defect filtering
for thermal expansion induced dislocations in 111-V lasers on silicon,” Appl. Phys. Lett., vol. 117, no.
12, p. 122101, Sep. 2020, doi: 10.1063/5.0023378, with the permission of AIP Publishing.

It is worth noting that QDs adjacent to the threading dislocation appear slightly
different from the others both in density and in appearance. As these differences in QD
morphology could only arise during growth, we can say with confidence that the threading
dislocations have not moved from their growth positions with the QD layers themselves. The

consistency between these images and Figure 5.12a and Figure 5.12b provides strong
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evidence for the success of not only the lower trapping layer, but of the importance of the
unusual upper trapping layer. | additionally note that, qualitatively based on the images
presented in Figure 5.11 and Figure 5.12, that the upper trapping layer appears to be either
more important or more effective in the filtering of misfit dislocation length from the active

region than the bottom trapping layer.

Due to the previously described difficulties associated with XSTEM imaging of
dislocations in QD materials (see Chapter 2), to confirm the height of the misfit dislocations
in the baseline we prepared a PV-STEM foil cut out slightly off-normal from the film surface.
The sample was prepared milling inwards from the lower n-cladding towards the p-cladding.
As such, on right side of the image presented in Figure 5.13, all layers are intact and imaged
through. Moving to the leftward, QD layers are successively removed starting with the bottom
layer until, on the left side, all QD layers are removed and only the upper p-cladding is being
imaged. The five wavy contrast bands (orange arrows) correspond to the locations where the
foil cuts through each QD layer. Horizontal misfit dislocations (white arrows) are cut off at
the same place the as lowermost QD layer, indicating these dislocations lie at the first QD
layer. On the other hand, vertical misfit dislocations (black arrows) are not cut off until the
uppermost QD layer is removed, indicating they lie at the uppermost QD layer. The difference
in the number and direction of misfit dislocations at the lowermost and uppermost QDs
suggest that the relaxation processes occur independently in the n and p cladding. In agreement
with Figure 5.11 and Figure 5.12, the density of the misfit dislocation network adjacent to

the p-cladding appears to be higher.
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Figure 5.13 Bright-field plan-view STEM image of a baseline laser (g=220). The inset depicts a cross-
sectional view to assist the reader in understanding how the QD layers were successively removed
along the length of the foil due to the offcut orientation. Orange arrows mark the intersections of the
QD layers and the foil surface. The black arrows indicate misfit dislocations that lie just above the top

QD layer (and are thus visible while only the 5" QD layer remains); while the white arrows indicate
misfit dislocations that lie just below the bottom QD layer and thus disappear upon its removal.

Misfit Dislocation Network Asymmetries

As noted previously, Figures 5.11-5.13 all appear to have a higher density of misfit
dislocations on the p-side of the junction. We expect that this is a real effect. In contrast to the
case of a simple GaAs-on-Si layer discussed in Chapter 3 (see Figure 3.11 for definition of
terms and additional details), in the p-doped cladding (depicted in the upper schematic in

Figure 5.14), the excess stress on the TD is reduced by the line tension component, 7,_;, ¢jqq;

where:

ub cos a (1 — v cos? B) 4h
Ti—p_clad = — 1 (—) .
4th(1 —v) b
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This is because, unlike in Figure 3.11, there is not a pre-existing compressive-strain-relieving
misfit dislocation network at the p-doped cladding/active region interface to shrink. Thus,
threading dislocation glide above the active region adjacent pinning points generates new
tensile-strain-relieving misfit dislocation segments. Nevertheless, threading dislocation glide
in the laser p-cladding and in a simple GaAs-on-Si structure are fundamentally similar as both

have a free top surface.

In contrast, the n-doped cladding (lower schematic in Figure 5.14) has thick
semiconductor layers both above and below, making the situation more complex. Unlike in
the p-cladding, the n-cladding has a pre-existing, underlying misfit dislocation network.
However, due to the InGaAs layer in the buffer structure (Figure 5.5b), that misfit dislocation
network, lying at the interface of the buffer and n-doped laser cladding, relieves tensile strain.
Therefore, when threading dislocation segments glide in the n-cladding they extend the pre-
existing misfit dislocations. And, as the TD segment is pinned in the active region, a wide
dipole structure necessarily forms across the n- doped cladding. In this scenario, threading

dislocation experiences a line tensional shear given by:

Ti-n_clad = Ath(1 —v) o8 b 08 b o8 h+t/|

where t is the thickness of the active layer and p-cladding. The first two terms represent the

line tensions from each of the individual misfit dislocation segments and the third term

accounts for the very weak interaction between the two misfit dislocations across the dipole.
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Figure 5.14 Excess stress and instantaneous dislocation glide velocity during cooldown in the p- and
n-cladding and their distinct dislocation geometries. Film thickness, h, refers to the region where the
threading dislocation segment glides in each case. Glide parameters for undoped GaAs a dislocations
are used for light p-type doped cladding while those for n-doped GaAs a are used for n-cladding. t=2
pm for the n-doped cladding case and ¢,..; = —0.02% is assumed for both. After ref.[62]

The left column in Figure 5.14 shows the excess stress on a threading dislocation
segment in the p-cladding (top) and n-cladding (bottom) as a function of the cool down
temperature and cladding thickness, assuming &,.; = —0.02%. The calculation for the n-

cladding also assumes t = 2 um. In both cases, we see a relatively weak dependance on
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cladding thickness, with threading dislocations experiencing a slightly increased ., in thicker

films.

As the differences in excess stress between the n-type and p-type cladding are also
relatively small, we expect that the anisotropy in the densities of the two misfit dislocation
networks arises primarily from the differences in threading dislocation glide kinetics due to
doping and dislocation character. The parameters for dislocation glide velocities are
experimentally determined and have not been measured for AlxGaixAs, so we assume that
they are equivalent to those measured for n-doped and undoped GaAs (substituting the latter
for moderate p-doping) by Sumino and Yonenaga.[82] Using these assumptions, the righthand
column in Figure 5.14 shows the TD glide velocities corresponding to t,, for a-TDs in the
n-type and p-type cladding. The orders of magnitude reduction in the calculated glide
velocities between threading dislocations in the n-cladding as compared to the p-cladding
support both the hypotheses that there is a real anisotropy in the densities and that it is

primarily a kinetic effect.

PV-STEM Investigation of Trapping Layer Lasers

We additionally illustrate the differences between the TL80 and baseline structures at the
single-dislocation level using cross-sectional strain-contrast electron tomography generated
from multiple BF plan-view (PV)-STEM images taken across a range of tilt angles. We
performed tomographic reconstructions of PV-STEM foils containing the laser active regions
using a series of systematic row diffraction-contrast images obtained by tilting along the (220)
Kikuchi band (Figure 5.15a-f). The detector served as a virtual aperture. Baseline samples

were tilted (o) from -35° to 35° while TL80 was tilted from -28° to 28° (the increased foil
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thickness of TL80 made +35° tilt impractical). Remaining on Bragg condition necessitated
small changes (approximately 4°) in the azimuth angle (B). We used Tomviz

(https://tomviz.org) to obtain the cross-sectional reconstructions, manually aligning and

optimizing the tilt axis for the sets of 9-11 images and using the ‘Simple back projection’
algorithm. Figure 5.15a and Figure 5.15b present a sample PV-STEM image for the baseline
laser, showing a misfit dislocation amid a field of QDs, and the corresponding tomographic
reconstruction, respectively. The reconstruction resolves the five QD layers and shows that

this misfit dislocation lies at the uppermost QD layer.

Likewise, Figure 5.15c and Figure 5.15d show a PV-STEM image and the
corresponding tomographic reconstruction, respectively, of a dislocation with a misfit
segment and a terminating threading segment in a TL80 laser. Although strain-contrast
tomography cannot resolve the trapping layer itself, the misfit segment clearly lies above the
QD layers at the trapping layer’s height. The threading segment travels downward through the

five QD layers without forming additional misfit segments.

Figure 5.15e also shows a PV-STEM image of a dislocation in a TL80 laser, but here,
there is a short down-sloping section along the misfit segment, which indicates a change in
height. The tomographic reconstruction (Figure 5.15f) shows that these two segments lie at
the trapping layer and uppermost QD layer. This configuration most likely forms because
threading segments, normally pinned by the trapping layer, can become unpinned during
cooldown and glide briefly before becoming pinned again. Since dislocation glide cannot
occur within QD layers, a misfit segment forms at the outermost QD layer. This bears some

resemblance to the incomplete misfit reduction observed by CL and ECCI, but this segment
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of untrapped misfit is far shorter, suggesting its formation mechanism may be unique from

the ones observed via SEM.
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Figure 5.15 (a-b) Baseline (a) BF plan-view (PV)-STEM image (g = 220, convergence angle = 10.5
mrad) showing a misfit dislocation among a field of QDs. (b) Cross-sectional tomographic strain-
contrast reconstruction showing that the misfit dislocation lies at the fifth QD layer. (¢-f) TL80 (¢) BF
PV-STEM image showing a misfit dislocation terminating in a threading dislocation and
(d) corresponding tomogram showing that the misfit segment lies at the trapping layer height. Note
that due to insufficient strain contrast, the trapping layer itself is not resolved by the reconstruction.
(e) BF-PVSTEM image showing misfit segments at two heights with a threading dislocation end and
(f) corresponding tomographic reconstruction. The tomogram reveals a trapped misfit segment and an
additional short misfit segment at the QD layer. Reprinted from J. Selvidge et al., “Defect filtering for
thermal expansion induced dislocations in III-V lasers on silicon,” Appl. Phys. Lett., vol. 117, no. 12,
p. 122101, Sep. 2020, doi: 10.1063/5.0023378, with the permission of AIP Publishing.

Nevertheless, just as in the model structures, the trapping layers are very successful here:
most misfit dislocation length lies at the trapping layer, which we confirm with additional PV-
STEM. Figure 5.16 presents an aerial view of the trapping layer PV-STEM foil used to create

tomographic reconstructions in Figure 5.15d and Figure 5.15f. Two perpendicular misfit
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arrays lie at the trapping layers. Instances of incomplete pinning that form misfit dislocations
at the QD layer occur infrequently (white arrows) and the length of misfit dislocation lying
near the QD layer tends to be short. We identify these instances from the short threading
segments indicating the height change. The inset shows the location of the dislocation

examined in Figures 5.15e-f. Even so, incomplete trapping is surely detrimental. It therefore

emphasizes the importance of trapping layer optimization.

Figure 5.16 Large-area plan-view scanning transmission electron micrograph of the trapping layer
foil. White arrows indicate instances of incomplete misfit dislocation trapping, identified by apparent
height changes. Inset shows a magnified view of the dislocation displayed in Figure 5.14e.
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Laser Performance Measurements

We began to explore the design space by investigating the effect of a single parameter—
trapping layer height. Placing trapping layers farther from the QD layers likely reduces non-
radiative recombination losses from trapping-layer misfit dislocations, but also may
exacerbate incomplete pinning and return some misfit segments to the QD layers. To better
understand the optimum spacing, we characterized the electro-optic properties of all three
laser types (no-TL, TL80, and TL180). All three sample types were fabricated together and
grown on pieces of the same buffer with a dislocation density of 3x107 cm™. The 3 um wide,
deeply etched ridge lasers were fabricated and cleaved to a length of 1500 um. They have two

topside contacts.

Photoluminescence spectroscopy and light output-current-voltage (LIV) curves of a
representative high performing device from each design are shown in Figure 5.17a and
Figure 5.17b, respectively. Photoluminescence measurements were carried out at room
temperature using a non-resonant 780-nm pump laser with normal incidence pumping and
detection; LIV measurements were conducted at 20 °C. Introducing trapping layers increases
photoluminescence intensity by approximately 2x in TL80 and 1.5x in TL180 compared to
baseline (Figure 5.17a). These results agree qualitatively with the marked improvements in
single-facet output power (Figure 5.17b) in fully fabricated TL80 and TL180 lasers over

baseline.

Histograms comparing the structures further support these performance improvements
showing lower currents to begin lasing (threshold current: Figure 5.17c¢), more rapidly

increasing output powers with input current (slope efficiency: Figure 5.17d), and higher peak
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single-facet output powers (Figure 5.17e). Both trapping layer designs show a 2x reduction
in median threshold current below baseline. The lowest threshold current, 15 mA on a TL180
laser, represents a 40% decrease from baseline minimum. This is also 25% lower than state-
of-the-art lasers on Si, with identical device design but 4x lower threading dislocation
density.[48] We additionally observe an impressive 60% (40%) increase in median slope
efficiency and a 3.4x (2.6x) increase in median peak single-facet output powers for TL80
(TL2180) lasers. As I will discuss in Chapter 6 and alluded to in Chapter 1, these performance

improvements correspond to order of magnitude lifetime improvements.

As SRH losses must be saturated for a lasing to begin, the link between effective misfit
dislocation trapping and reductions in threshold current is intuitive. However, to understand
the marked improvements in slope efficiency and peak output power, it is worth briefly
considering how trapping layers may mitigate optical losses associated with dislocations.
Although carrier loss at dislocations is necessarily saturated at the threshold current, the
energy released in SRH recombination processes can lead to localized heating effects.[152]—
[155] Under such circumstances, material in the vicinity of a dislocation could begin to act as
a local absorber due to a slight reduction in its bandgap. Such a scenario agrees with the
findings of Hakki and Paoli, who, in refs. [156], [157], identified ‘local absorber defects’
associated with asymmetric, single-facet spectral shifts and reductions in output power in
degraded Ga/AlGaAs stripe lasers. Although the optical losses associated with these defects
were more important under lasing conditions, they were also associated with small non-

radiative excess currents consistent with SRH.[157] Given the marked reduction in threshold
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and thus SRH at dislocations, it stands to reason that the trapping layers should also

substantially reduce their associated optical absorption.
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Figure 5.17 (a-e) Comparison of TL80 (red), TL180 (blue), and baseline (black) lasers. (a)
Photoluminescence comparison of the three laser designs. (b) Single-facet output power (mW) (solid
line) and voltage (V) (dashed lines) as a function of current (mA) (LI and IV curves, respectively).
Including trapping layers improves LI behavior by reducing threshold currents, increasing slope
efficiencies and, increasing peak output powers as compared to baseline. In contrast, the IV curves
relatively similar across the three device designs. (c-e) Histograms comparing TL80, TL180, and
baseline laser performance across (c) threshold current (mA) and threshold current density (A/cm?),
(d) single-facet slope efficiency (W/A), and (e) single-facet output power (mW). Both trapping layer
designs show significant improvements over baseline. Adapted from ref.[51]
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We also compared the electrically dissipated power at ‘laser rollover’ and present these
histograms in Figure 5.18. Note that laser rollover is the current at which lasing output begins
to decrease with current due to the onset of excited state lasing. We find that the median
electrically dissipated power, in W, at rollover of TL80 (0.85) and TL180 (0.76) is nearly
twice that of the baseline (0.46). Assuming comparable thermal impedances, the inclusion of
trapping layers appears to have increased another critical parameter in these lasers: optical
amplification (gain). However, it is also possible that, through the reduction of SRH
recombination in the active region, we have effectively lowered the junction temperature, a
possibility alluded to in the previous paragraph and explored further in Chapter 6. It is
difficult to deconvolve these effects: gain decreases with increasing temperature so a reduction

in junction temperature necessarily increases the gain by a corresponding amount.

Based on the data presented here, the TL80 laser design appears to slightly outperform
the TL180 across all initial performance metrics aside from minimum and median threshold
current. However, we cannot yet conclusively determine which design is superior. There was
significant processing variability, across all the device designs, making it difficult to be
conclusive. We anticipated that differences might emerge during long-term reliability studies
due to the competition between improved trapping and increased distance from the active
region, but, as discussed in Chapter 6, to date, this too has been somewhat inconclusive.
Additionally, we cannot yet ascertain whether trapping layers adversely impact electrical
transport in these lasers due to large variability in the series resistances across all three devices

designs. As the higher-than-usual specific contact resistances across all devices (p: 2.3x107°
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Q-cm?, n: 5.5x10° Q-cm?) represent a limiting factor on output power, processing

modifications will likely improve device performance even further.
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Figure 5.18 Histograms comparing the electrically dissipated power at rollover for TL80 (red), TL180
(blue) and baseline (black). Although there is some variability in the data, including trapping layers
appears to increase the gain.

5.4 Summary

Researchers in the decades-long study of 111-V on silicon integration have duly focused on
reducing the density of threading dislocations. Our research demonstrates these threading
dislocations additionally give rise to highly damaging but independently addressable misfit
dislocations. We resolve this by introducing misfit-dislocation trapping layers both above and

below the lasing active region. This represents a major departure from traditional defect
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filtering and device design while remaining synergistic with ongoing efforts in threading-
dislocation reduction. Recognizing that these misfit dislocations form not due to QD and QW
layers exceeding critical thickness, as previously thought, but rather due to an unusual mix of
thermal and lattice hardening effects occurring during sample cooldown, we provide clear
pathways for continued laser performance improvements. Unfortunately, due to difficulties
arising from the COVID-19 pandemic, to date we have not been able to perform optimization
on any additional parameters. However, this provides plenty of opportunities for continuing
research, the subject of Chapter 7. Luckily, we were able to assess the orders of magnitude
reliability improvement available simply using these structures, which is the subject of

Chapter 6.
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Chapter 6:

Laser Reliability

6.1 Introduction

Like all complex engineering systems, lasers have a finite lifetime. However, the lifetimes of
individual devices are highly variable. It is therefore useful to think about the device failure
rate as being modeled by a bathtub curve, an example of which is shown in Figure 6.1.[158]
In the early stages of operation, the failure rate will be relatively high; devices that fail during
this period are referred to as infant failures. Infant failures arise due to pre-existing defects
within the device such as large growth defects or errors in processing. Device screening
procedures, such as burn-in procedures in which the devices are intentionally operated under
high stress conditions (i.e., high currents and temperatures), are used to remove as many infant
failure prone devices as possible prior to prolonged operation. This process intentionally
induces failure in these devices and as such the failure rate during this period is relatively
high. As time passes, more and more devices prone to infant failure will have already failed
causing the overall failure rate at these later times to reduce. After this initial period and for
much of the remainder of the device lifetime, the failure rate will be relatively low and flat.
This corresponds to random device failures which we would expect to occur at a constant rate

throughout the device lifetime. Near the end of the device lifetime, the failure rate begins to
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dramatically increase because of wear-out failures, which is to say those failures attributed to

gradual degradation of the material itself because of operation.
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Figure 6.1 Device failure rate as a function of time. Initially, the failure rate is relatively large due to
defective devices in the population. This drops rapidly and the failure rate becomes relatively low and
stable, corresponding to random failure. Near the end of the devices’ expected lifetime the failure rate
begins to rise again due to wear out. Reprinted from Engineering Materials Science, M. Ohring, “15 -
FAILURE AND RELIABILITY OF ELECTRONIC MATERIALS AND DEVICES,”, 747-788,

Copyright (1995), with permission from Elsevier.
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6.2 Traditional Laser Failure Modes

In lasers specifically, we often define failure based on the timescale of the degradation
process. There are three major classes—sudden (referred to as ‘catastrophic’), rapid, and

gradual—and different physical processes dominate each.

6.2.1 Catastrophic Failure

In Fabry Perot structures, catastrophic failure often occurs due to facet damage, specifically

localized melting.[159]-[162] The process occurs when:

1) large amounts of non-radiative recombination occur at a cleaved facet or pre-
existing defect due to high operating current causing an increase in the local
temperature and corresponding reduction in the bandgap and,

2) large amounts of optical absorption occur due to the locally decreased bandgap,

further increasing the local temperature to the melting point.

Crystalline defects, especially dislocations, form ahead of the molten front. Figure 6.2 shows
a TEM image of a InxGai1-xAs/GaAs strained QW laser diode that failed due to catastrophic
optical damage.[163] As of this writing, we have not identified any facet specific failure
modes in the lasers treated in the subsequent discussion, however, as we move towards higher
output powers associated with the trapping layer designs and operate at increasing

temperatures, these may become a concern.
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Figure 6.2 Dark-field cross-sectional TEM micrographs (g = 200) showing (a) a melted and
resolidified area caused by catastrophic optical damaged, and (b) a higher magnification image of the
completely intermixed well/barrier/separate-confinement-heterostructure (SCH) region. Reprinted
from S. N. G. Chu, N. Chand, W. B. Joyce, P. Parayanthal, and D. P. Wilt, “Generic degradation
mechanism for 980 nm InxGal—xAs/GaAs strained quantum-well lasers,” Appl. Phys. Lett., vol. 78,
no. 21, pp. 3166-3168, May 2001, doi: 10.1063/1.1371967, with the permission of AIP Publishing.

6.2.2 Rapid Failure

Historically, in widely used quantum well (QW) based lasers, rapid failure has occurred
though recombination enhanced dislocation growth processes such as recombination
enhanced dislocation climb (REDC)[21], [58], [59] and recombination enhanced dislocation
glide (REDG)[135], [164]. To address this problem, decades of work went into improving the
crystalline quality of I111-V substrates which is to say reducing their dislocation density by

orders of magnitude. However, as detailed in the previous Chapters, such strategies will not
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work for GaAs on Si. Thus, failure in QW-based GaAs on Si structures occurs in a matter of
minutes to hundreds of hours.[26], [27], [29], [33], [34] For a full discussion of these

processes, see Chapter 4.

6.2.3 Gradual Failure

As a result of efforts to improve native substrate quality, dislocation mediated failure
mechanisms were effectively eliminated in those devices and gradual point defect mediated
failure mechanisms became the most common wear-out failure modes. These vary by
materials system. In GaAs-based systems the most important gradual degradation mechanisms
is the gradual increase in the density of deep-level defects.[165], [166] These have been shown
to eventually precipitate out as nano-scale dislocation loops. Figure 6.3 presents an overview
of this degradation mechanism. Figures 6.3a-b showing BF-TEM images from the active
region of undegraded (Fig. 6.3a) and degraded (Fig. 6.3b) AlGaAs LEDs. The degraded
device was operated at 556A/cm? for 7100 h. The junction temperature was 169 °C. The
appearance of the nano-scale dislocation loops correlates with the observed increase in deep-
level defects (Fig. 6.3c). Likewise, the precipitation of point defect aggregates (nano-scale
dislocation loops etc.) also constitutes a key failure mode in InGaAsP/InP-based
devices.[167], [168] Interdiffusion of Au atoms into the active region have also been shown

to lead to failure in InGaAsP/InP devices.[169]
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Figure 6.3 (a-b) Bright-field TEM images of the active regions of AlGaAs DH LEDs (a) before
operation and (b) after operation for 7,100 hours (current density=556 A/cm?, junction
temperature=169°C). (c) Concentration of deep-level defects in AlIGaAs DH LEDs as a function of the
operating time. After ref.[165] © 1983 IEEE.

6.2.4 Accelerating Factors

Degradation rates, for non-instantaneous failure modes, are highly sensitive to internal and
external device operating conditions. The change in the mean-time-to-failure (MTTF) is

frequently modeled using the following relationship:
MTTF = AJ "ex (ﬂ
Per

where A is a constant, J is the current density, n is the current acceleration factor, E, is the

thermal acceleration activation energy, and kT is the thermal energy of the system.

Using data from Jung et al. data, reported in ref.[40], Norman et al. report E, = 0.9eV
and n = 3.5. This corresponds to, approximately, a three order of magnitude reduction in laser

lifetime between 35 °C and 60 °C, as the current required for 2I,,0peration also has an
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exponential dependence on temperature (I < exp (Ti), with T, = 30 K for these specific
0

devices). Thus, low operating currents and temperature tolerant device designs are critical.
Likewise, heat extraction from devices is a key concern, but, in this, GaAs-based devices on
silicon have an advantage over their native substrate counterparts due to silicon’s higher

thermal conductivity.

While temperature and operating current are the most critical considerations in
designing for reliability, they are certainly not the only ones. Internal stress, for example, has
been shown to accelerate device failure in AlGaAs based laser designs.[166], [170] Likewise,
external environmental factors, such as radiation, can both activate new failure pathways and
accelerate existing ones.[171] GS vs. FES lasing is another critical consideration for QD laser

reliability, as the latter has shown to significantly accelerated degradation.[172]

6.3 Failure Modes in Lasers with Misfit Trapping
Layers

| performed comprehensive electron microscopy analyses on the ridge laser structures
described in Figure 5.9 after aging at 60 °C. This allowed my colleagues and I to link
degradation in device performance to structural changes in the dislocations. The relatively
high TDD templates (2-4x10" cm™) facilitate an investigation into the significant impact of
MDs over TDs. We found that misfit dislocation facilitated degradation was far more
detrimental than threading dislocation facilitated degradation and reducing it improves device
reliability by several orders of magnitude. We additionally sought to characterize the interplay
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between competing factors that differentiate our TL80 and TL180 structures: trapping layer

efficiency and misfit dislocation distance from the active region.
6.3.1 Lifetime Testing Conditions

Prior to aging, we coated the laser bars with quarter-wave thickness SiO2 and Ta,Os layers for
60% (1 pair) and 99% (8 pairs) reflectivity on front and back facets, respectively. This reduces
threshold current and should help protect the facets from degradation, allowing us to
investigate the degradation due to the pre-existing misfit dislocations. After the bars were then
singulated, soldered onto AIN carriers, and wirebonded, we loaded them into a Newport ILX
Lightwave LRS-9434 laser diode reliability test system. In the first study, we aged three No-
TL, five TL180, six TL8O0 ridge lasers (3 um x 1500 pm) under automatic current control
(ACC) at 60 °C. This small sample size arose because we excluded any devices with a
threshold current density above 500 A cm™ or a maximum output power below 10 mW at 20
°C after facet coating, as we expected this metrics suggested errors in processing and/or
mounting. We operated the devices continuously for up to 3000 hours at approximately twice
their initial 60 °C threshold current—70 mA for the No-TL devices and 37 mA for the TL
devices. Light output-current (LI) and voltage-current (V1) measurements were collected
automatically at 35 °C and 60 °C every 50 hours. Note that Mr. Eamonn T. Hughes performed

the lifetime testing; he remains a student in the Bowers and Mukherjee groups at UCSB.

6.3.2 Device Reliability Characterization

Figures 6.4a-6.4c present the LI and IV measurements over time for a high performing device

from each group. The No-TL laser clearly degrades significantly more than either TL laser,
120



despite similar turn-on voltages and series resistance. The decreases in rollover current over
time and the gradual degradation of the IV curves could suggest increasing junction
temperature due to increased non-radiative recombination. These effects appear to be less
pronounced in TL80. Figures 6.4d-6.4g summarize various degradation metrics (change in
threshold current, peak power, current required for 10 mW of output power, and current at
rollover, respectively) extracted from the LI curves. The No-TL device’s output power falls
below 10 mW after only 600 hours. After 3000 hours, its threshold current increases by 55%
and its peak output power drops 48%. In contrast, both TL devices undergo less than 9%
increases in the threshold current and current required for 10 mW of output power. This TL80
device appears to perform the best: its peak power drop is only 11%, compared to TL180’s

20% drop.
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Figure 6.4 60 °C reliability data for a high performing device from each design. (a-c) Light-output vs.
current and voltage vs. current measurements taken at 50 h intervals over the course of aging for (a)
No-TL, (b) TL180, and (c) TL80. (d-g) Degradation behavior for the same three lasers measured by
(d) change in threshold current, (e) change in peak output power, (f) change in the current required for
10 mW of output power, and (g) change in current at rollover. Reprinted from J. Selvidge et al.,
“Reduced dislocation growth leads to long lifetime InAs quantum dot lasers on silicon at high
temperatures,” Appl. Phys. Lett., vol. 118, no. 19, p. 192101, May 2021, doi: 10.1063/5.0052316, with
the permission of AIP Publishing.
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To assess whether the differences in the rollover behavior between TL180 and TL80
devices are real, we performed a Mann-Whitney U statistical test on the change in peak power
at rollover for all TL lasers from each group. For these group sizes U < 3 corresponds to a
statistically significant difference to o = 0.05. As shown in Figure 6.5, we observe a
statistically significant differed in peak power drop within the first 15 hours of operation. As

devices were removed for PV-STEM after 1200 hours, the analysis was not conducted beyond

that point.
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Figure 6.5 Mann-Whitney U statistical comparison between the change in peak power for TL80 and
TL180 devices as a function of time. For these group sizes, (i.e., Nygo = 6 and Ny 150 = 5) U < 3
is statistically significant to significance level of a=0.05.
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Comparing the performance of TL lasers to recently reported QD lasers grown on
GaAs aged under similar conditions[173] we find very similar rates of 35 °C threshold current
increase over 3000 h, as shown in Figure 6.6a. Change in output power at 2500 A/cm? (Fig.
6.6b) shows slightly slower degradation rates for native-substrate lasers. Note that differences
in device dimensions and facet coatings make exact comparison between these devices
difficult. Nevertheless, their behaviors are strikingly similar. This suggests that substantially
reducing the misfit dislocation density leads to degradation mechanisms far more like native
substrates than might be expected. Indeed, despite a TDD of 2-4x107 cm™, devices with
trapping layers yield reliability results comparable to those obtained in threading-dislocation-

free lasers; most degradation in the No-TL lasers results from MDs in the active region.
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Figure 6.6 60 °C lifetime testing with performance measurements acquired at 35 °C for the three high
performing devices presented in Figure 6.4 and similar device structures on GaAs substrates from
ref.[173]. Comparing (a) change in threshold current and (b) change in output power at 2500 A cm
injection we find that the TL lasers’ degradation behavior appears far more like the native substrate
device’s behavior than the No-TL’s behavior. Although all the devices presented were aged at 60 °C,
LI data was only collected at 35 °C for the devices on GaAs, thus, unlike in Figure 6.4, the summarized
TL and No-TL data presented here were measured at 35 °C. Reprinted from J. Selvidge et al.,
“Reduced dislocation growth leads to long lifetime InAs quantum dot lasers on silicon at high
temperatures,” Appl. Phys. Lett., vol. 118, no. 19, p. 192101, May 2021, doi: 10.1063/5.0052316, with
the permission of AIP Publishing.

To provide additional evidence for the substantially reduced role threading
dislocations play in facilitating failure compared to misfit dislocations, in a separate study, we
compared the relative reliability improvements available by adding trapping layers and adding
a newly designed asymmetrical graded (ASG) threading dislocation buffer structure.[60] For
additional details on the ASG buffer, refer to ref.[41]. Figures 6.7a-c present the extrapolated
lifetime at 80°C based on the median change in current required for 10 mW of output power,

median increase in threshold current, and the median reduction in max power. As noted,
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Sample A presents our previous record-breaking device structures, while Sample B and
Sample C include trapping layers and trapping layers as well as the ASG buffer, respectively.
Including trapping layers increases the extrapolated lifetime by between 50-100 fold after the
first 1200 hours of aging. In contrast, a Mann-Whitney U statistical comparison between the
samples in groups B and C does not yield a statistically significant difference between the
groups at t=1200 hours, suggesting that the small differences that appear in the extrapolations
are within the error. This is an especially interesting result, given the long-standing emphasis
on threading dislocation density reduction within the field. Note that Mr. Chen Shang
performed the growth of the samples presented in Figure 6.7; he remains a student in the

Bowers group.

126



a 1 day 1 month 1 year 10 year 100 year
100 1 L 1 N 1

i ,1e€_'_.-" R L T * Sample A
& 1\,.‘?_ 2o’ 100_‘_1-3&'--,"\"-100;‘3 * Sample B
o @i‘g’_ﬂ" \NIT\“:Z'-"- wl * Sample C
g 10p- 5
- 2:-° 0l
0% - e @0 =
® i i i ; 80°C C
10 100 1000 10000 100000 1000000 1E7
Aging time (h)
b 1 day 1 month 1 year 10 year 100 year
100 1 1 1 S — i
‘Do{'ff’f 68 g » Sample A
g ot | <L, TV~ (po=1® * Sample
< ° w -l T » Sample
2 10F e
‘ a0
_-.:-' 1 1 1 i 1 1 Bonc C
10 100 1000 10000 100000 1000000 1E7
Aging time (h)
C 1 day 1 month 1 year 10 year 100 year
100 1 1 1 — - 1 1
= 9 .o AeD s Sample A
2 o 2216 =1e0 .- ooAe P
2 10 wie ' W e ® Sample C
s L
G _a-a9?
'é g
i : i i . 80°C CW|
10 100 1000 10000 100000 1000000 1E7
Aging time (h)

Figure 6.7 Median percent change of (a) current required for 10 mW output power, (b) threshold
current, and (c) peak output power after 1200 hours of 80°C operation at twice the devices’ initial
threshold current. After ref.[60]

6.3.3 Evaluating Different Trapping Layer Spacings via STEM

To remind the reader of the various factors at play in trapping layer height optimization,
Figure 6.8 presents a composite cross-sectional scanning transmission electron microscopy
(STEM) image from a typical TL180 laser. I imaged the left portion along the [110] zone axis
of the sample and the right portion by tilting the sample along g=002. The tilted sample is

presented schematically in the inset to assist with image interpretation. The yellow arrows in
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the magnified outset denote misfit dislocations that lie flat along the projected thickness of the
upper trapping layer. The orange and red arrows mark a dislocation running perpendicular to
imaging direction. Most of the misfit dislocation length lies at the trapping layer (orange
arrow), however, a short segment lies at the uppermost QD layer (red arrow). This is consistent

with the previous observations of partial trapping layer failure discussed in Chapter 5.
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Figure 6.8 Cross-sectional scanning transmission electron micrograph of a TL180 laser structure along
the [110] zone axis (left) and tilted to a g=002 diffraction condition (right). The outset presents a high
magnification image of the dashed region. At higher magnification we can see that a threading
dislocation rises through the QD layers, forms a short misfit dislocation (MD) segment (red arrow) at
the fifth QD layer, and forms a trapped MD (orange arrow) segment at the upper TL. Yellow arrows
denote perpendicular MDs at the upper trapping layer which appear as short vertical segments in
projection, (shown schematically in the inset). Reprinted from J. Selvidge et al., “Reduced dislocation
growth leads to long lifetime InAs quantum dot lasers on silicon at high temperatures,” Appl. Phys.
Lett., vol. 118, no. 19, p. 192101, May 2021, doi: 10.1063/5.0052316, with the permission of AIP
Publishing.
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PV-STEM Analyses of Degraded Trapping Layer Lasers

We selected the most heavily degraded device (evaluated by reduction in peak power) from
each group for STEM analysis. | then prepared a foil containing the active region (and trapping
layers) using standard focused ion beam lift-out processes. Examining the MD networks in
the three aged lasers using PV-STEM helps to explain the differences in the measured
reliability data between the three designs. Note that although the No-TL and TL180 devices
were removed from the aging rack after 1200 hours of operation, we aged the TL80 device

for an additional 600 hours to achieve a drop in peak power greater than 15%.

Figures 6.9a-c show large section from the plan-view foils generated for the No-TL,
TL180, and TL8O, respectively. The MD densities are similar: 4.8 um™ in the No-TL foil and
4.4 umin each TL foil. This agrees with our expectation that the misfit dislocation formation
mechanism is the same in each case and that the TDD of the templates are approximately
equal. In the No-TL, the MDs, which were straight prior to aging,[46] underwent REDC and
now appear wavy. And, while there is clear variation in the extent of REDC across different
misfit dislocations and along the length of individual ones, all the MDs show some small,
jagged features along their length. All the MDs in this sample lie along the uppermost or
lowermost QD layer (shown schematically in Figure 6.9a inset). This positions them directly
in the active region where they can facilitate significant amounts of SRH recombination.
However, the variation in the extent of climb, demonstrated clearly in Figure 6.9d, deserves
some explanation. My colleagues and | believe that the extent of climb may be partially
dependent on whether a given MD lies at the first quantum dot layer or at the fifth the active

region. The active region is modulation p-doped, so MDs near the n-cladding likely see larger
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minority carrier densities. As SRH rates depend linearly on the number of available carriers,
the n-side misfit dislocations likely undergo more REDC than those on the p-side. However,
we also expect significantly reduced misfit dislocation densities on the n-side,[80], [174], [62]

explaining why only a few MDs show such large amounts of climb.

In marked contrast, most dislocations in the aged TL180 and TL80 lasers, show no
clear evidence of REDC. A close inspection of Figure 6.9e and Figure 6.9f reveals a few
instances of climbed MDs, marked by orange arrows. We found that only 9% and 1% of the
total MD length in the TL180 and TL8O0 foils, respectively, have clear evidence of REDC.
Thus, both TL designs displace misfit dislocation formation sufficiently far into the doped
regions to prevent evidence of REDC after 1200 and 1800 hours of aging for TL180 and TL80,

respectively.
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Figure 6.9 (a-c) Plan-view scanning transmission electron micrographs (acquired slightly off the
[001]-zone axis to improve dislocation contrast) from lifetime tested (a) no-TL (1200 h), (b) TL180
(1200 h), and (c) TL80 (1800 h) lasers. The measured misfit dislocation density in each of the three
foils was between 4-5 um™. The schematic insets provide the reader with the misfit dislocations
expected locations in each structure. In (a) the no-TL laser, as the misfit dislocations lie at the
uppermost and lowermost QD layers, they show moderate to extensive waviness—evidence of
recombination-enhanced dislocation climb (REDC). This is more obvious in (d) which presents a high
magnification image of the boxed region in (a). In the TL lasers, we expect most misfit dislocations
are trapped, and, indeed, the vast majority show no clear evidence of REDC. However, in these
structures a few misfit dislocations still show evidence of REDC examples of which (marked with
orange arrows) are presented in analogous high magnification images for (e) TL180 and (f) TL80. The
total climbed MD length is approximately 9x larger in TL180 than TL80. Each foil is ~600-950 nm
thick with ~70 um? of total imageable area. Reprinted from J. Selvidge et al., “Reduced dislocation
growth leads to long lifetime InAs quantum dot lasers on silicon at high temperatures,” Appl. Phys.
Lett., vol. 118, no. 19, p. 192101, May 2021, doi: 10.1063/5.0052316, with the permission of AIP
Publishing.
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Tomographic Evaluations of Degraded Trapping Layer Lasers

To confirm that the climbed misfit dislocations in the TL samples lie at the QD layers, we
generate a tomographic reconstruction of a section of the TL80 foil (Figure 6.10) and of a
section of the TL180 foil (Figure 6.11). These tomograms are generated from 11 images taken
in 5° increments along (220)-type Kikuchi lines. While insufficient strain contrast means the
trapping layers themselves are not visible, most of the MDs lie at their expected height in
Figure 6.10 (~80 nm) either above the active region in the p-doped cladding (section A) or
below in the n-doped cladding (section C). The only misfit dislocation with unambiguous
evidence of REDC lies at the QD layers (section B). The analogous reconstruction of TL180,
presents a single trapped MD and a single MD at the QDs. The MD at the QD layer (section
B) shows evidence of REDC while the MD at the upper TL in the p-cladding (section A)
remains straight. Note that the increased foil thickness required to capture the TL180 active

region reduces image sharpness.
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Figure 6.10 Strain-contrast tomographic reconstruction of a small portion of the TL80 laser foil in
Figure 6.9c. The 3D reconstruction and the thin, reconstructed plan view ‘image’ slices shows a single
misfit dislocation lying near the fifth QD layer (section B). All the other misfit segments lie either at
the upper trapping layer (section A) or at the lower trapping layer (section C). Note that the trapping
layers themselves are not visible in the reconstruction. Reprinted from J. Selvidge et al., “Reduced
dislocation growth leads to long lifetime InAs quantum dot lasers on silicon at high temperatures,”
Appl. Phys. Lett., vol. 118, no. 19, p. 192101, May 2021, doi: 10.1063/5.0052316, with the permission
of AIP Publishing.
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Figure 6.11 Tomographic reconstruction a small portion of the TL180 laser foil presented in Figure
6.9b. The thin, reconstructed plan view ‘image’ slices from heights A and B each show a misfit
dislocation (MD). The misfit segment at the trapping layer (section A) appears straight, while the misfit
segment near the QD layers shows evidence of recombination enhanced dislocation climb (section B).
Note that the increased foil thickness leads to a reduction in image sharpness. Reprinted from J.
Selvidge et al., “Reduced dislocation growth leads to long lifetime InAs quantum dot lasers on silicon
at high temperatures,” Appl. Phys. Lett., vol. 118, no. 19, p. 192101, May 2021, doi:
10.1063/5.0052316, with the permission of AIP Publishing.
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My colleagues and | have not yet identified the exact mechanism that results in some
MDs forming at the QD layers in TL structures, but our microstructure analysis suggests that
the spacing between the QDs and trapping layers plays an important role in the process.
Although we offer some hypotheses in ref.[62], we have not yet been able to conclusively
confirm nor rule out any specific mechanisms, to date. Further, as the performance differences
appear rapidly during lifetime testing, we suspect the microstructural differences arise during
cooldown, or possibly even during the thermal cycling that occurs during growth of the
various layers. With a wider TL spacing the intermediary threading segment between the
nearest QD layer and the TL experiences a larger driving force for glide and therefore forms
a misfit dislocation segment at the QD layer. Trapping is more effective with smaller spacing
but having misfit dislocations nearby will almost certainly increase SRH increasing minority

carrier concentrations. A balance is required.
Unseen Degradation Mechanisms

In both TL structures the total change in misfit dislocation length seems incongruous with
their performance degradation. We therefore also consider the generation of point defects by
REDC; as we note in ref. [50], assuming a5 um point defect diffusion length, a uniform lateral
10 nm misfit dislocation excursion emits approximately 10° point defects (10'® cm) in the
active region, assuming the laser geometries reported on here (for comparison, we expect
approximately 10° threading dislocations in the active region for TDD = 3x10’ cm). These
newly created point defects can then facilitate additional non-radiative recombination and
degrade the performance further. Although the origin and nature of point defects participating

in REDC needs further investigation, as previously mentioned, we expect that gallium
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vacancies are generated through this process. Another important factor to consider is that non-
radiative recombination dissipates heat and has been shown to locally increases the junction
temperature. [152]-[155] This is turn may increase point defect diffusion locally and
exacerbate REDC. These mutually- and self-reinforcing processes pose obvious problems,
and indeed, thermal runaway at hotspots sometimes Kills InAs QD lasers.[175] Furthermore,
increased junction temperature can also lead to reductions in both gain[48], [176]-[178] and
To[179] in QD lasers. Improvements in rollover and VI behavior, particularly for TL80,

suggest that trapping layers substantially reduce junction heating.

6.4 Summary

While traditional dislocation filtering strategies have relied on the reduction of threading
dislocation densities for reliability improvements, we demonstrate that inserting a single
trapping layer on either side of the active region in doped regions of InAs QD lasers improves
reliability by approximately two orders of magnitude, reaching industrially relevant metrics
at both 60 and 80°C. My colleagues and | attribute these improvements to our observations
that their inclusion prevents dislocation climb on about 91-99% of the observed MDs even
after 1800 hours of aging. This in turn leads to substantially lowered point defect generation
rates and reductions in device heating, both of which we expect result in the substantially
improved performance we observe during prolonged operation at high temperatures. Within
the trapping layer design space, due to the small sample sizes and large processing variation,
my colleagues and | were unable to come to a conclusive answer on whether our TL180 or

TL80 design was superior. Chapter 7 proposes a more robust study, seeking to optimize this
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and other trapping layer parameters to provide additional clarity. The improvement of native
substrates led to the identification of slower gradual degradation modes those devices.
Likewise, we may now begin to see point defect mediated degradation mechanisms and those
effects arising purely from threading dislocations as QD laser performance on silicon rapidly
approaches the performance of QD lasers on native substrates. It is time to look towards the

advanced integration schemes proposed for photonic integrated circuits.
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Chapter 7:

Conclusions and Future Directions

7.1 Introduction

The preceding Chapters represent a significant jump in our understanding of both the failure
mechanisms in quantum dot lasers grown on silicon and effective mitigation strategies to
address them. My results imply that carrier confinement in InAs QD materials plays at best a
secondary role in improving the device performance on silicon, and that the dots own
structural and mechanical properties are likely more important. However, those very same
mechanical properties lead to highly damaging misfit dislocation that form during post-growth

cooldown.

By applying principles from physical metallurgy, my colleagues and | effectively
mitigated this. Inserting thin mechanically hardened misfit trapping layers to locally inhibit
TD glide and displace MD formation away from the QDs, we obtain extrapolated device
lifetimes greater than 100,000 hours at constant operating current (2 x I;;) at 80°C. The
previous best devices last for a mere 2000 hours. This orders-of-magnitude increase beyond
traditional device structures arises because the trapping layer filters represent a significant
departure from traditional defect filtering: they displace, rather than remove, misfit
dislocations that form during cooldown, while traditional strategies seek to remove threading

dislocations that form during growth. Thus, although the defect density in the full device
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remains the same, we reduce number of misfit dislocations with visible evidence of
recombination enhanced dislocation climb by between ten and one-hundred fold. The path
forward is clear: we must begin to knowledge apply this in more advanced photonic

integration schemes.

Nevertheless, fundamental materials work also remains to be done. My work
demonstrates that we have a great deal still left to understand regarding the impacts of our
devices” own mechanical properties on their performance and reliability. Effort to improve
trapping layer design for use in InAs quantum dot lasers on Si are ongoing: their thickness,
composition, placement, and number require independent optimization on the p- and n-sides
of the junction. At the same time, it will also be important to revisit other industrially
interesting cases, such as conventional quantum well lasers, where it has long been believed
that dislocation based degradation mechanism would prevent reliable lasers. Assuming the
quantum wells themselves act as threading dislocation pinning points (i.e., are themselves
alloy hardened), from a mechanical perspective the trapping layers should be effective.
Indeed, my colleague E. Hughes’s most recent preliminary microscopy results seem to suggest
they are. In any case, but especially for quantum well based designs, identifying directions to
further reduce or eliminate the small fraction of un-trapped misfit dislocations is of interest as
well. This is especially urgent because, to date, we do not fully understand their formation
mechanism. As such, the remainder of this Chapter proposes a few possible experimental

pathways to improve our understanding of the materials system.
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7.2 Future Experimental Directions

7.2.1 Mechanical Properties Studies Using Model Structures

Chapters 4&5 highlight that fundamental materials studies on this system can still yield
significant insight. However, the model structures my colleagues and | have used to date are,
admittedly, far less complex than our full laser structures, making drawing conclusions
regarding the exact mechanical behaviors in the full devices non-trivial. However, increasing
the complexity of the model structures somewhat provides opportunities for improving our
understanding, while still taking advantage of the relatively fast turnaround time and ability
to use SEM based characterization techniques. One relatively easy possibility, for example, is

to grow a few variants of the structure shown in Figure 7.1.

In our analysis to date, we have relied on the assumption that the mechanical properties
of AlxGaixAs are functionally equivalent to those of GaAs. While this assumption is most
likely correct to the first order, verifying it by growing three samples with x=0, 0.4, and 0.7
(our two current cladding compositions) and measuring the total misfit dislocation length we
observe via ECCI or CL is simple to do. We could increase the experiment complexity slightly
by measuring the residual strain in the three samples and growing a second set where we
increase the thickness of the underlying GaAs (gray layer in Fig. 7.1) in the Alo.4GagsAs and
Alo7Gao3As samples. By carefully controlling the additional thickness, we can increase the
tensile strain in the Al-alloyed films to the level we measure in the GaAs film, similar to the
methodology employed by Hughes et al.[56] This strategy can help to differentiate whether

any observed differences arise due to a difference in the glide velocities in the materials or
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due to a change in the thermal driving force (from the slight difference in thermal expansion

coefficient between AlxGai-xAs and GaAs).

Al Ga, As (100 nm)
InAs QD layer

Al,.Ga,_As (500 nm)

GaAs on Si template

Figure 7.1 Model structure for mechanical properties inquiries. Adapted from ref.[51]

Another possibility using the basic structure presented in Figure 7.1 would be to
introduce various levels of doping to the 500 nm layer below the InAs QD layer, and above
it, if desired. As mentioned previously, Yonenaga and Sumino demonstrated that doping GaAs
can alter thermal dislocation glide velocities by orders of magnitude.[82] Growing otherwise
equivalent undoped, n-doped, and p-doped model structures and measuring the misfit
dislocation length at the QD layer, again using ECCI or CL, would provide an additional layer
of complexity to our understanding of the mechanical behavior on either side of the junction
during sample cooldown. As my colleagues and | suspect that both the relevant kinetics and
the driving force for dislocation glide vary on either side of the junction,[62] this type of study
can help us to deconvolve those effects with relatively simple analytical techniques. It is also
worth noting that Yonenaga and Sumino measured a more significant glide velocity reduction

141



in Te-doped GaAs as compared to Si-doped GaAs. Thus, a similar experiment comparing the

mechanical response to these two n-dopants specifically may be warranted.

Similarly, CL and ECCI based model structure experiments lend themselves well to
improving our basic understanding of how various parameters impact trapping efficiency.
Figure 7.2 presents a simplified schematic which summarizes the parameter space for variants
on the design of a structure with a single InxAlixAs trapping layer. Comparing the total
quantum dot adjacent misfit dislocation length between samples varying the spacer height,
marked as ‘h,” the trapping layer thickness, marked as ‘t,” and the alloying fraction in the

2

layer, marked ‘x,” may also provide additional insight into the process by which a small
fraction of misfit dislocations continues to form at the quantum dot layer. Additional strategies

to remediate this are also treated in greater detail in the subsequent Section.

InAL,_As

GaAs on Si template

Figure 7.2 Trapping layer model structure schematic summarizing parameter space for a structure
using a single InyAliAs trapping layer. Adapted from ref.[51]
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One final point of interest, from a mechanical properties perspective, is improving our
understanding of the mechanism of dislocation climb in this system. While in situ experiments
are always challenging, the GaAs/AlGaAs system (rather than InAs QDs) lends itself to a
possible experimental design. For such an experiment | would suggest using growing a
GaAs/AlGaAs laser on either a silicon substrate or on a scratched native substrate such that it
has a large density of threading dislocations. As we do not expect that mechanical stress is
required for climb as it is for glide, consistent with the growth of significant climb networks
from a single threading dislocation on native substrates devices, it should then be possible to
create a plan-view STEM sample with comparable geometry to the others in this work (i.e.,
with the substrate removed). From this point, irradiating the sample in situ STEM system for
ten hours or so should, I would expect, allow the researcher to simultaneously observe the
growth of a climb network. Ideally, this could be done using a STEM-CL system, such that
the researcher could simultaneously observe the structural and optoelectronic evolution of the
sample. The CL aspect could help to determine if clouds of point defects appeared to be
moving towards the dislocation or away from it, which could offer some insight as to whether

climb is mediated by the absorption or expulsion of point defects from the dislocation.

While ideally this section would include some calculation of the quasi-injection due
to the incident electron beam, determining the fraction of ‘injected’ electrons and the fraction
of electrons which simply pass through the sample with minimal interaction is somewhat non-
trivial. An alternative option, although this too is non-trivial, could be to use a device geometry
such that the contact could be wired to an external source and the device could be truly

electrically injected. To do this would additionally require the use of a non-standard specimen
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holder such as the Protochips Aduro 500 double-tilt MEMS-based heating and electrical
biasing holder available through the Stanford Nano Shared Facilities. This design would
require some sample preparation development as my current methodology for preparing plan-
view samples with flat sidewalls relies heavily on the ability to view the sample on edge (as
shown in Figure 2.3), something which would not be possible using this type of biasing

holder.
7.2.2 Strategies for Reducing Un-trapped Misfit Dislocations

The results presented in Chapter 6 suggest that the small fraction of un-trapped misfit
dislocations play an important role in the degradation of laser performance over time, so
strategies to further reduce them are of interest. Previous attempts to alloy harden the entire
laser structure with a small fraction of indium resulted in the formation of a large number of
misfit dislocations due to lattice mismatch between the laser and buffer layers.[62] As such,
large scale compositional changes throughout the structure most likely would worsen
lifetimes, rather than improving them. However, more targeted approaches could be
successful and are worth considering; we expect that most of the remaining degradation can
be attributed to the few remaining misfit dislocations at the active region. Figure 7.3 shows
one potential approach schematically. Here, the composition of interlayers between the
outermost QD layer and the TL (denoted with a black box) have been slightly modified to
include a very small fraction of indium. Although the spacing would need to be carefully
designed such as to not exceed critical thickness, Fitzgerald’s computations suggest that

Ino.o1(AlxGaix)o.99As would have a critical thickness greater than 100 nm.[25] In this scenario,
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we would not expect the stack to exceed critical thickness, but likely could substantially the

glide on threading segments contained within the black boxed spacer layers.

Al,Ga, ,As/GaAs p-clad/contact (2 pm)

Ing 15GaggsAs TL (7 nm)

INo.01(ALGa14)og0AS Spacer

InAs QD layers

Ing.01(ALGa4 )0 eeAS Spacer
Ing 45Alp gsAs TL (7 nm)

Al,Ga, ,As/GaAs n-clad/contact (2 pm)

GaAs on Si template

Figure 7.3 Schematic of trapping layer laser structure with alloy hardened spacer layers. Adapted from
ref.[51]

Although we have not yet conclusively identified a formation mechanism for the so-
called un-trapped misfit dislocation segments, the results reported in Chapter 6 suggest that
the spacing between the nearest QD layer the trapping layer plays an important role. However,
it may not be desirable from a reliability perspective to induce the formation of misfit
dislocation networks within a few tens of nanometers. Thus, Figure 7.4 presents another
possible approach (shown here in a model structure for simplicity): simply adding an
additional trapping layer. As the majority of misfit dislocation formation appears to occur at
the outer most pinning point, it may be possible to push this further away, while still trapping
a very high fraction of misfit dislocations simply by adding an additional pinning point in the

intermediary layers. Note also that the TL compositions in the schematic are intentionally
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notated differently. As these layers serve different purposes (the outer to trap most of the misfit
dislocations and the inner to hinder intermediary threading dislocation segment glide), while
they can have equivalent compositions and thicknesses, this may not be necessary or even the
most optimal choice from a device design perspective. Thus, going forward, efforts to
independently optimize TL compositions, thicknesses, and spacings on either side of the

junction will also be very important, as alluded to in the previous Section.

In,Ga,.,As TL

In,Ga,,As TL

GaAs on Si template

Figure 7.4 Schematic of model structure with an additional trapping layer, the composition and
thickness and spacing of the two TLs should be independently optimized in this approach. Adapted
from ref.[51]

7.2.3 Looking Beyond Misfit Dislocations to Improve Reliability

Given the significant strides my colleagues and | have made in mitigating misfit dislocation
mediated failure, efforts to identify and address more gradual degradation mechanisms will
likely become increasingly important. However, studying point defect based degradation

mechanisms via electron microscopy poses some unique challenges: point defects are, for all
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practical purposes, too small to be visible in an electron microscope. Nevertheless, studies
like those performed by Kondo et al. which employ both electron-microscopy based
techniques and other complementary measurements (e.g., deep level transient spectroscopy)
can be a source of significant insight.[165] Likewise, approaches such as EBIC, CL, and EL
will be useful in identifying areas where larger densities of dislocation loops may be present
for site specific analytical studies. This is because, although individual point defects are
rendered invisible in an electron microscope, point defect aggregates, whether in the form of
precipitates or dislocation loops, are not. Simple observation of the size, density, and location
of point defect aggregates can provide clues to the processes that occur during degradation.
Mukherjee et al., for example, reasonably postulated that the appearance of dislocation loops
near misfit dislocations and located in or immediately adjacent to highly compressively
strained quantum dots during device operation (Fig. 7.5), suggested that the loops may
themselves be tensile-strained.[50] As tensile strained dislocation loops are likely vacancy
type, it thus follows that the nearby misfit dislocation underwent climb by expelling vacancies

into the bulk.
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Figure 7.5 Plan-view STEM image showing dislocation loops that form climbed dislocations. Many
of the dislocation loops appear to form right above the compressively strained quantum dots,
suggesting they are tensile strained. Reprinted from K. Mukherjee et al., “Recombination-enhanced
dislocation climb in InAs quantum dot lasers on silicon,” J. Appl. Phys., vol. 128, no. 2, p. 025703,
Jul. 2020, doi: 10.1063/1.5143606, with the permission of AIP Publishing.

However, while we had previously anticipated that the nearby misfit dislocation
provided the point defect source for these loops, we identified similar features in subsequent
electron microscopy analysis of degraded QD lasers grown on GaAs, as shown in Figure 7.6.
TEM-based techniques such as “inside-outside” contrast analyses, although complex, may
provide a more conclusive answer to the make-up of these loops (i.e., are they a compressively
strained extra half plane of atoms or a tensile-strained missing one), but even once that is
determined, understanding their source may remain an open question. Nevertheless, varying
parameters such as laser geometry may be useful in understanding if factors such as sidewall
recombination play an important role in dislocation loop formation in native substrates lasers.
Further, as our results suggest that the degradation behaviors in lasers with misfit trapping
layers are qualitatively like those on native substrates, efforts to better understand the
degradation of QD lasers on GaAs are likely directly applicable to those grown on silicon

substrates. The reader should also note that although | have treated the degradation behaviors
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as essentially uniform processes in the preceding chapters, failure often occurs through highly
localized mechanisms. Thus, experiments taking advantage of techniques such as EL that
provide insight into site specific behaviors (e.g., failure at the facets or areas with high

densities of dark spots) will likely be increasingly important soon.

Figure 7.6 Annular dark field STEM image (acquired slightly off [001] zone axis to increase
dislocation contrast) of a group of dislocation loops in a degraded InAs quantum dot laser grown on
GaAs. The loops are identifiable here and in similar images by their increased contrast and decreased
size.

7.3 Summary

Although we rarely consider mechanical properties of semiconductor optoelectronic systems
and devices to the same extent as their optoelectronic properties, this work demonstrates that
mechanical properties can have significant impacts on their performance and reliability.

Likewise, by continuing to improve our understanding of them, significant improvements may
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be available, not only in this system, but likely in others as well. To that end, | have proposed
several rough experimental designs in the hopes of supporting future progress in this area. As
| expect that improving our understanding of degradation mechanisms in InAs QD lasers on
GaAs will become increasingly relevant, I have also highlighted a few potential experimental
directions that should help to move us towards that goal. It is my hope that these types of
experiments can continue to propel the field forward rapidly and that they continue to help us

answer difficult unsolved questions and help to provide novel solutions.
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