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Abstract

Crystal phase engineering is an exciting pathway to enhance the properties of conventional
semiconductors. Metastable SiGe presents a direct band gap well suited for optical devices
whereas wurtzite (WZ) phosphide alloys enable efficient light emission in the green spectral
range. Availability of these materials could profoundly impact electronics as well as solid-
state lighting industries. However, their synthesis in high quality and beyond nanowire size
constraints remained elusive, hampering both scientific and commercial exploitation.

In this thesis, we develop new approaches for metastable film growth to enable a platform for
robust material characterization and device fabrication. Metal-organic vapor phase epitaxy is
used to grow pure WZ nanowires and fins. To obtain planar layers, we explore two extensions
of this well-known technique. The first one is based on conformal epitaxy and enables the
use of standard (001)-oriented substrates. In this way, we achieve the controlled concurrent
epitaxy of stable and metastable InP. We further propose a variation of this approach by using
a nanowire as seed. This establishes a clear route for the synthesis of a large range of materials
as is exemplarily demonstrated for WZ GaAs films.

For the second technique we explore a method to enforce epitaxial lateral overgrowth on
(111)A-oriented substrates. This allows to deposit pure WZ InP layers on insulator exceeding
areas of 100 um?, the largest ever demonstrated. We conceive a nucleation-based model and
argue on a fundamental size limitation of metastable film epitaxy.

Further advancement of this process allows to directly grow metastable micro- and nanostruc-
tures, which are optically isolated from the substrate. The high quality and shape-control of
these crystals enables room-temperature lasing in WZ InP microdisks.

This thesis demonstrates the successful development of new concepts to synthesize metastable
semiconductors with pure crystalline phase and dimensions tailored towards planar device
fabrication. We expect our findings to significantly contribute to the realization of crystal
phase engineered electronic and optoelectronic devices.

Keywords: crystal structure e III-V semiconductors ¢ indium phosphide (InP) e wurtzite  poly-
typism e metal-organic vapor phase epitaxy (MOVPE) e metastable film e photoluminescence
e transmission electron microscopy (TEM) e room-temperature lasing






Zusammenfassung

Die Manipulation der Kristallphase ist ein spannender Ansatz um die Eigenschaften kon-
ventioneller Halbleiter zu verbessern. Metastabiles SiGe weist eine direkte Bandliicke auf,
ideal fiir optische Bauelemente. Phosphid-Verbindungen in der Wurtzit (WZ) Kristallstruktur
ermoglichen effiziente Lichtemission im griinen Spektralbereich. Die Verfiigbarkeit dieser
Materialien konnte bedeutenden Einfluss auf die Elektronik- sowie Beleuchtungsindustrie
haben. Deren Synthese in guter Qualitit und jenseits Gréssenlimitierungen von Nanodridhten
ist jedoch ausserordentlich schwierig.

In dieser Arbeit entwickeln wir neue Methoden, um metastabile Filme zu synthetisieren. Wir
verwenden metallorganische Gasphasenepitaxie um Nanodridhte und Lamellen in reiner WZ
Phase zu wachsen und entwerfen zwei Erweiterungen um planare Schichten zu erhalten. Die
erste basiert auf konformer Epitaxie und ermdglicht die Verwendung von (001)-orientierten
Substraten. Auf diese Weise bewerkstelligen wir die kontrollierte und gleichzeitige Epitaxie
von stabilem und metastabilem InP. Weiters schlagen wir eine Variation dieses Ansatzes vor,
indem wir einen Nanodraht als Kristallkeim verwenden. Dies ebnet den Weg fiir viele weitere
Materialien, was exemplarisch fiir WZ GaAs Filme gezeigt wird.

Fiir die zweite Methode untersuchen wir laterales epitaktisches Uberwachsen auf (111)A-
orientierten InP Substraten. Auf diese Weise kénnen wir die gréssten je gezeigten reinen
WZ Schichten mit mehr als 100 um? iiber einem Isolator abscheiden. Wir entwickeln ein
Nukleations-basiertes Modell, das eine fundamentale Gréssenlimitierung fiir das Wachstum
von metastabilen Filmen erklért.

Eine Weiterentwicklung dieses Prozesses erlaubt die direkte Synthese von metastabilen Mikro-
und Nanostrukturen, die optisch vom Substrat isoliert sind. Die hohe Qualitét dieser Kristalle
ermoglicht Lasing in WZ InP Mikrodisks bei Raumtemperatur.

Diese Arbeit zeigt neue Konzepte auf um metastabile Halbleiter in hoher Qualitédt und in
geeigneten Grossen fiir planare Fabrikationsprozesse herzustellen. Wir erwarten, dass unsere
Erkenntnisse bedeutsam zur Realisierung von Kristallphasen-manipulierten elektronischen
und optoelektronischen Bauelementen beitragen werden.

Stichworter: Kristallstruktur « III-V Halbleiter « Indiumphosphid « Wurtzit  Polytypismus
» metallorganische Gasphasenepitaxie « metastabiler Film ¢ Mikrodisk « Transmissionselek-
tronenmikroskopie « Raumtemperatur Lasing
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|§ Introduction

“Scientists discover the world that exists;
engineers create the world that never was.”

— Theodore von Karman

Throughout human history novel materials have been at the heart of technological progress
and cultural evolution. Be it through discovery or by advancement in understanding and
manufacturing, numerous examples exist in which the availability of new matter significantly
impacted the way humans lived and developed. It is thus not a coincidence that the prehistoric
periods of civilization have been classified into stone, bronze and iron age — with each new
era being brought about by a new material [1]. Many disruptive innovations that followed in
modern times were enabled by development of new substances. From steel to concrete, from
ceramics to glass, from polymers to synthetic fibers: the story of human progress is a story of
materials [2].

There is one class of matter that like no other has shaped technological advancement during
the last century — semiconductors. The availability of pure and crystalline silicon and ger-
manium, together with theoretical progress in quantum physics, has led to the development
of transistors in 1947 [3] and integrated circuits in the late 1950s [4]. The digital revolution
that followed impacted our lives in ways so deep that it has become difficult to imagine a
world without it. Computers, smartphones, telecommunication and the internet have driven
not only the globalization with all its implications [5]. From modern cars over solar cells to
medical equipment or GPS - digital electronics underpins practically everything we take for
granted nowadays in our interconnected digital world. No wonder this era has been named
silicon age [6].

More recently, ITI-V semiconductors have increasingly gained importance due to their superior
electronic and optoelectronic properties [7]. High electron mobilities enabled the develop-
ment of RF transistors that are used for example in transceivers for wireless communication [8]
or radar technologies [9]. Direct band gap transitions in many III-Vs such as GaAs or InP
further enabled the development of light emitting diodes (LEDs) [10] and semiconductor
lasers [11]. These devices are now the basis for optical fiber communication [12], which
constitutes a substantial part of all global data transfer [13]. The continuous development of



Chapter 1. Introduction

III-nitrides has revolutionized the lighting market by introducing energy-efficient blue and
ultraviolet LEDs [14, 15] thereby trimming the global energy consumption [16]. Besides the
plentiful examples of existing technologies, I1I-Vs and nanostructures made thereof are still
evaluated for novel applications so diverse that they include both high efficiency solar cells [17,
18, 19, 20, 21] and next generation qubits for quantum computing [22, 23, 24].

Today we see an increasing number of materials being studied and finding applications in
new technologies. The accelerated advancement in materials science is to a large part owed
to the fast progress in computational methods and simulations that help us to understand
and predict certain properties [25]. On the search of new matter, different avenues can be
followed. Screening possible combinations of elements is certainly one of them. A more
subtle approach is to rearrange the atoms in an existing material and thereby change its crystal
structure. In this way the physical properties of abundant and well-studied semiconductors
can be fine-tuned, while making only minimal changes to their chemistry, which provides the
advantage that established fabrication technology can still be used in existing fabs. We call
this approach crystal phase engineering and shall follow it during this thesis.

1.1 Crystal Phase Engineering — on the Search for New Materials

There are two basic parameters that define a material. The atoms from which it is constituted
and how these atoms are arranged in space. Many materials are formed from the same ele-
ments but have dissimilar crystalline structures, so-called crystal phases. This circumstance is
referred to as polymorphism [26, 27]. Polymorphs or allotropes, as they are called in elemental
crystals, can have substantially different physical properties as becomes clear by comparing
for example diamond with graphite [28]. For compound semiconductors, two predominant
forms exist: the cubic zinc-blende (ZB) and the hexagonal wurtzite (WZ) phase [29]. For each
material one form is thermodynamically preferred and is thus referred to as stable config-
uration or phase. However the activation energy for atomic rearrangement is so high, that
once the non-stable polymorph is synthesized it effectively remains stable under standard
conditions [30]. Hence, we will refer to the thermodynamically less preferred configuration
as metastable phase [31]. The formation of a metastable phase can for example take place
under extreme conditions. It took a meteorite impact to discover the WZ-like allotrope of
diamond in 1967 [32]. Lonsdaleite, as this material was named, has later been synthesized in
a controlled way [33, 34] and is now believed to be the hardest known substance [35, 36]. In
correspondence to the cubic diamond crystal structure (D) of elemental semiconductors we
will refer to their hexagonal phase as lonsdaleite (LD) [37].

Many metastable phases of conventional semiconductors have been theoretically predicted
to exhibit beneficial properties compared to their stable counterparts. I1I-Vs for example, are
known to be efficient light emitters in the infrared [38] and red [39], however their performance
drops drastically upon approaching the orange-yellow wavelength regime [40]. The underlying
reason is the indirect nature of AIP and GaP and the related band crossing of InAlGaP at Al-
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or Ga-rich conditions [41]. In contrast, theory predicts that the entire composition spectrum
of the metastable WZ InAlGaP compound exhibits a direct band gap transition [42]. This
class of materials could thus provide a solution to the so-called green gap problem — the lack
of efficient light emitters in the center of the visible wavelength regime [43, 44, 45]. This
circumstance is best described in Fig. 1.1, which depicts band gap energies along with the
tunable direct range for conventional semiconductors in stable and metastable phases.
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Figure 1.1 | Band gap energy of commonly used elemental and compound semiconductors for the
cubic and hexagonal phase. Hexagonal materials generally offer a wider range of direct band gap. Data
taken from [42, 46, 47, 48, 49].

[II-nitrides on the other hand, in their stable WZ phase, are known to be plagued by strong
internal electrical fields [50]. GaN/InGaN heterostructures, such as they are commonly used
in blue LEDs, are consequently susceptible to the so-called quantum confined Stark effect, the
spatial separation of electron and hole wavefunctions within a quantum well [51, 52, 53]. As
a result their efficiency decreases, especially upon increasing the indium content, which is
necessary to obtain a band gap that allows for green emission [54]. ZB IlI-nitrides could pose
another solution to the green gap problem, due to the predicted absence of internal electrical
fields in this crystal phase [55, 56].

The integration of a material that exhibits efficient interaction with light into the mature
CMOS technology is of enormous technological interest. Optical interconnects could provide a
possible solution to the interconnect bottleneck that is limiting the performance of state of the
art integrated circuits [57]. Tremendous efforts are being made to demonstrate integration of
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active III-V devices on Si, either through direct growth [58] or wafer bonding [59]. Undoubtedly,
a much more elegant approach would be to use Si itself to build these device, however Si
and the technologically compatible SiGe alloys are all indirect band gap semiconductors that
cannot emit light efficiently. At least this is true for their stable cubic crystal phase. Theory
predicts that Ge, and with it Ge-rich SiGe alloys, become direct upon phase-change to the
LD structure [60, 61, 62], as illustrated in Fig. 1.1. Hence, they are an ideal system to unite
electronic and optoelectronic functionalities on a single chip.

Promising theoretical predictions have triggered intense research interest in synthesizing these
metastable materials. Large progress was made especially by using the physics of nanocrystals
which are elongated along one dimension — so-called nanowires (NWs). The challenge resides
on the growth in a phase-controlled way, which allows for effective crystal phase engineering
of optoelectronic properties.

1.2 State of the Art — Synthesis of Metastable Crystal Phases

Soon after the vapor-liquid-solid growth (VLS) mechanism was described by Wagner and Ellis
in 1964 [63], it has been observed that many of the III-V materials grown by this principle
exhibit an unusual crystal structure. InAs NWs or whiskers, as they have been called back then,
crystallized in the metastable WZ phase that switched back to ZB upon annealing to 800°C [64].
Since then, tremendous advances were made both experimentally as well as theoretically. A
large range of metastable materials can now readily be synthesized with high quality by VLS,
including most commonly used binary materials as indicated in Tab. 1.2. IlI-antimonides
and elemental semiconductors show less phase-control due to their lower ionicity as will be
explained in Section 2.6. Instead these materials have often been synthesized by transferring
the crystal structure from a core NW to its shell. This has proven especially successful in
the case of SiGe alloys, which can now be grown in very high quality [65, 66]. Increasing
understanding of the growth dynamics helped to develop accurate models that describe the
role of the catalyst for the formation of WZ I11-Vs [67, 68, 69, 70, 71, 72, 73]. This knowledge
is now used for controlled switching between stable and metastable crystal phases to create
heterostructures with interesting properties [74, 75, 76, 77, 78, 79]. The deliberate synthesis of
twinning super lattices with long-range order in InP [80], InAs [81, 82] and GaAs [83, 84] further
demonstrates the superior crystal phase control that can be achieved by this technique.

Even though ZB IlI-nitrides have been synthesized by VLS, other techniques have proven more
useful to stabilize the cubic crystal structure. By using GaAs(001) substrates it has been shown
that the crystal phase can be effectively transferred to a GaN film, despite the large lattice
mismatch [85]. As indicated in Tab. 1.2, related materials soon followed. To bring cubic nitrides
closer to application, efforts have shifted towards the direct growth on Si substrates [86, 55].

Using the same principle for stabilizing the hexagonal phase in III-V materials seems more
difficult. To the best of our knowledge, only one study exists in which highly defective WZ InAIP
has been grown on m-plane GaN substrates. However, significant advances were made in the
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catalyst-free synthesis of InP [105] and related ternaries such as AlInP [106] and InGaP [107],
which can be seen as an intermediate step concerning technological maturity. By growing
InP fin structures [108], the first steps towards large-area substrates were made, however still
lacking a planar geometry as desired for many device applications.

Table 1.2 | State of the art of metastable crystal growth in semiconductors (ZB for III-N, LD for IV, WZ
otherwise), divided by technique and material system. VLS includes self catalyzed growth. Shell growth
refers to the crystal structure transfer from a metastable core NW. Catalyst free growth includes any
technique without catalyst particle that does not result in planar films. Green background color stands
for high crystal phase control for a large range of materials with good crystalline quality. Yellow indicates
either alimited amount of materials or less phase control. Red colored entries show metastable material
formation only locally or with large amounts of defects. Typically only one source is given for each
material, even though in many cases multiple independent studies exist. For missing entries no
appropriate source has been found.
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1.3 Epitaxy Strategies for Metastable Films — beyond Nanowire Size
Constraints

Nanowire growth is undoubtedly the technique which is most explored and versatile for the
synthesis of metastable phases. For many applications such as solar cells [142], chemical sen-
sors [143] or quantum devices [144], their unique properties have also distinctive advantages.
To explore the rich potential of these new materials however, larger crystals are required, for
example to form high quality optical cavities. A planar form factor is especially desirably, as
it allows for conventional fabrication of lateral devices using state of the art processing and
lithography techniques. During this thesis we will develop two distinctive approaches that

nanowire fin planar film on insulator

N RE

Y Y Y
state of the art chapter 4 chapter 5, 6

Figure 1.3 | From nanowire to film growth — new epitaxy strategies developed during the course of
this thesis. Selective area epitaxy of nanowires and fins is used as basis for more advanced techniques
that result in metastable films. Bottom row depicts SEM images of WZ InP structures that have been
synthesized throughout this research project.
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allow for the formation of metastable planar films on insulator. Starting from state of the art
selective area growth techniques that result in NWs and fins we explore the usage of a capping
oxide and zipper-points to induce lateral overgrowth as indicated in Fig. 1.3. The challenge is
to form and stabilize a metastable phase in such layers. Special care needs thus to be taken
on crystalline directions, the formation of particular facets during growth and the reactor
conditions.

1.4 Scope and Structure of this Thesis

In the framework of this thesis we will investigate phase transitions in nanostructures, what
triggers their formation and how they can be stabilized. The objective is to develop new
epitaxy strategies for the synthesis of metastable materials in layers that are compatible to
conventional semiconductor processing techniques, thus bringing them closer to application.
Even tough the main goal is to grow high quality material that is useful for device applications,
the availability of such phases in form factors in which bulk properties dominate is also very
interesting from a fundamental point of view. For the first time certain properties of metastable
semiconductors can be tested unambiguously. Special emphasis is given to optoelectronic
properties, which are particularly promising. The demonstration of lasing in WZ InP is a large
step towards device applications and will be a further proof of the high material quality that
has been achieved. To explore properties of LD group IV materials, a collaboration with the
E.PA.M. Bakkers group at TU Eindhoven has been established. Large area WZ films should
serve as a virtual substrate for crystal phase transfer to SiGe alloys in analogy to shell growth on
NWs. During the following chapters we will introduce the theoretical background needed to
carry out this research project, followed by detailed descriptions of the applied experimental
methods and obtained results. In particular this thesis is structured as follows:

Chapter 1: Introduction

In the first chapter the topic has been introduced and placed in a wider scientific context.

Chapter 2: Semiconductor Crystals in Stable and Metastable Phases

The second chapter provides a theoretical overview of crystal structures and defects in semi-
conductors. We will address peculiarities of metastable crystal phases, their properties and
how they can be synthesized, with special focus on wurtzite III-V materials. Various growth
techniques are reviewed and first strategies towards film formation developed.

Chapter 3: Experimental Methods

In this chapter the experimental methods which are relevant for this thesis are presented.
Starting from substrate preparation, we will discuss crystal growth and in particular address
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considerations for synthesis of metastable phases. Further, the main characterization tech-
niques applied in this research project will be reviewed.

Chapter 4, 5 and 6: Results and Discussion

Chapter 4-6 provide the main results of this thesis. Chapter 4 is dedicated to describe con-
formal epitaxy as a first strategy for metastable film formation. In particular the effects of
selecting confined growth planes will be explored as a basis for understanding phase transi-
tions during film epitaxy. The most important result is the concurrent and defined formation
of zinc-blende and wurtzite layers with high quality, during the same growth run. Chapter 5
introduces zipper-induced epitaxial lateral overgrowth as another avenue to grow metastable
layers. In this work we will explore the size limitations and demonstrate the largest ever grown
WZIII-V crystals. A theoretical model is developed to explain our experimental observations.
Chapter 6 is dedicated to explore possible device applications for metastable materials. A
growth platform is developed which allows for precise positioning of microdisks and related
geometries, combining advantages of top-down with bottom-up techniques. Optical isolation
of these structures allows for demonstration of the first WZ InP microdisk laser operated at
room temperature. For every chapter we first give a short introduction, followed by an article
which has been published in a peer-reviewed scientific journal.

Chapter 7: Conclusion and Outlook

The last chapter provides a conclusion of the thesis followed by an outlook for future develop-
ments.



¥4 Semiconductor Crystals in Stable and
Metastable Phases

“Nothing in life is to be feared, it is only to be understood.
Nouw is the time to understand more, so that we may fear less.”

— Marie Sktodowska Curie

This chapter provides the fundamentals of crystal structures, physical properties and epitaxial
growth of semiconductors. We will address peculiarities of metastable crystal phases, their
properties and how they can be synthesized, with special focus on wurtzite III-V materials.
This chapter is not exhaustive, it rather focuses on certain topics that are relevant for this
thesis and motivates the results which will be presented in chapters 4-6.

2.1 Crystal Structure

One of the main objectives of this thesis is to explore the synthesis and properties of metastable
crystal phases in semiconductors. A basic understanding of the crystallography of this kind
of matter is therefore crucial in order to obtain insights on what drives their formation and
why their properties differ from their stable counterparts. There are two predominant crystal
structures to consider: Zinc-blende and wurtzite. As depicted in Fig. 2.1 they are described
using two different Bravais lattices and base sets per unit cell. The ZB structure can be defined
by one lattice parameter ap, which corresponds to the edge length of its cubical unit cell. The
lattice consists of two interpenetrating face-centered cubic (FCC) sublattices shifted by v/3azp
along the diagonal. A base set of two atoms defines the population of these sublattices, such
as e.g. In and P for indium phosphide (InP). In the case of an elemental semiconductor like Si
or Ge, both atoms are of the same type and the corresponding crystal structure is referred to
as diamond.

WZ on the other hand, is created from a base set of four atoms associated with a hexagonal
lattice. Two lattice parameters are required to define this structure: ayz being the edge length
and cyz being the height of the parallelepiped depicted in Fig. 2.1(b). The internal parameter
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uwyz defines the bond length along the c-axis. For an ideal unit cell, the ratio of cyz and awz
calculates to cwz/awz = v8/3 and the internal parameter uy; has a value of uy = 3/8c.
Each of the two individual atom types forms a sublattice of the type hexagonal close-packed
(HCP). WZ crystal structure is favored by some III-nitrides, such as gallium nitride (GaN) and
II-VI compounds, such as zinc oxide (ZnO) [145]. Elemental semiconductors adopting this
configuration have been experimentally verified only recently in the form of NWs [146, 134,
141, 147]. In this case we call their crystal structure lonsdaleite, named after the corresponding
allotrope of carbon [32, 46].
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(a) zinc-blende (b) wurtzite

Figure 2.1 | Unit cells of (a) zinc-blende and (b) wurtzite crystals along with their lattice parameters
and internal parameter uy. Yellow and green spheres represent atoms of group III and V, respectively.
Bold lines indicate nearest-neighbor bonds. Atoms highlighted in red constitute the base set of the
primitive unit cell.

Despite the fundamentally dissimilar crystal families — cubic and hexagonal - of the ZB and
WZ structures, they have very much in common, which becomes more evident when we orient
the cubic (111)-direction along the z-axis as it is done in Fig 2.2. Looking at pairs of vertically
aligned atoms, the remaining difference of these two structures resides on the bilayer stacking
sequence along the so-called c-axis ((111) for ZB and (0001) for WZ, respectively). Whereas
WZ follows an ABAB. .. stacking, ZB alternates between ABCABC... in a periodic way. Note
that also more complicated stacking sequences exist e.g. in silicon carbide (SiC) [148]. In
theory, all of these polytypes have equal bond lengths and bond angles between the nearest
neighbors, which results in tetrahedrally coordinated atoms. Under this assumption the ideal
lattice constants of WZ can be calculated for a given material [42]:

azp _2ayzp

awz = —, Cwz = —— (2.1)
wz 2 wz V3

However, the slight changes in the stacking order result in very different symmetry properties.
7B has four threefold axes of rotation, which correspond to the (111) room-diagonals of the
cubical unit cell. The WZ lattice on the other hand only has one axis with threefold rotational
symmetry — (0001). This has two important consequences: (1) The lower symmetry of the WZ
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configuration together with the ionic bonding forces causes a shift of the individual atoms
along the c-axis, which is described by using deviating cyz/ awz-ratios and uwz-values [149].
This has been experimentally verified [150] and is known to be the source of spontaneous
polarization along the (0001)-direction, which is not occurring in the ZB phase [151, 152].
(2) As a consequence the crystal field splitting results in a splitting of the valence bands for
heavy and light holes at the I'-point [153].
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Figure 2.2 | Overview of crystal structures in cubic (3C) and hexagonal (2H) symmetries for elemental
and compound semiconductors. As opposed to Fig. 2.1(a), cubic symmetries are represented in
an alternative way to highlight their similarities with the closely related 2H-family. The remaining
difference is defined by the atomic bilayer stacking along the [111] or [0001] direction (ABC...vs.
ABAB...). The crystal phase can be changed along this axis as exemplified in an HR-STEM image of
polytypic GaAs.

A direct way to assess the crystal structure of semiconductor materials is by high-resolution
scanning transmission electron microscopy (HR-STEM). If the zone-axis is aligned with a
(110)-direction for ZB or a (1120)-direction for WZ, the stacking sequence perpendicular
to this direction can be visualized directly. It should be noted that in a ZB structure, if the
bilayer order is altered along another (111)-direction that is not perpendicular to the selected
(110)-axis, the stacking sequence can not be observed unambiguously. The right hand side
of Fig 2.2 depicts a micrograph of a polytypic GaAs crystal. The lower half shows the typical
ABAB... stacking for WZ, whereas the upper part clearly depicts a ZB crystal with 3 alternating
bilayers (ABC...). As this is a single image, it demonstrates the possibility of WZ and ZB phases
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to coexist in a crystal with epitaxial relationship as long as this transition occurs along the

c-axis. This property will be important when we will address growth and in particular phase
transformations and phase transfer along specific growth orientations.

2.2

Defects

Until now, we have addressed the structural properties of ideal crystals. However in reality the

arrangement of atoms in a lattice is not perfect and so called crystallographic defects exist.

These imperfections are usually classified by their dimension into point (0 D), line (1 D), planar
(2 D) and volume defects (3 D) [154]:

(0D)

(1D)

2D)

(3D)

Point defects occur only around a single point in the lattice, without extending into
space in any dimension. Typical examples include vacancy and interstitial defects, with
a missing or an additional atom, respectively.

Line defects are lines through the crystal along which crystallographic registry is lost. It
can be distinguished between edge and screw dislocations depending on whether the
crystal planes are shifted perpendicular or parallel with respect to the defect line. In
the case of heterojunctions, misfit edge dislocations are commonly found, originating
from the lattice mismatch at the interface during epitaxial growth. They have a critical
impact on the electrical performance of semiconductor devices and are thus highly
undesirable.

Planar defects (PDs) include grain and antiphase boundaries (APBs), stacking faults
(SF) and rotational twins (RTW). In ZB and WZ structures the latter two are especially
important, because they can be easily formed along the stacking axis of the crystal. A SF
is a local interruption in the stacking sequence. It can either be extrinsic when a layer is
added (ABCBABC...) or intrinsic when one is missing (ABC BCABC...). In both cases
the stacking order remains unaffected after the SE A RTW in contrast induces an inver-
sion of the ZB sequence around a so called twin plane (ABCACBA...), as schematically
shown in Fig. 2.3. Note that even though the crystal structure is still ZB after the defect,
a short WZ segment around the twin plane is formed. Hence, if such a RTW occurs at
every stacking layer the crystal type changes completely from ZB to WZ [155]. From a
geometrical point of view, a RTW can be seen as a rotation of the crystal by 60° around
the (111)-axis, thus maintaining the polarity in contrast to a mirror twin, which induces
an antiphase boundary at the interface.

Volume defects are three-dimensional macroscopic or bulk defects. They are typically
classified into precipitates (sub-micron particles), dispersants (intentionally introduced
particles with a few micron in size), inclusions (undesired macroscopic particles) and
voids (holes formed by trapped gases).

It is important to control all these imperfections, as they can significantly affect the physical
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properties of the material and act as preferred sites for impurities or high diffusivity paths
for dopants. The occurrence of SFs and RTWs can be seen as the transition from a cubic to a
hexagonal phase. Manipulating them in a controlled way is therefore considered as one of the
key elements for this thesis.

twin 1

Figure 2.3 | Twinning in III-V semiconductors. When two opposite twin orientations of ZB are com-
bined, the common plane A is referred to as twin plane. An HR-STEM image depicts such a planar
defect in an InP crystal. As opposed to GaAs depicted in Fig. 2.2, the size difference between In an P
atoms is clearly noticeable.

2.3 Electronic Band Structure

The electronic band structure of a solid describes the energy range that is available for electrons
moving within that material. This energy-momentum (E-k) relationship is one of the most
important concepts in solid state physics and indispensable especially to study semiconductor
physics. Many electrical, optical, and even some magnetic properties of crystals can be
understood in terms of the band structure. For example it is useful to explain interactions with
photons and phonons, where energy and momentum have to be conserved [156]. Being able
to tune the band structure of conventional materials is therefore a powerful tool for material
scientists to enhance their properties and create new functionalities. Without modifying the
composition of the respective material this can be achieved by inducing changes in the crystal
symmetry, for example by applying strain, which essentially fine-tunes the atom-spacing
within the lattice. Modifications under tensile or comprehensive strain are routinely exploited
in order to improve the carrier mobility of Si(Ge) metal-oxide-semiconductor field-effect
transistors [157, 158] or to modify the optical properties of I1I-V compounds [159, 160, 161]. In
this work, we will address another way to alter the crystal symmetry of known materials. We
synthesize them in a metastable phase. How this affects the electronic band structure will be
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one of our main research questions.

To derive the band structure of a crystalline solid, the Schrodinger equation needs to be
solved. This calculation constitutes a highly complex many-body problem for ZB and WZ
crystal symmetries and solutions are obtained only by using a number of simplifications. For
example, the valence electrons are considered individually and separately from the nuclei and
the core electrons. Further, an average potential V (r) arising from the ionic lattice is treated
as periodic in space with the crystal periodicity. The Bloch theorem states that under these
assumptions the solutions for the wavefunction v (r, k) of the Schrédinger equation

2

2 —
e Ve+ V() |y k) = ERyr k) (2.2)

are of the form of the Bloch function [156]

w(r,k) = exp/*T Uy (r, k) (2.3)

where b is the band index. From the Bloch theorem, it can be shown that the solutions of the
energy E(k) are periodic in the momentum space. In order to visualize the band structure of
a crystal it is thus useful to look at the reciprocal lattice, that is, the Fourier transform of the
crystal lattice in real space. As E(k) is periodic in the reciprocal lattice it is sufficient to consider
the primitive cell, the smallest unit cell that represents the entire symmetry. The Wigner-
Seitz construction is typically applied in order to obtain this so-called first Brillouin zone.
Fig. 2.4 shows the Wigner-Seitz unit cells for FCC and HCP lattices, which correspond to the
first Brillouin zones of ZB (and D) and WZ (and LD), respectively. High symmetry points at
the surface are indicated by capital letters and the center is labeled with the Greek letter I'.
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Figure 2.4 | First Brillouin zones for (a) FCC and (b) HCP crystal symmetries. ZB and D have the
FCC-type Brillouin zone, whereas WZ and LD can be described with the HCP-type. Letters indicate
high symmetry points at the surface, and red arrows the direction of the crystal stacking axis.
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Electronic band structures are typically plotted along lines that connect high symmetry points
within the Brillouin zone [162].

The electronic band structure of III-V semiconductors has been studied theoretically using a
variety of numerical methods yielding different levels of accuracy. The most frequently applied
techniques include the orthogonalized plane-wave [163], the pseudopotential [164] and the
k- p method [165]. Fig. 2.5(a) shows results on the band structure of ZB InP. In this study a
modified Becke-Johnson exchange potential was used in combination with the local-density
approximation [166]. As every semiconductor, ZB InP has a so-called band gap (BG) — an
energy range in which no allowed states exist. The corresponding band gap energy Eg is one of
the most important parameters for semiconductors and can be of direct or indirect nature. ZB
InP has a direct BG with a band gap energy ranging from 1.42 to 1.34 eV for temperatures from
0 to 300 K. The two highest valence bands are degenerate at the I'-point but have dissimilar
curvature. Because the curvature of the approximately parabolic shape defines the so-called
effective mass, they are referred to as light and heavy hole bands.
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Figure 2.5 | Electronic band structure of (a) ZB [166] and (b) WZ InP [42], represented along high
symmetry directions of the Brillouin zone. The zone-folding from the L to the I'-point can be seen
clearly.

Up to now, group IV and III-V semiconductors are experimentally available exclusively in one
of the two introduced crystal phases as bulk materials. However it is well known, mainly from
theoretical predictions [48, 37, 46, 42, 30], that their physical properties change significantly
when their crystal phase is changed. For example, the mechanical stability of lonsdaleite
(the hexagonal polymorph of C) is considerably higher than that of conventional cubic dia-
mond [36]. From recent band structure calculations we also know that many of their electrical
and optical properties differ significantly. However unlike stable D group IV and ZB III-V
compounds, which have been extensively studied over decades, the band structure (and in
some cases even the mere existence [167]) of their hexagonal counterparts is still under debate
in the scientific community.
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One of the most comprehensive theoretical studies on both hexagonal group III-V [42] as well
as group IV [30] semiconductors was carried out by Amrit De and Craig E. Pryor in 2010 and
2014, respectively. In essence, they calculate the band structure of these polytypes based on
an empirical pseudopotential method with spin—orbit interactions assuming ideal WZ/LD
structure. As an example, the calculated band structure of WZ InP is plotted in Fig. 2.5(b).
In this study, a direct BG with E; =1.47 eV was found [42]. Newer theoretical investigations
predict 1.58 eV for the same parameter [168], whereas experimental results show values
between 1.41 eV at room temperature [169] and 1.491 eV at 4 K [99]. As briefly mentioned
before, due to the lower symmetry of the WZ crystal structure, heavy and light holes are split
at the I'-point and separated by around 63 meV [42].

To understand the relations between the ZB and WZ band structure, we can investigate how the
crystal symmetries relate to each other. By describing the ZB structure in a hexagonal unit cell
as it was shown in Fig. 2.2, it is possible to establish equivalences between the high symmetry
points in the Brillouin zone of the two crystal symmetries. One of the most prominent features
that arises from this consideration is that the L-point is zone-folded back to the I'-point in
WZ as can be clearly seen when comparing the two band structures in Fig. 2.5 [42]. This has
important consequences. For example, that semiconductors with an L-valley conduction
band minimum are expected to have a direct gap in the WZ phase. This effect is observed for
example in LD Ge, as will be shown later. Another similarity that can be established from this
consideration is the fact that the I' — L symmetry line in ZB corresponds to the I' — A line in
WZ, as these are the c-directions of the crystal (compare Fig. 2.4).

A parameter that can not be directly deduced from the band structures (because they are
normalized to the maximum valence band energy) is the valence band offset between ZB
and WZ crystal phases. This parameter is especially important when investigating ZB/WZ
heterostructures and characterizing their electrical transport properties. For InP, the reported
band offset varies significantly between 0.11 eV [169] and 0.45 eV [170], however there seems
to be a consensus that WZ InP has a higher valance band energy than its ZB counterpart. Given
the larger BG of WZ InP, this results in a type II band alignment which favors the localization
of electrons in ZB and holes in WZ. At least this is the case for bulk materials. Zhang et al. [171]
reported that for NWs with sufficiently small diameter the band alignment changes to type I.
This result points out the opportunity to create quantum wells with confinement of both
carriers in the same spatial region. Other parameters that differ considerably between ZB
and WZ InP are for example the effective mass [172] or the oscillator strength for the optical
transition at the I'-point [173]. We will address some of these dissimilarities in Chapter 4.

We will now look at basic properties of other group III-V and IV materials in their thermo-
dynamically less stable hexagonal phase. As mentioned before, one of the most important
parameters to consider for semiconductors is the band gap energy E, along with the nature
of the BG - direct or indirect. Fig. 2.6 shows the predicted band gap energies of hexagonal
semiconductors obtained in reference [42] and [30] along with literature values of their cu-
bic counterparts. Significant changes in the energy value can clearly be seen for a range of
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materials. Most remarkably, GaP, AIP, AlAs and AlSb, all indirect in ZB phase, become direct
semiconductors when their crystal phase is transformed to WZ. This has been experimentally
verified for GaP [98] and for InAIP [106, 109]. As is also visible from this diagram, conventional
ZBIII-V semiconductors lack a direct BG as they approach the yellow-green wavelength regime.
This circumstance is referred to as green gap’ in literature [43] and prevents the fabrication
of efficient green LEDs or laser diodes. WZ I1I-V semiconductors could present a solution to
this shortcoming, however they remain difficult so synthesize. The parameters plotted on the
x-axis of the diagram in Fig. 2.6, are the lattice constants a7 and azg. The lattice constant is
important to consider as it determines (along with the thermal expansion coefficient [174]) the
growth compatibility of different materials. In this diagram, a2 and ap are directly related
to each other assuming ideal WZ lattice constants (Equ. 2.1). For heterostructures involving
dissimilar crystal phases, one needs to take this relationship into account. For example, ZB
InP is naturally compatible with WZ InP, even though the nominal lattice mismatch is around
30%. Typical hexagonal substrates such as GaN (3.19 A [175]) or 2H SiC (3.07 A [174]) are
however still far from lattice matched to WZ I1I-Vs. Even InN, being the material with the
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Figure 2.6 | Band gap energy plotted against lattice constant for III-V semiconductors in ZB and WZ
phase as well as Si and Ge in D and LD phase. It is indicated whether the nature of the BG is direct
or indirect. awz (top axis) and azp (bottom axis) are related by Equ. 2.1. The right axis depicts
the wavelength of a photon with the corresponding energy, and the background is colored in the
appropriate color. Data taken from [42, 30].
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largest unit cell among the I1I-Ns, has a lattice constant of only 3.5 A [175], and therefore fails
to be compatible with hexagonal GaP (a2 =3.85A) or Si (a p =3.84 A).

Not only certain group III-V materials change the nature of their band gap, but also Ge is a
direct semiconductor in its LD phase due the band folding of its conduction band minimum
from the L to the I" point [60]. The predicted band gap energy varies in different publications:
-0.13 eV (metallic) [61], 0.23 eV [62], 0.29 eV [60], 0.31 eV [30], 0.32 eV [176], 0.48 eV [46]. In any
case, such a small band gap would result in an emission in the infrared, far from telecom optical
wavelength bands [177]. Fortunately, alloying with the indirect LD Si, allows for increasing
the direct BG energy. Fan et. al predicted a transition at the I'-point up to a composition of
Sip.25Geg.75 with Eg = 0.76 eV [46]. Newer calculations [66] even predict that LD Si; xGeyx has
a direct BG for a composition of x > 0.65, however reaching a similar energy of 0.7 eV as it is
shown in Fig. 2.7. This gives great promise for group IV light emitters integrable with CMOS
technology as they are desired for optical on-chip applications. However, the synthesis of LD
SiGe remains extremely challenging and was so far only achieved by transferring the crystal
structure from a WZ III-V NW [65, 66].
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Figure 2.7 | Electronic band structures of LD Si and Ge along with the minima at various high symmetry
points for LD Si;.xGey as a function of Ge content. Adapted with permission from [66]

The electronic band structure of various materials and the properties that result directly from
it will follow us through the course of this thesis. We will for example be able to distinguish ZB
and WZ InP by looking at the photoluminescence from its direct transition at the I'-point or
draw conclusions on the oscillator strengths by assessing the carrier lifetime.

2.4 Epitaxial Growth

The synthesis of semiconductor materials with high purity and single crystalline quality is
one of the main achievements that enabled the electronic revolution we have seen in the
past decades and is commonly referred to as crystal growth. There are several techniques
by which crystals can be grown. Large boules of Si, for example, can be pulled from a melt
and are later sliced into so-called wafers that serve as basis for the majority of electronic and
optoelectronic devices. Using suitable substrates, crystalline thin films can be deposited in a
process called epitaxy, originating from the Greek roots epi (above) and taxis (in an ordered
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2.4. Epitaxial Growth

manner). It is differentiated between homo- and hetero-epitaxy, for the growth of the same or
another kind of material, respectively. In any case it is crucial to obtain a defined relationship
between the substrate and the grown material in order to call the deposition epitaxial. Various
techniques can be used such as molecular beam epitaxy (MBE), liquid phase epitaxy (LPE) or
metal-organic vapor phase epitaxy (MOVPE). MBE is an ultrahigh vacuum (UHV) process in
which pure source materials are evaporated in effusion cells and condensed on the growth
substrate in a controlled manner. The limited scalability of MBE combined with the high costs
and low throughput makes it a process that is mostly applied for research purposes rather
than industrial production. In contrast, LPE is a method to grow semiconductors from the
melt on solid substrates. Its low cost and simplicity makes it attractive for some commercial
applications that do not require sharp interfaces or thickness uniformity [178, 179, 180].
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Figure 2.8 | Schematic representation of MOVPE for III-V growth. H, gas is bubbled through metal-
organic precursor liquids and led into the growth reactor. A shower head distributes the precursor-
containing gas over the substrate, which rotates at high speed. High temperature triggers the decompo-
sition of precursor gases on the substrate surface and epitaxial growth occurs.

The technique applied in this thesis is MOVPE, for which the principle is described in Fig. 2.8.
Liquid metal-organic precursors are stored in metal bottles, so-called bubblers which are kept
in temperature-controlled baths. Various precursors exist to deposit materials using MOVPE.
In this work, we use a reactor equipped with trimethylindium (TMIn), tertiarybutylphosphine
(TBP), trimethylgallium (TMGa) and tertiarybutylarsenine (TBAs), among others. Two pipes
enter the bubbler from the top, the inlet extends to the bottom of the container whereas the
outlet does not enter the liquid material. To extract the precursor from the bubbler, H, gas
isinjected from the inlet, bubbled through the liquid material and extracted from the outlet
pipe. The amount of the metal-organic chemical that is carried by the H; carrier gas can be
quantified using the following expression [181]:

Py O(T)

®MO [mmol/ min] = 0.0446
Poubbier = Py (1)

(I)gz [cmglmin] (2.4)

where @52 is the volume flow of H, through the bubbler, py,ppier is the total bubbler pressure

19



Chapter 2. Semiconductor Crystals in Stable and Metastable Phases

and pMO(T) is the vapor pressure of the metal-organic chemical. pM°(T) can be further
expressed as

B
log (pX°(1)) =A== (2.5)

where A and B are empirical values specific for each chemical and T is the bubbler temper-
ature. While T and pp,ppier are usually kept constant, the amount of precursor material is
determined by adjusting the flow (Dgz individually for each bubbler. This can be done by using
amass flow controller (MFC) at the input line as depicted in Fig. 2.8. The outlets of all bubblers
are connected before they are guided to the growth reactor where they are further diluted with
H, gas. A shower head provides for equal flow conditions on the substrate, which is mounted
on a so-called susceptor. The susceptor is rotated at high speed (~1000 rpm) and heated up
to temperatures of ~750 °C. The reacted and remaining unreacted gases leave the chamber
through an exhaust line which leads into a chemical scrubber. The reactor pressure is typically
kept comparably close to ambient pressure (e.g. the Veeco P-125 system used in this thesis is
operated at 80 mbar). The second important parameter during growth (besides the molar flow
of the precursor materials) is the temperature of the substrate, which can be monitored by
pyrometers that are mounted next to the shower head.

Group III and V atoms are released from the precursor gases through thermal decomposition
in the MOVPE. This so-called cracking process can happen homogeneously in the vapor
phase or heterogeneously on the substrate surface. The latter is typically preferred during
epitaxy [182]. In the case of InP growth, the cracking reaction for TMIn and TBP can follow the
following steps [183, 184]:

(C4H9) PH, — C4Hg9+ PH,
C4Hg+ (C4H9) PH, — C4H)o + (C4H9) PH
(C4Hg) PH — C4Hg + PH
C4Hy9— C4Hg+ H

In(CH3)3—> CH3+IH(CH3)2
In(CH3)2—» CH3+[I’I(CH3)
In(CH;3) — CHz+ In

PH is then believed to decompose heterogeneously on the surface to P, and H [184]. The
details of the reaction steps are however controversially discussed in literature [185, 186,
187]. Taking into account multiple precursors and heterogeneous surface reactions, these
processes can become even more complex, various decomposition mechanism can run in
parallel, influence each other or depend heavily on the growth temperature [188, 189]. In
general, MOVPE is a highly complex process and as a result many growth studies are carried
out largely empirically, giving crystal growth the appearance of an art [190]. Not all aspects
of the growth process are thoroughly understood, however models exist which are able to
predict the performance of MOVPE in dependence of certain growth parameters. For example,
various growth regimes can be distinguished. At low temperature, the precursor gases do not
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2.4. Epitaxial Growth

react entirely and the process is limited by reaction kinetics. In this regime, the growth rate is
dependent on temperature, but also for example on the orientation of the substrate. At higher
T, the growth rate is determined by mass-transport because precursor gases decompose
efficiently and completely on the surface. This is the regime where MOVPE reactors are
typically operated.

The growth temperature however does not only determine the decomposition efficiency,
but also for example the surface diffusion length of adatoms of the different growth species
before they incorporate into the crystal. It is important to consider these effects, especially
for selective growth techniques which will be discussed later. Other parameters include the
absolute and relative partial pressures of the precursor materials, which is often referred to as
V/II ratio. These parameters will play a significant role on the quality of the grown crystal.
Understanding and controlling them will thus be vital for this work.

Besides the reactor conditions, the quality and type of the substrate material will determine
the outcome of a growth experiment. Not only the orientation, which is typically a high
symmetry plane such as (001) or (111) or a defined angular miscut from such a plane, but also
surface roughness, oxide formation or other contaminations will influence the quality and
morphology of the grown crystal. Further, different crystal structures such as D and ZB, even
though highly similar, show discrepancies in their symmetry. Because III-V compounds are
binary, their mirror symmetry is broken along the {111} directions and two discriminative {111}
directions with opposite polarity exist. We refer to the two polarities as A- or B-type depending
on whether the surface termination is by group III or group V atoms, respectively [191, 192].
This has important consequences for the hetero-epitaxy of polar on non-polar materials,
because they can nucleate with two different orientations [193]. As shown in Fig. 2.9(a), such
an epitaxy can result in APBs, where atoms of the same type are connected to each other.
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Figure 2.9 | Antiphase boundary formation for crystal structure mismatched epitaxy. (a) Two ZB nuclei
with opposite polarity merge on a non-polar D substrate. (b) WZ films that nucleate on a ZB substrate
with monolayer steps follow different stacking sequences (e.g. CACA...vs. BCBC...). At the interface
APBs can be created as a result.
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Chapter 2. Semiconductor Crystals in Stable and Metastable Phases

Similar defects are expected when WZ material is grown on a ZB substrate with monolayer
steps as depicted in Fig. 2.9(b) [194]. In any case, APBs should be avoided as they are electrically
charged and therefore have high impact on device performance. We will address the formation
of APBs in WZ InP and how it limits the size of the obtained films in Chapter 5.

2.5 Selective Growth of Nanostructures

MOVPE and MBE have been extensively used for the deposition of semiconductors in planar
layers and thin films. More recently, these techniques were adapted to grow nanostructures
with more complex morphology such as NWs [63] or related geometries [108]. An advantage
of these elongated crystals with typically less than 100 nm diameter is the possibility to grow
complex heterostructures, because lattice mismatch is much less critical than for layer growth.
This also enables the synthesis of materials with high crystalline quality for which otherwise
no suitable substrates exist. It is therefore not surprising that metastable wurtzite crystal
phases in I1I-Vs were first observed in NWs, and for many materials NW growth remains
the only way of synthesizing them in high quality. As a result, the formation of metastable
crystal phases is mainly understood by considering the peculiarities of NW growth and the
importance of surface energies in low-dimensional structures. Understanding the growth
mechanisms of NWs is therefore crucial for carrying out this research project and we will
discuss the fundamentals here.

The transition from planar to NW epitaxy is possible by restricting the deposition to only
specific areas of the substrate. This can be facilitated either by the use of catalyst particles
or by patterning a mask such that only defined areas of the crystalline substrate are exposed.
The first technique was introduced by Wagner and Ellis in 1964 and is commonly referred
to as vapor liquid solid method [63]. It is the more versatile technique and it allows for the
growth of a large range of materials with high control over the crystalline phase [195]. As
depicted in Fig. 2.10, a catalyst material (usually Au) is deposited on a crystalline substrate
prior growth. After heating up and exposing the sample to the growth species in either an

crystalline substrate Au deposition VLS growth

Figure 2.10 | VLS growth mechanism. A catalyst (e.g. Au) is deposited on a crystalline substrate and
forms a liquid alloy with the growth species under growth conditions. Supersaturation in the droplet
causes precipitation at the droplet-substrate interface and an elongated crystal is grown.
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MOVPE or MBE reactor, an alloy is formed which remains liquid during the epitaxy process.
Continuous supply of the precursor gases causes supersaturation conditions in the catalytic
droplet and the growth species precipitate at the droplet-substrate interface as a solid crystal.
Layer-by-layer an elongated crystal is formed, typically along a (111)-direction. Whereas the
diameter is defined by the size of the droplet, the length can be controlled by the growth time.
The fact that this deposition is based on a material transition from a vapor to a liquid into a
solid crystal gives this technique its name — VLS.

While VLS is a versatile technique that allows for the growth of many different materials, het-
erostructures and doping, it cannot be excluded that parts of the catalyst metal is incorporated
into the crystal. This can be detrimental for the optoelectronic properties, especially in the
case of Au, because it is known to create deep band gap levels in many materials. This can be
avoided with the so-called self-catalyzed VLS method, where one of the growth species acts as
the catalyst material. Self-catalyzed VLS has been applied e.g. for the growth of GaAs [196] and
GaSb [197] NWs using Ga as a catalyst or InAs [81] and InSb [121] NWs using In. In any case,
the absence of a third element has a destabilizing effect, and growing NWs with controlled
and uniform diameter remains challenging [198, 199].

Another technique that does not make use of a catalytic particle of any kind is the so-called
vapor-solid (VS) growth. Rather than defining the growth area by a liquid-solid interface, crys-
tals can be shaped by making use of the high growth rate anisotropy of the various crystalline
facets [200]. For example, under certain conditions efficient growth can be achieved along

substrate with oxide patterning of hole openings selective area epitaxy

Figure 2.11 | Selective area epitaxy of NWs. (a) Hole openings are patterned into a selective mask
material by lithography and etching. Anisotropic growth conditions using MOVPE allow for the epitaxy
of NWs with high aspect-ratio. (b) Tilted SEM image of GaAs NWs grown on Si(111) masked with SiO5.
Surface diffusion effects cause thinner wires to grow taller.
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either the (111)A or (111)B direction while other low-index surfaces such as {110} exhibit a
deposition rate close to 0. Thus, a combination of the VS technique with a selective mask
allows for the growth of NWs [201]. A schematic of this so-called selective area growth (SAG)
or selective area epitaxy (SAE) is depicted in Fig. 2.11(a). Selective masks are typically made
from SiO; or SizN4 and patterned using top-down lithography techniques, which comprises
the advantage of exact positioning. The growth conditions must be well chosen, both, to
suppress the nucleation on the mask as well as to obtain facet selective growth along a par-
ticular direction. This results typically in less versatility than VLS growth, and considerably
less control of the crystalline phase, leading to the formation of polytypic material with large
amounts of PDs [202, 118, 203]. Nevertheless, position-controlled NWs have been achieved in
awide range of III-V semiconductors using SAE, including GaAs [204], InP [205], GaP [206],
InAs [207], InGaAs [120] as well as nitrides [208] and oxides [209]. The direct incorporation of
the growth species from the vapor phase into the crystal further allows for axial heterostruc-
tures with comparably sharp interfaces, as it has been shown e.g. for InGaAs/GaAs [210],
AlGaAs/GaAs [211] or InAsP/InP [212].

An important parameter during selective epitaxy is the diffusion length of the adsorbed growth
species on the various surfaces during the deposition process. It is defined as the average
length an adatom can travel on a surface before it is desorbed or incorporated into the crystal.
As the cross-section of NWs and thus the effective collection area for directly adsorbed material
from the vapor is very small, SAE typically relies on the material supply from the substrate
through surface diffusion on both the selective mask as well as the NW sidewalls [201, 213].
Effects resulting from this circumstance are often referred to as "loading effect” [214, 215,
216, 217, 218]. For example, thinner NWs tend to grow higher than thicker ones as they
collect approximately the same amount of material in a given time span (Fig. 2.11(b)). The
increased relative amount of group III material diffusion from the substrate to NWs with
smaller diameter can also result in droplet formation and subsequent VLS growth. It has been
demonstrated that SAE and VLS can occur simultaneously by varying the diameter of the mask
openings [219]. Another effect is that NWs can compete with each other for adatoms when
their collection area is overlapping [220].
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Figure 2.12 | Depending on growth conditions and choice of opening orientation a line opening can
either be used for the epitaxy of fins (SAE) or planar layers (ELO).
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As oppossed to VLS, SAE offers an additional advantage: Because the openings from which
growth is initiated are lithographically designed, they are not restricted to simple circular
holes but can be extended to virtually any shape. Taken into account growth rates for low-
energy facets during epitaxy, it is possible to synthesize for example vertical membrane- prism
or ring-like structures [108, 221, 222, 223]. Fin growth can be initiated from line openings
oriented along specific crystalline directions as depicted on the left hand side of Fig. 2.12.
Compared to NWs, such an epitaxy offers the advantage of large-area planes favorable for
building electronic or optoelectronic devices [221].

For conventional device processing, however, it is even more desirable to grow planar films,
preferably on insulator. This can be achieved by a technique called epitaxial lateral overgrowth
(ELO). The principle is illustrated on the right hand side of Fig. 2.12. Rather than selecting
the growth conditions and opening orientation such that epitaxy primarily follows vertical
directions as it is typically done for SAE, a high lateral growth rate is intentionally chosen in
order to obtain thin layers. This technique was initially developed using LPE for defect filtering
of defective substrates or buffer layers [225, 226, 227, 228, 229]. Indeed, the dislocation density
in films obtained by ELO can be reduced by orders of magnitude compared to the substrate
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Figure 2.13 | Top-view schematic of zipper growth modes. (a) Two-zipper growth mode, when the
coalescence starts from two points. Arrows indicate the directions of lateral growth, n and m denote the
number of lattice points between the two connecting points. (b) One-zipper mode, when coalescence
starts from one point. No dislocations are expected in this case. (c) Realization of one-zipper growth
mode with common growth origin. Adapted from [224].
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material [200]. ELO from narrow line openings is also given the name microchannel epitaxy
(MCE) in literature [230, 231, 232, 233, 234]. As for SAE, typically very limited growth conditions
can be applied in order to achieve desired film morphologies. To obtain wide layers from ELO
or MCE, structures grown from neighboring line openings are typically combined and merged
into a single layer [235]. However, the area where two adjacent crystals coalesce generally
contains newly nucleated dislocations that are detrimental for the material properties [236].
To suppress the nucleation of dislocations in coalesced layers, a new method was investigated
by Yan et al. in 2000 [224]. In this study, the authors could identify two different growth modes
when layers are merged from either two or one zipper points, as indicated in Fig. 2.13(a) and
(b), respectively. In the first case, due to imperfections of the substrate and grown layers, the
number of lattice points n and m between the two connection points can be unequal, in which
case at least one dislocation is generated upon merging. In contrast, such a defect is likely not
to be formed when the growth follows a one-zipper mode as sketched in Fig. 2.13(b). To realize
the latter case, typically non-parallel seed lines are patterned and overlayed such that the
layers have a common growth origin from the substrate [237, 238, 239]. This case is illustrated
in Fig. 2.13(c). Not only defect formation can be suppressed by using a one-zipper growth
mode, but also the lateral overgrowth from facets with otherwise negligible growth rate can
be triggered by inducing a zipper point. We will use this effect combined with lateral crystal
phase transfer in order to extend metastable fins into layers as detailed in Chapter 5.

Another technique for the selective growth of layers has been referred to as tunnel epitaxy [240,
241, 242], confined lateral selective epitaxial growth [243, 244, 245] or conformal vapor phase
epitaxy [246] in literature. Originally developed for the synthesis of silicon-on-insulator (SOI)
substrates, it has later been applied for the growth of lateral SiGe heterojunctions [247], III-
Vs [248] and their integration on Si substrates [249, 250, 251]. We will refer to this technique
simply as conformal epitaxy (CE) and it is in Fig. 2.14. The main difference to SAE is the
additional capping oxide that confines the growth to a certain shape, typically a planar layer.
The morphology of the grown crystal is primarily defined by the confinement of this so-
called template, which comprises several advantages. For example a larger range of growth
parameters is accessible, because the morphology of the crystal will be determined by the
shape of the lithographically designed template oxide. Lateral heterostructures or doping can

patterned substrate top oxide formation conformal epitaxy

Figure 2.14 | Conformal epitaxy of layers. Line openings are patterned into a selective mask material
by lithography and etching after which a top oxide is deposited by the use of a sacrificial material. The
templates are filled subsequently by MOVPE.
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be achieved, because there is no overgrowth in vertical direction as compared to ELO. Newer
studies report on the growth from small Si seed areas and are referred to as confined epitaxial
lateral overgrowth (CELO) [252] or template-assisted selective epitaxy (TASE) [253, 254, 255].
The latter has been extensively used to fabricate both horizontal and vertical electronic and
optoelectronic devices [256, 257, 258, 259, 260] as well as to study growth mechanisms [261],
facet-selective group-III incorporation [262] and formation of twin-free NWs [263]. In this
thesis, CE was one of the techniques applied in order to synthesize metastable wurtzite I1I-V
materials as will be detailed in Chapter 4.

2.6 Polytypism in III-V Semiconductors

In bulk form and under ambient conditions, III-V semiconductors are stable in only one
crystalline phase. For nitrides (AIN, GaN, InN) the stable phase is WZ, whereas for conventional
III-Vs, ZB is the thermodynamically preferred crystal structure. In NWs it can be observed that
materials with stable ZB phase can also crystallize in a metastable WZ configuration under
certain conditions [264, 265, 77, 266]. This property is referred to as polytypism. As detailed
before, polytypism can be an interesting opportunity to synthesize material phases with more
favorable properties, for example to obtain direct band gap in the green wavelength regime or
in group IV materials. Here, we will address the fundamentals of polytypism found in III-Vs
and offer explanations for their occurrence especially in NWs. Later, we will make use of this
knowledge in order to synthesize metastable crystal phases in the form of layers by the usage
of ELO and CE.

In order to understand the preference for certain materials to crystallize in one phase or
the other, we will first recall the two predominant crystal structures in semiconductors and
what differentiates them from an energetic perspective. As mentioned before, ZB and WZ are
equivalent up to the first nearest neighbor bonds, which are characterized by a tetrahedral con-
figuration. The main structural difference starts to appear only in atoms at a further distance,
which generally causes the two crystal phases to be energetically very similar. Fig. 2.15 depicts
two neighboring bonding tetrahedra for ZB and WZ phases. In the first case, the adjacent
bilayers are twisted by 60° with respect to the first layer, whereas for WZ the ions of opposite
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Figure 2.15 | Local bonding configuration in (a) ZB and (b) WZ structures. The third nearest neighbor
bond length is shorter in WZ.
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sign are stacked exactly on top of each other [168]. This effectively reduces the distance of the
third nearest neighbors for WZ with respect to the ZB phase.

To determine whether materials will favor shorter or longer bonding distances between their
third nearest neighbors, we have to consider the atomic forces that are involved in the bond.
There are two competing mechanisms to take into account: (1) The electrostatic repulsion
of the electron clouds favoring longer and (2) the Coulomb interaction between cation and
anion favoring shorter bond distance [78]. Hence, elemental group IV semiconductors with
no Coulomb interaction, generally crystallize in the cubic ZB symmetry. Whether or not the
attraction between ions of opposite sign in III-V materials will be dominant is mostly deter-
mined by the so-called ionicity. The ionicity is a measure for the strength of the ionic forces in
an otherwise covalent bond and is largely defined by the difference of electronegativity of the
respective atoms. Pauling proposed the following expression to determine the ionic character
of a bond [267]

~(Xp-Xp)?
1

fi=1l-e (2.6)
where f; is the ionicity and X4 — Xp is the difference in electronegativity. Using this expression,
the ionicity of III-V compounds can be calculated as plotted on the x-axis of Fig 2.16 [264].
III-nitrides show a highly ionic character, which explains their preference to crystallize in
WZ phase [72]. IlI-antimonides are on the other side of the spectrum, which according to
this model makes them very stable in the ZB crystal structure [123]. In-between remain the
arsenides and phosphides with intermediate ionicity and resulting tendency for polytypism
when grown in NW form [76, 268, 269, 270]. Using ab-initio techniques, the bulk energy
difference

AEwz-z5=Ewz — Ezp 2.7

between the ZB and WZ crystal structure can be calculated [29]. This value is plotted on the
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Figure 2.16 | Bulk energy difference between the ZB and WZ crystal structure in dependence of ionicity
for various III-V compounds. A clear correlation can be observed. Data from [264].
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y-axis in Fig 2.16. A clear negative correlation confirms the importance of the ionicity for
determining the preferred crystalline phase. Similar calculations can be applied to calculate
the tendency of cubic III-V compounds to form stacking faults [271] or more complex stacking
arrangements such as 4H or 6H [168].

While the ionicity explains the thermodynamically stable phase for bulk materials, in nanos-
tructures another parameter plays a critical role: the surface energy [265]. As the surface to
volume ratio increases for decreasing diameter in NWs, this parameter is especially important
to consider for thin NWs. A commonly used measure for the surface energy is the density of
dangling bonds at the respective interface. Considering the low-index surfaces perpendicular
to the typical growth direction, a varying number of dangling bonds is obtained as depicted in
Fig. 2.17. This model explains the facet formation in typical ZB and WZ NWs very well [272].
Even more important however is that the lowest surface energy is obtained only in WZ phase
when the crystal is enclosed in {1100}-facets. Thus, as the importance of surface energies
is increasing, WZ formation should be favored over ZB to minimize the total energy of the
crystal.
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Figure 2.17 | (a) ZB and (b) WZ crystals viewed along the typical growth direction (c-axis). Each
symmetry allows for the formation of 2 types of low-index sidewall facets perpendicular to the NW
axis (considering straight NWs). For each facet-type the density of dangling bonds is indicated. Green-
shaded hexagons indicate the energetically preferred facet-formation for the respective crystal structure.
The overall lowest surface energy is obtained for WZ {1100}-facets. After [268].

Indeed, theoretical calculations predict a strong diameter dependence of the thermodynami-
cally preferred crystal phase of NWs [273]. If the diameter is sufficiently decreased, any III-V
material will adopt the WZ phase as the surface energies dominate the system. Increasing the
dimensions will lower the surface to volume ratio and before-mentioned ionicity will deter-
mine the crystalline phase. The critical diameter for which a ZB-WZ cross-over is expected is
strongly dependent on the material and in the range of 12-32 nm for conventional III-V com-
pounds [264]. The energetic similarity between ZB and WZ crystals during NW growth makes
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them prone to unintentional phase intermixing and stacking faults, which is detrimental to
the performance of electronic and optoelectronic devices [274]. Recently, the understanding
of the formation of ZB and WZ crystal structures has improved significantly, which enabled
for example crystal phase controlled VLS growth of InP [99], GaP [76], InAs [112] and GaAs [75]
NWs. For self-catalyzed VLS or SAE it remains more challenging to prevent polytypism and
only few studies exist reporting phase-pure NW synthesis [121, 196, 266]. Addressing the
growth of metastable materials will be the scope of the following section.

2.7 Synthesis of Metastable Semiconductors

The synthesis of metastable semiconductors is a major challenge in material science with
the promise to create a new kind of matter with superior properties. So far, most authors
considered NW growth as the primary route for achieving exactly that. This thesis is dedicated
to extend existing theories and routes for WZ III-V epitaxy and apply them to the growth of
layers and thin films, which are more applicable to device fabrication using existing processing
techniques. In this section, the state of the art of metastable NW synthesis will be summarized
as a basis for new ideas developed in the framework of this research project.

Many aspects of polytypism in III-V NWs can be understood in terms of ionicity and surface
energies as laid out in the previous section. However, by considering only the energetics of fully
formed crystals rather than the growth kinetics as they occur in VLS and other techniques, it is
impossible to fully explain all experimental observations. For example the before-mentioned
predicted critical diameter is far too small compared to the occurrence of pure WZ GaAs NWs
with diameters as large as 100 nm [111]. The dependence of the crystal phase on the growth
parameters such as V/III ratio or temperature is an additional indicator for the importance
of the growth kinetics. Tuning just the group V flux during epitaxy can for example change
the phase completely from ZB to WZ in a range of materials [79]. It has further been reported
that the addition of dopants can considerably influence the crystal structure. Doping with
Zn is known to promote ZB formation in InP NWs [275] in contrast to S, which has the
tendency to create WZ material [276]. Likewise, a high Se doping level turns InAs NWs into
defect-free ZB [277]. These examples are meant to give an idea of the diverse phenomena
that are experimentally observed for NW growth. Many of them are still not understood
completely. In particular, it is beyond the scope of this work to explain all these phenomena in
a comprehensive way, but rather introduce certain concepts that are necessary to understand
experimental observations made during this research project.

Newer models consider nucleation mechanisms to describe the occurrence of metastable
phases [278, 279, 68, 280, 71]. They take into account that once a nucleus of critical size is
formed it will spread out laterally over the entire interface, without creating any defect. Hence,
the orientation of this first nucleus will determine whether the layer is stacked in ZB or WZ
type, rather than the energetics of the full crystal. At least, this is true for sufficiently small
growth facets, where a nucleation event is unlikely enough for not two independent events

30



2.7. Synthesis of Metastable Semiconductors

to happen before the layer is filled [281]. We will argue that the occurrence of the second
case limits the size of WZ InP films that are grown in vertical direction in Chapter 5, but we
will first discuss the case of single nucleation events and subsequent layer-by-layer filling. As
mentioned, the nucleus orientation of each layer determines the crystal phase of the resulting
material. In order to understand metastable WZ NWs we thus need to search for the reason
for preferential WZ nuclei formation during their growth.

Notably, a comprehensive model to explain WZ III-V NWs during VLS growth was developed
by Glas et al. in 2007 [70]. It is built around the observation that the droplet supersaturation
(with Ga in this case) significantly impacts the resulting crystal phase. High supersaturation
promotes both smaller critical nucleus size as well as the formation of WZ phase, which is
reminiscential of the critical NW diameter criterion as discussed above. Instead however it is
argued that nucleation preferentially takes place at the so-called triple phase line (TPL), that is,
the interface between the vapor, liquid and solid phases involved during VLS growth (Fig. 2.18).
The reasons can be explained by changes in the interface energies at different nuclei positions,
but have been previously argued simply with the low solubility of group V materials in Au and
the resulting low nucleation probability in the center [282]. It is subsequently argued that at
the TPL, WZ nucleation is preferred at high supersaturation for minimizing the total surface
energy, which is lowest in vertical {1100} type facets. Even though there is no TPL involved in
VS growth, we will use a similar argument to explain WZ nucleation during InP SAE.

nuclel{s interface
< /

(a) center nucleation (b) edge nucleation

Figure 2.18 | Side-view of a catalyst droplet on top of a NW, showing two different ways of new nuclei
to be formed. (a) Nucleation event in the center. (b) Nucleation at the edge of the NW, the so-called
triple phase line.

By far not all experimental observations can be understood by just considering the supersatu-
ration of the droplet. Hence, to explain the wide range of phenomena that are observed in
particular upon changing certain growth parameters, various models exist. It is for example
known that surface reconstructions of crystals, and thus the surface energies, can be con-
siderably altered by both temperature and V/III ratio [283, 284, 285]. As this will change the
energetic balance during growth, it can have an influence on the preference over ZB or WZ
stacking [286, 79]. Further, the shape of the droplet and in particular the contact angle at
the NW interface seems to have an important impact on the growth kinetics and the facet
formation (see Fig. 2.18(b)) [287, 279, 288, 289]. Interestingly, in order to explain ZB formation
at higher supersaturation, some authors argue that in this case nucleation at the center takes
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Chapter 2. Semiconductor Crystals in Stable and Metastable Phases

place which preferentially is ZB type [76, 290, 67].

As the crystal phase can be transformed primarily along the stacking axis of the crystal, it is
further important to consider the crystalline directions during growth. NWs typically grow
along a (111)-direction which becomes (0001) upon phase change to WZ. They are thus prone
to stacking fault formation and phase mixing. In order to achieve phase purity, every single
layer must nucleate at the correct position. Because WZ has only one stacking axis, all other
directions and in particular those perpendicular to it, will have the tendency to transfer the
crystal phase in order not to introduce energetically unfavorable defects. This can be useful
to stabilize a crystal phase as it is sketched in Fig. 2.19. The (1100)-directions will typically
maintain the stacking order, even during hetero-epitaxy. This principle has been successfully
applied to synthesize materials such as GaP [100], InAs [114], AlGaAs [115], InGaAs [117, 291,
292], AlInP [103] and AlGaP [102] in WZ phase. Even more interesting is to use this technique
to grow LD group IV materials such as Si [141], Ge [66] and SiGe [65]. Such an example is given
in Fig. 2.19(c).
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Figure 2.19 | Principle of crystal orientations, phase change and stacking transfer. (a) Typical vertical
WZ NW grown along [0001]-direction. (b) Phase change is possible along [0001]-direction, but perpen-
dicular to it stacking is typically transferred. (c) Crystal structure transfer applied to LD Si and SiGe
from a VLS grown WZ GaP NW. Adapted with permission from [65].

Most of the previously cited models are specific to catalyzed growth. However, it is not
straightforward to envision a route for layer epitaxy with VLS. Instead we want to make use
of selective growth methods which have been introduced before. Much less is known about
the formation of metastable materials for these techniques. In particular, to the best of my
knowledge, experimental proof of metastable catalyst-free III-V compounds was only obtained
for InP [105, 293] and related ternaries such as InGaP [107] and InAlP [106] for In-rich alloys.
As indicated in Fig 2.16, these are also the materials with highest ionicity and lowest energy
difference between ZB and WZ phase. The mechanisms involved in the growth are still not fully
understood. A qualitative model was introduced by Kitauchi et al. in 2010 [268]. Their theory
takes the termination of the (111)A facet in InP into account, and explains how under certain
conditions WZ stacking might be favored. This model is purely based on thermodynamics and
does not include any growth kinetics. In particular, it can not explain the WZ — ZB transition,
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which they observe for large NW diameter, as the top facet is considered as a surface with
infinite dimensions.

In contrast, we suggest that even during pure VS growth, nucleation close to the edge is
favored, as the number of dangling bonds is expected to be higher in this region. By tuning the
growth conditions such that the nucleation rate at the surface becomes sufficiently low, edge
nucleation will become the dominant mechanism. Following the same arguments as proposed
in previous models, such a nucleus will prefer WZ stacking orientation in order to minimize its
vertical surface energy. As the NW diameter increases, the probability of nuclei forming at the
surface rather than at the edge rises and mixed crystal phase is obtained. However as has been
discussed earlier, with SAE it is not only possible to grow structures having approximately
circular cross-section, but virtually any shape. Following the low-index (1100)-directions,
lines can be patterned from which stable fins can be grown. In such a structure, the surface to
edge ratio is approximately the same as in NWs of equal diameter. Hence, WZ growth can be
expected. Indeed, WZ InP fins were successfully synthesized recently [108]. An SEM image of
WZ InP synthesized during this research project along with an atomistic model are depicted in
Fig. 2.20(a). Phase change is obtained in vertical direction close to the nucleation interface.
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Figure 2.20 | Concepts for epitaxy of WZ fins and planar layers. (a) Schematic and SEM image of WZ
InP fins grown on ZB(111)A substrates. (b) Concept for lateral fin growth on ZB(112). (c) Concept
using conformal epitaxy for growth on standard ZB(001) substrates. (d) Epitaxial lateral overgrowth can
be used to expand fins into layers by transferring the stacking order. Fast growth (0001)A planes are
indicated in red. {1100} facets with low growth rate are indicated in blue.

33



Chapter 2. Semiconductor Crystals in Stable and Metastable Phases

Growth conditions need to be carefully chosen, such that both WZ phase is achieved as well as
high growth rate selectivity between the (0001)A facet and the side-wall {1100} facets.

Fins allow for large surfaces that can be useful for both advanced material characterization
as well as for the creation of electronic and optoelectronic devices. However, even more
desirable would be the growth of planar films. Based on epitaxy of WZ fins, we envision 3
distinct concepts of synthesizing planar layers by carefully choosing substrate orientation and
applying previously introduced growth techniques. We present them in Fig. 2.20(b)-(d)

(b) Lateral fin growth on a (112)-oriented substrate. Similar to Fig. 2.20(a) but with substrate
orientation chosen such that fins will grow laterally. Growth can be nucleated either
from holes or from etched mesa structures. Resulting layer orientation will be {1100},
ideal for layer epitaxy and crystal structure transfer. Though simple and elegant, this
approach was not prioritized during this work.

(c) Conformal epitaxy allows for engineering the morphology of the resulting material with-
out compromising growth parameters. It is thus possible to choose the most commonly
used (001)-oriented substrates. From an energetic point of view, tilted fin structures can
be formed inside the oxide cavities, which provides for low growth facet to sidewall-ratio
as required for single-crystalline WZ growth.

(d) Epitaxial lateral overgrowth of fins into layers. As the stacking order in lateral direction
is strongly fixed, phase transfer is expected in such an epitaxy, even when growth
conditions are heavily changed to promote growth along (1100)-direction. To achieve
very high lateral growth rates we will make use of a zipper growth scheme in this work.

Even though with high potential, these techniques have not been studied until now for the
growth of metastable III-V materials. In this work we will address 2 concepts for WZ layer
growth as introduced in Fig. 2.20(c) and (d). Details of synthesis and characterization will be
discussed in the following chapters.
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“What we find is that if you have a goal
that is very, very far out, and you approach it in little steps,
you start to get there faster. Your mind opens up to the possibilities.”

— Mae Jemison

In this chapter, the experimental methods employed in this thesis will be reviewed. Starting
from substrate preparation, we will discuss growth and in particular considerations for synthe-
sis of metastable crystal phases for both conformal epitaxy as well as zipper-induced epitaxial
lateral overgrowth. After that, the two main characterization techniques applied in this work
will be discussed: Scanning transmission electron microscopy and micro-photoluminescence
spectroscopy.

3.1 Conformal Epitaxy

Two approaches were followed in the course of this thesis to grow thin films of metastable
III-V materials. We will first address conformal epitaxy, a technique which was traditionally
developed to obtain thin films with high aspect ratio [240]. Various substrates were used
as a basis for CE, including Si, GaAs and InP. To describe the fabrication process we will
focus exclusively on the latter, for its importance in this work and considering the substantial
similarities for the processing between all of them. Fig. 3.1 illustrates the basic steps.

(a) Fe-doped 4 inch InP(001) wafers specified with an orientation accuracy of + 0.3° and a
resistivity > 10 Qcm were purchased from EL-CAT Inc. and are used as a substrate. A
4 nm protective SiO» layer is deposited by atomic layer deposition (ALD) at 300°C directly
after unpacking from the original box. Another 50 nm SiO; is deposited using plasma-
enhanced chemical vapor deposition (PECVD) at 400°C with tetraethyl orthosilicate
(TEOS) as precursor material. Subsequently, 100 nm W are sputtered and

(b) patterned using e-beam lithography (EBL) and reactive ion etching (RIE) with CF,
chemistry. These structures will be used as markers for EBL alignment. Resist stripping
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and cleaning steps were always carried out using acetone followed by isopropanol, and
in some cases plasma ashing in oxygen.

(c) Asecond lithography step is applied in order to pattern openings, in the form of holes
and lines. RIE with CHF; chemistry followed by a short buffered hydrofluoric acid
(BHF) dip are used to transfer these patterns into the oxide and expose the crystalline

substrate.
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Figure 3.1 | Fabrication steps for conformal epitaxy viewed from top and as a cross-section. Detailed
description is given in the main text.
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(d) A thinlayer (4 nm) of Al,Oj3 is deposited to protect the areas that will later serve as seed.
(e) Asacrificial layer of amorphous silicon (a-Si) is sputtered, here either 50 or 100 nm.

(f) Hydrogen silsesquioxane (HSQ) in combination with EBL is then used to pattern rectan-
gular structures around the seed area which are transferred with inductively coupled
plasma (ICP) RIE in SFg chemistry. A short dip of diluted HF (1:20) removes the remain-
ing Al, O3, except below the a-Si.

(g) Again, ALD is applied to deposit 50 nm conformal SiO5.

(h) Holes are etched into the oxide furthest away from the opening to the substrate in order
to expose the a-Si.

(i) After dicing the wafer into multiple chips and following a short dip in diluted HE the

sacrificial layer is removed in XeF, chemistry.

Fig. 3.2(a) shows an SEM image of typical templates that have been fabricated according to
these processing steps. Apart from the height of the template, several other parameters can be
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InP substrate

Figure 3.2 | CE templates before and after growth. (a) Top-view SEM image of empty templates with
varying sizes. (b) Typical crystals grown at 550°C for 60 min. (c) Cross-sectional view of a template after
growth obtained during STEM characterization.
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varied. This includes for example the template width or length but also and more importantly
the orientation of the seed line with respect to the substrate. This orientation determines the
crystalline directions along which the epitaxy proceeds and is thus crucial for the outcome of
the growth experiment. Templates with variations of these parameters can be included in a
single chip by modifying the design during EBL. It is thus possible to study how they affect the
synthesized crystals independent from variations of the growth reactor.

In order to perform the growth experiment, the remaining Al,O3 protection layer at the seed
area is removed with HF:ethanol (1%) followed by isopropanol. The lower surface tension of
these solvents compared to water prevents the templates from collapsing during the following
drying step. The sample is then loaded into an MOVPE reactor, where it is heated in TBP
atmosphere. For growth temperatures lower or equal to 600°C the deposition is initiated at
the respective temperature by introducing TMIn. For higher temperatures, growth is initiated
at 600°C and ramped up within the first minutes. This procedure was developed in order
to prevent desorption of the thermally unstable InP(001) substrate surface at the seed line.
For most experiments, partial pressures for TBP and TMIn were kept at 8.2 Pa and 82 mPa,
respectively, to achieve a nominal V/III ratio of 100. Growth times are typically in the range of
30 to 60 min. After growth, substrates are cooled rapidly in TBP atmosphere until reaching a
temperature below 300°C. An example of templates after growth is given in Fig. 3.2(b) and (c).

Until now we have discussed the general concept of CE. To obtain metastable crystal phases,
additional considerations are needed. As mentioned earlier, growth needs to follow a (111)-
direction in order to induce a ZB — WZ transition. Looking at the symmetry of a (001)-oriented
substrate, no such facet is available in lateral direction. However, even though the macroscopic
growth direction is perpendicular to [001], microscopical facet formation can be inclined
during CE. This is possible because the template defines the shape of the crystal as compared
to standard ELO. It can be assumed, due to symmetry reasons, that during epitaxy from a
sufficiently long line seed the growth front will stay in parallel to the original nucleation line in
the case of single crystalline deposition. It is thus important to consider growth facets that are
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Figure 3.3 | Cross-sectional atomistic model of possible low-index facet formation viewed perpendicu-
lar to the template-orientation for (001)- and (110)-oriented seed lines. Only the latter case allows for
(111)-facet formation during growth.
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available in dependence of the template orientation. Fig. 3.3 compares possible low-index
crystal facets which can be formed during epitaxy from line seeds oriented along (001)- and
(110)-directions, respectively. Only in the second case (111)-facets are available, which are
essential for the synthesis of the metastable WZ phase. Additional considerations concern for
example the growth conditions, which will be addressed in detail in Chapter 4.

3.2 Zipper-Induced Epitaxial Lateral Overgrowth

The second technique developed for the growth of extended metastable layers is referred to as
zipper-induced epitaxial lateral overgrowth, or in short zipper-ELO. Even though process steps
were adapted from sample to sample, an example of the basic fabrication steps is illustrated in
Fig. 3.4

(a) Undoped 2 inch InP(111)A wafers with average roughness < 0.4 nm were purchased
from MTI Corp. and are used as a substrate. 10 nm SiO, are deposited using ALD, after
which 100 nm of W are sputtered and patterned by a combination of EBL and RIE.

(b) Another 50 nm SiO, is deposited using PECVD at 400°C.

(c) A second lithography step is applied in order to pattern openings, in the form of holes
and lines. RIE with CHF3 chemistry followed by a short BHF dip is used to transfer these
patterns into the oxide and expose the crystalline substrate.

For different experiments various parameters such as hole diameter, line width or the total
oxide thickness were modified. Details are given in the corresponding chapter.
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Figure 3.4 | Fabrication steps for zipper-induced epitaxial lateral overgrowth viewed from top and as a

cross-section. Detailed description is given in the main text.

As mentioned earlier, wire and fin growth can be initiated from such a masked substrate, and
it has been shown that phase change can be obtained along the vertical direction given the
correct growth conditions. However, the lateral growth rate of such fins and wires is very low.
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Thus, ELO can not be observed directly, particularly under conditions where WZ phase is
obtained as can be seen in Fig. 3.5(a).

In an attempt to overcome this limitation, the zipper mechanism as introduced in Section 2.5
is applied. If two fins are merged at a central point, an unstable concave edge is formed,
which creates high-index crystal planes, a so-called zipper point (Fig. 3.5(b)). As indicated in
Fig. 3.5(c) these facets tend to have a high growth rate and a zipper-induced epitaxial lateral
overgrowth is enforced. This growth continues until an enclosing low-index facet is formed as
illustrated in Fig. 3.5(d). As this is a one-zipper mode with common growth origin, a defect-free
layer filling can be expected. In particular, due to the growth direction perpendicular to the
stacking orientation, a phase transfer into the layer is anticipated. As the fins can be grown in
metastable WZ phase for InB, we will use this technique to produce metastable layers. More
details will be given in Chapter 5.
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fin growth with enforced zipper-ELO

Figure 3.5 | Mechanism of zipper-induced epitaxial lateral overgrowth. (a) During fin-growth on (111)
oriented substrates, negligible lateral growth rate is observed. (b-c) To enforce lateral overgrowth a
zipper point can be introduced. (d) The resulting crystal is convex and enclosed in low-index crystalline
facets.

3.3 Structural Characterization using STEM

Scanning transmission electron microscopy is one of the main techniques to study crystal
structure and defects. Consequently, large parts of the research work leading to this thesis
were devoted to this instrument and we will explain the fundamentals here.

STEM is a powerful technique that enables atomic-resolution imaging of specifically prepared
specimen. The main principle is illustrated in Fig. 3.6. In many ways the operation is similar
to the more commonly used scanning electron microscope (SEM) [294]. An electron gun
generates a beam of electrons that is focused by a series of lenses in combination with a
condenser aperture. The electron spot, or probe, is then scanned across a defined area on the
sample by scanning deflection coils. Spot-by-spot, these electrons interact with the specimen
after which they are collected by various detectors which create an image, pixel-by-pixel. In
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contrast to SEM, electrons transmitting through the sample are those of interest as opposed to
back-scattered or secondary electrons. Thus, STEM requires a thinned sample with typically
less than 100 nm in thickness. The reduced sample thickness is also responsible for the high
resolution that can be obtained compared to conventional SEM [295]. Probe spreading within
the sample is relatively small and the spatial resolution is primarily determined by the size of
the probe which can be on the order of less than 1 A [296], thus below the interatomic spacing
of many materials.
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Figure 3.6 | Simplified schematic of a typical STEM setup. An electron beam is strongly focused and
scanned across a thinned sample. The transmitted and scattered electrons are collected by a range of
detectors that are arranged concentrically around the optical axis.

Various detectors are used to obtain STEM images with different information. They are
arranged in a concentric manner around the optical axis of the microscope [295]:

» A bright field (BF) detector is placed in the center. It records the intensity of the direct
beam passing through the specimen and scattered electrons with low scattering angle.
Atomic columns thus appear as dark spots in BF STEM, however the contrast is highly
dependent on the sample thickness.

* An annular dark field (ADF) detector is a ring shaped semiconductor device that sits
around the BF detector and collects electrons which are scattered from the optical
axis. The measured contrast results from electrons diffracted in crystalline areas of the
sample.

* As a special case of ADE a high angle annular dark field (HAADF) detector is a ring
with larger diameter, to detect electrons that are scattered into high angles (not shown
in Fig. 3.6). This allows for the collection of nearly exclusively incoherent Rutherford
scattered electrons and as a result obtaining images with strong atomic number contrast.
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Chapter 3. Experimental Methods

Apart from the principal operation mode with images created from the contrast of scattered
electrons, additional instrumentation and detectors allow for the extraction of complementary
information. For example, energy-dispersive x-ray (EDX) and electron energy-loss spec-
troscopy can be used to analyze the atomic composition of the specimen.

The STEM setup used in this thesis was a JEOL JEM ARM-200E which is installed in the noise-
free labs of IBM Research in Zurich. The instrument has a cold field emission electron source
and is aberration-corrected for both TEM and STEM operation. An acceleration voltage of
200 kV allows for an estimated spatial resolution down to 80 pm. Sample preparation was
carried out using an FEI Helios Nanolab 450S focused ion beam (FIB) instrument to fabricate
cross-sectional lamellas. In order to investigate the stacking sequence of the crystal, the zone
axis was oriented along the (110)- or (1120)-direction for ZB and WZ, respectively. Before
cutting, the surface was protected with a Pt layer. After transferring the lamella to a dedicated
TEM copper grid it is thinned down at the areas of interest to below 100 nm. Upon mounting
on the sample holder, the grid was cleaned in oxygen plasma for 30 s and directly loaded into
the TEM chamber.

3.4 Optical Characterization using u-PL

Photoluminescence (PL) spectroscopy was frequently used in the course of this thesis to study
optical properties of semiconductor crystals. For example, due to the different band gap
energies, this characterization method allows to distinguish ZB and WZ InP. Time resolved
photoluminescence (TRPL) measurements can give insights in carrier lifetimes and thus
enable to draw conclusions on oscillator strengths and material quality. Moreover, lasing
properties can be studied by optically pumping semiconductors, which constitute a resonant
cavity as will be shown in Chapter 6. In the following we will give a short introduction to the
technique and describe the specifics of the setup that has mainly been used for this work.

To measure PL, electrons in semiconductors are typically photoexcited from the valance to
the conduction band. After a certain amount of time (carrier lifetime), an excited electron
recombines with a hole and releases its energy in the form of a photon. These photons are
collected and guided to a spectrometer, where the light intensity as a function of wavelength
can be analyzed. It is important to note that depending on material quality and defects, not
all recombination processes result in the emission of photons and so-called non-radiative
recombination exists. Additionally, parameters such as surface quality, crystal morphology
and setup alignment will strongly influence the amount of light that is collected, which makes
quantitative analysis generally difficult. For most of the experiments presented here we will
focus on qualitative comparison of dissimilar crystals, thus normalizing the spectral emission
to its maximum value.

Two u-PL setups were employed. One setup is custom-built and capable of low temperature
characterization down to 4 K. It further provides a single photon detector to measure e.g. TRPL,
and a supercontinuum laser source with pulsed operation suitable for optical pumping. For
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3.4. Optical Characterization using y-PL

all measurements not requiring any of these features, a commercial optical spectrometer
(Horiba scientific Labram HR) has been used, which is located in one of IBMs noise free labs.
As sketched in Fig. 3.7, this instrument is equipped with a set of different lasers: A He-Ne
laser, emitting at 633 nm and a Nd:YAGVO, diode pumped laser, emitting at 532 nm. In order
to be able to excite electron-hole pairs, a wavelength needs to be chosen which is higher
than the band gap energy of the material under investigation. With a few exceptions, most
of the experiments presented here were performed using the laser emitting at 633 nm. An
internal set of interchangeable neutral density filter allows for reducing the incident laser
power by a factor of up to 10*. The laser beam is then guided to an objective where it is
focused on the sample with a sub-micrometer spot-size. A three-axis piezo-stage enables
lateral movements with nanometer-precision and automatic scans across the surface. A flip
beam splitter allows for optical imaging of the sample and is used for aligning the laser spot to
the desired area. Photons emitted by the sample are partially collected by the objective and
follow back the the same optical path at first. An edge filter then splits larger wavelengths from
the reflected excitation beam and guides them through a confocal hole and a slit before they
hit a grating with 300 groves per millimeter. The grating disperses the light onto a Si-based
CCD spectrometer, where the wavelength-resolved light power is measured.
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Figure 3.7 | Schematic representation of the u-PL setup used for room temperature spectroscopy
measurements. Image adapted from [297, 162].

We will apply these techniques along with others to synthesize and characterize crystal phase
tuned III-V semiconductors in the course of this thesis. Complementary characterization
performed during this work includes for example SEM, atomic force microscopy (AFM),
cathodoluminescence (CL) and electrical measurements. Modifications and additional details
are indicated for each experiment in the following chapters.
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Metastable Film Formation by Confor-
mal Epitaxy

As a first strategy towards wurtzite III-V film growth, conformal epitaxy will be explored. This
technique, in different variations, has been developed in the late 1980s [240, 246] and has
ever since been used to grow Si, Ge and III-V materials in the form of thin layers. Compared
to standard layer epitaxy, the main target application was to synthesize semiconductor-on-
insulator material, which improves performance for many devices such as field effect tran-
sistors [298]. While CE was largely displaced by wafer bonding for large scale fabrication
of SOI substrates [299], it is now seen as a promising pathway for the local integration and
co-integration of various materials to add functionalities to the mature CMOS technology
platform [300, 301].

Owed to the epitaxy inside templates which are along (at least) one dimension confined
to the nanoscale domain, many aspects of CE are similar to NW growth. For example, this
technique is known to be plagued by stacking fault defects and rotational twins, which are
rarely observed in standard planar epitaxy. Recent efforts demonstrated the ability of CE to
grow defect free material in GaAs NWs [263] and InP layers [302]. This is explained by the
formation of specific growth facets during the epitaxy. While twin-free III-V materials could
be successfully synthesized, the potential of this technique for crystal phase engineering has
largely been overlooked so far.

In this chapter, we present our results on crystal phase tuning using CE. As for the majority of
this thesis, we will mainly use InP as a model material system. However, certain aspects are be-
lieved to be applicable to many other III-V semiconductors. In particular, the growth of III-Ns
in their metastable zinc-blende phase could be an interesting application. The main findings
have been published in a peer-reviewed journal and will be presented in the next section [303].
Some additional results will be discussed afterwards, including cathodoluminescence charac-
terization and GaAs layer growth. The comprehensive findings have been presented at various
international conferences, including the Compound Semiconductor Week 2019 [304] and the
European Workshop on Metal-Organic Vapour Phase Epitaxy 2019 [305], where they have been
recognized with the Best Student Paper Award and a Young Scientist Award, respectively.
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Chapter 4. Metastable Film Formation by Conformal Epitaxy

4.1 Publication 1 | Concurrent Zinc-Blende and Wurtzite Film For-
mation by Selection of Confined Growth Planes

Conformal epitaxy it a technique with high potential for the local integration of materials with
added functionality. However, as of today, the crystallographic quality remains challenging to
control, typically resulting in the formation of a large number of stacking faults and intermixing
of ZB and WZ segments. Hence, achieving phase-pure material is one of the most important
remaining challenges and could significantly boost the device performance by increasing
quantum efficiency, carrier lifetime and mobility [306].

As discussed in Section 2.7, facet formation plays an integral part for phase transitions and
their occurrence determines for example the presence of twin-defects [263], but also deposi-
tion rate or incorporation of dopants or growth species [262]. Achieving control of the facets
that form during epitaxy is thus seen as a major milestone for realizing controlled integration
of ITI-Vs with high material quality. Our study is the first comprehensive analysis of the effects
of deliberate growth plane selection during conformal epitaxy on the structural properties
of the deposited material. By exploiting the crystal symmetry of standard (001)-oriented
substrates we were able to fabricate templates, which allow for designing the faceting during
growth. Side-by-side we could thus compare crystals synthesized in the same run, but locally
grown along different crystallographic orientations. In this study we focus on the analysis of
two template orientations. One of them allows for the formation of local {111}-facets, while the
other does not (compare Section 3.1). We could prove that only in the first case planar defects,
such as stacking faults and rotational twins are formed. Using the other template orientation,
we established defect free and thus phase-pure growth of ZB InP, which is one of the important
results of this study. Going further, we could demonstrate that the amount of stacking faults in
the first case is tunable by the growth conditions, in particular the reactor temperature. In the
extreme case of 650°C, 97% of the bilayers were twinned (Fig. 4.5(a)), which corresponds to
the WZ phase in nearly pure form.

As this is the first time that a III-V semiconductor could be deposited simultaneously in ZB
and WZ phase with very high phase purity and with form factors beyond NW geometries, it is
an ideal platform to study and compare various properties of stable and metastable phases.
Besides the structural, we specifically focused on the optical properties, as they can give in-
sights to the electronic band structure and thus the physics of the material under investigation.
To exclude influences from the growth substrate we transferred grown crystals to a piece of
polystyrene beforehand, which serves as a new handling substrate for photoluminescence
experiments. Both at room as well as at cryogenic temperatures, PL spectroscopy revealed
similar linewidth for WZ and ZB crystals, which indicates comparable crystal quality. Even bulk
material showed only marginally narrower linewidth measured with the same setup. Addition-
ally, we obtained a blueshift of 70 meV for the WZ phase, in agreement with earlier literature
reports on WZ InP NWs. A lower lifetime could be an indicator for the theoretically predicted
enhanced oscillator strength of WZ InP. Spatially resolved luminescence spectroscopy was
performed by CL and will be reported in the next section. To explain our observations, we
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further present an atomistic model for phase changes during conformal epitaxy.

The following article is reproduced with permission from P, Staudinger et al., "Concurrent
Zinc-Blende and Wurtzite Film Formation by Selection of Confined Growth Planes", Nano
Letters, 18, 12, 7856-7862, 2018. © 2018 American Chemical Society. Further permission
requests related to this material should be directed to ACS. With unchanged content from the
post-print version, the text, layout and references of this article have been re-formatted in the
style of this thesis.

For the work presented here, I performed the majority of experiments, including template
fabrication, MOCVD growth, STEM investigation and PL characterization at room temperature.
I further interpreted the results, developed a growth model and wrote the manuscript in
collaboration with H. Schmid.

) ETTERS @ Cite This: Nano Lett. 2018, 18, 7856-7862 pubs.acs.org/NanoLett

Concurrent Zinc-Blende and Wurtzite Film Formation by Selection
of Confined Growth Planes
Philipp Staudinger,”” Svenja Mauthe, Kirsten E. Moselund, and Heinz Schmid*

IBM Research - Ziirich, Siumerstrasse 4, 8803 Riischlikon, Switzerland
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devices. Here, we report for the first

time on the phase-controlled growth of micron-sized planar InP films by selecting confined

growth planes during template-assisted selective epitaxy. We demonstrate this by varying the
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(ZB) and wurtzite (WZ) material exhibiting phase purities of 100% and 97%, respectively.
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Chapter 4. Metastable Film Formation by Conformal Epitaxy

Optical characterization revealed a 70 meV higher band gap and a 2.5x lower lifetime for WZ
InP in comparison to its natural ZB phase. Further, a model for the transition of the crystal
structure is presented based on the observed growth facets and the bonding configuration of
InP surfaces.

Keywords

crystal structure, zinc-blende, wurtzite, indium phosphide, template-assisted selective epitaxy

Main Text

Group III-V semiconductor nanostructures are key components for high-speed electronic [307],
optoelectronic [308], and photovoltaic [17] applications due to their favorable material prop-
erties and the flexibility to employ various kinds of heterostructures [268]. One of the main
challenges is the formation of high-quality material, because nanostructures and in particular
grown NWs typically suffer from high densities of planar defects (PDs) such as rotational twins
and stacking faults. PDs lead to lower performance by reducing quantum efficiency, carrier
lifetime, and mobility as well as introducing nonradiative recombination centers and scat-
tering planes [309, 310, 306]. Moreover, the control of the crystal phase is of key importance
because, for example, for InP it has been reported both theoretically [42, 171] and experimen-
tally [266, 105] that the band structure varies significantly between the cubic ZB and the related
hexagonal WZ structure resulting in a bandgap energy difference of about 70 meV and type-II
superlattices if they are intermixed [311, 169]. While it is obvious that uncontrolled polytypism
limits the opportunities for applications, the possibility to selectively tune electronic and
optical properties within the same material system by crystal phase engineering results in a
unique degree of freedom for enhancing the functionality of emerging devices. Spirkoska et al.
demonstrated the spatial carrier confinement in quantum-well structures formed by ZB/WZ
heterostructures in GaAs [312], whereas other materials such as GaP, AlIP and Ge even change
the bandgap from indirect to direct when the crystal structure is converted from cubic to
hexagonal [98, 42, 37]. These findings recently enabled efficient emission in the amber-green
region of the visible spectrum from AllnP NWs [106] and may pave the way toward SiGe light
sources with a bandgap close to the telecommunication wavelength [65]. So far however, the
crystal phase remains challenging to control and phase intermixing is a commonly observed
problem for III-V integration [120, 78, 263]. In addition, the two most explored techniques,
vapor-liquid-solid (VLS) [63] and selective area growth [313], cannot surmount the size con-
straints of NWs with diameters below a few hundreds of nanometers causing fundamental
challenges for device integration which is conventionally based on planar structures.

In this study we report on micron-sized InP layers epitaxially deposited inside hollow SiO»
cavities on top of an InP(001) substrate. We demonstrate that the crystal structure can be
controlled by confining and guiding the growth along specific crystalline directions, namely
(100) and (110) for ZB and WZ, respectively. Thus, we achieve simultaneous formation of
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planar films exhibiting both crystal phases at sizes up to 50 um?. Crystal structure and defects
are characterized by scanning transmission electron microscopy (STEM) along with micro-
photoluminescence (u-PL) measurements and are found to be pure and without defects for ZB
and with a stacking-purity of about 97% for WZ crystals. This is the first report demonstrating
the fabrication of micron-sized WZ InP layers, thus opening new pathways for exploring
fundamental material properties as well as establishing novel devices. Although InP was
used as a model system, to some extend these findings are expected to be valid also for other
compound semiconductor materials.
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Figure 4.2 | Experimental implementation of confined growth planes. (a) From top to bottom: empty
SiO, cavity as processed on top of an InP(001) substrate, sketch of the selective epitaxy process and
template after MOCVD growth. (b) SEM top view image of an InP crystal after growth (colored in yellow).
The crystal expands from the central line seed toward the openings. Scale bar: 1 um. (c) Low-resolution
BF-STEM image showing the cross section of a crystal (yellow) on top of the InP(001) substrate (blue).
Scale bar: 100 nm. (d - e) [llustrations to show faceting along different growth orientations. {111} facets
and therefore PDs can only be formed when the crystals are grown along (110).

To grow InP films on InP(001), we employ a method similar to template-assisted selective
epitaxy (TASE) [253] but using much larger and elongated seed areas as reported in tunnel
epitaxy [240], confined lateral selective epitaxial growth [243], or conformal vapor phase
epitaxy [246]. In essence, we pattern line seeds on top of SiO, covered InP(001) substrates,
which are aligned along various crystalline orientations and capped again with an SiO; layer
(Figure 4.2(a) top). Selective epitaxy of InP is carried out in an MOCVD reactor using trimethyl-
indium (TMIn) and tertiarybutylphosphine (TBP) at a V/III precursor ratio of 100 and variable
temperatures (Tgrown) until the templates (L = 1 um) are filled (Figure 4.2(a) bottom). Growth
rates are in the range of 0.5 - 1 um/h depending on reactor conditions, with excellent selectivity
to the SiO; cavity. See Methods for more details on the process. An SEM top view micrograph
of a typical crystal exhibiting a width w = 5 um is depicted in Figure 4.2(b). Clear faceting
demonstrates the homo-epitaxial and single-crystalline nature of the deposition process and
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was observed irrespective of template width up to 50 um (the widest investigated in this study).
A cross sectional low-resolution bright field (BF)-STEM image of another crystal is shown in
Figure 4.2(c).

To demonstrate the effect of confined growth planes we compare films grown from two
different template orientations. In the first case the line seed is oriented along (100) and the
crystals thus grow along another (100) direction perpendicular to it (Figure 4.2(d)). Given
that there is a single growth front in parallel to the seed line, which is typically observed in
our experiments (compare Figure 4.2(b)), the local growth direction must lie within the plane
perpendicular to this seed line. Low order facets in this direction include {100} and {110}, but
notably no {111} facets along which PDs could be formed. Thus, we expect pure ZB phase
for crystals grown along this direction [263]. InP grown along a (110) orientation in contrast
allows for different faceting, since both (111)A and (111)B directions are available locally and
hence we expect to obtain PDs as indicated in Figure 4.2(e). In the second case, controlling
the stacking sequence would yield the possibility to transform the crystal phase from ZB (ABC
stacking) to other polytypes such as the WZ structure (ABAB stacking).
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Figure 4.3 | STEM investigation of an InP crystal grown along (100). (a) Cross-sectional overview of the
film with height h = 50 nm. Scale bar: 10 nm. (b) Corresponding FFT pattern showing ZB symmetry. (c)
HR-image demonstrating the ABC type stacking. Scale bar: 1 nm.

First, we characterize crystals grown along the (100) direction using STEM. Figure 4.3(a) depicts
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a representative high angle annular dark field (HAADF) image of a film grown at standard
conditions for InP growth (Tgrowth = 550°C, V/III = 100). Note that the zone axis is [110] and
thus not perpendicular to the growing direction but rotated by 45°. The entire cross-section
of the h = 50 nm high film is shown in this image. We have not found any defects along the
entire crystal and thus pure ZB phase is obtained, which is attributed to the specific growth
geometry and the related absence of {111} facets. Figures 4.3(b)-(c) depict the corresponding
fast Fourier transform (FFT) pattern as well as a high-resolution (HR)-STEM image showing
the ABC type ZB stacking.
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Figure 4.4 | STEM investigation of InP films grown along (110). (a-b) Cross-sectional overview of the
crystal with height h = 50 nm close to the seed area. Scale bars: 10 nm and 100 nm. (c, f) HR-STEM
images of InP crystals grown at 550°C and 650°C, respectively. Colored areas represent ZB segments
with the two possible stacking orientations (ABC, CBA). Scale bars: 2 nm. (d, f) Corresponding FFT
patterns showing faulted ZB and WZ symmetry, respectively. (e, h) Detailed micrographs of the crystal
stacking. Scale bars: 1 nm.

Similarly, an InP film grown with identical conditions but along the (110) direction is shown in
Figures 4.4(a)-(e). First, we investigate the area close to the beginning of the growth as seen
from the [110] zone axis indicated in the BF-STEM micrograph in Figure 4.4(b). We typically
observe pure ZB InP without PDs for the first few tens of nanometers (Figure 4.4(a)), but
as soon as the first PD occurs we immediately obtain a high defect density ( 1 PD/nm), as
it is depicted in more detail in Figure 4.4(c). We therefore conclude that the crystal as it is
expanding from the horizontal substrate follows growth directions deviating from (111) in
the beginning, however as soon as the (111)A facet is present it remains stable and PDs can
be formed easily due to its high susceptibility to twinning. The presence of these PDs also
manifests itself in the corresponding FFT pattern presented in Figure 4.4(d). A single rotational
twin and the related inversion of the stacking sequence is depicted in Figure 4.4(e) in more
detail. In a second experiment the growth temperature is increased by 100°C to Tgrowth =
650°C, by ramping up from 600°C within the first 5 min, to prevent desorption of the otherwise
unstable InP (001) surface under the growth conditions accessible in our MOCVD reactor. As
shown in Figures 4.4(f) the number of ZB segments is reduced strongly. Although only a small
area is shown in this image we observe similar crystal quality and defect density throughout
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the entire template, apart from the area close to the seed. The characteristic FFT pattern and
ABAB stacking sequence along the [0001], direction are clearly visible in Figures 4.4(g)-(h)
demonstrating the formation of nearly pure WZ material. At the beginning of the growth we
obtain pure ZB material again, followed by a short polytypic region ( 20 nm), which we believe
originates from the temperature ramping procedure.

We use statistical analysis proposed by Joyce et al. [286]. to quantify the crystalline purity of
our InP films. Every deviation from the perfect ZB stacking order (ABC) is accounted for as a
single twinned bilayer (e.g. ABA). As the proportion of twinned bilayers in ZB InP is increased
from 0 to 100%, the crystal phase is thus transferred to pure WZ. In Figure 4.5(a) we employ this
analysis for different growth temperatures and directions by counting PDs in HR-STEM images.
We observe that the number of twinned bilayers increases with temperature from 32% to 97%
for films grown along (110) to nearly pure WZ at 650°C. InP grown in (100)-direction on the
other hand remains free of PDs and is pure ZB in any case. Hence, we achieve simultaneous
formation of both phases during the same growth run as demonstrated in Figures 4.5(b)-(g).
Increasing the temperature further is expected to result in even higher phase purity, however

the TBP pressure in our MOCVD reactor was not sufficient to stabilize the InP surface under
such conditions.
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Figure 4.5 | Simultaneous growth of ZB and WZ InP layers. (a) Number of twinned bilayers as a function
of growth temperature for InP films grown along (110) and (100). Simultaneous formation is achieved
at 650°C. (b, c) Colored top-view SEM images of typical crystals. Scale bars: 1 uym. (d, e) HR-STEM
images of InP crystals grown along (110) and (100), respectively. Scale bars: 2 nm. (f, g) Corresponding
FFT patterns showing WZ and ZB symmetry, respectively.

To further confirm the crystal phase transition and purity, we perform p-PL on individual
crystals after removal from the underlying InP substrate to exclude measurement interferences
(see Methods for more details). Figure 4.6(a) depicts representative pu-PL emission spectra of
InP crystals grown along (100) and (110}, respectively, as well as of bulk InP as a reference. The
PL measurements reveal a blueshift of about 70 meV for crystals grown along (110) with respect
to bulk InP and crystals grown along the (100) direction. This shift, which is clearly observed
for RT and low T measurements, is thus attributed to the phase change of the material. For
WZ InP we extract band gap energies corresponding to 1.41 and 1.47 eV for 293 Kand 5 K,
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respectively, which is in excellent agreement with previous reports on WZ InP NWs [311, 205].
Additionally, at low T we obtain a much smaller emission peak exactly at the position of bulk
InP. This is believed to be due to the area close to the seed line which is ZB irrespective of
template orientation. The FWHM of the spontaneous emission peaks for crystals grown along
(100) and (110) is comparable to the one measured for bulk InP indicating high material
quality and phase purity. Further, we use time-resolved PL (TRPL) to assess the overall
effective carrier lifetime in our InP films. In Figure 4.6(b) we compare TRPL-measurements
performed at 5 K from two crystals obtained during the same growth run and having the
same defined morphology, the only difference being the growth direction and thus crystal
phase. We obtain a 2.5-fold longer lifetime for ZB InP. According to the equivalent crystal
morphology and assuming that there is no fundamental difference between the quality of the
WZ and ZB InP surfaces, we thus conclude that the shorter exciton recombination lifetimes
are an inherent property of the crystal phase and reflect the increased oscillator strength of
the optical transition at the I'-point [173, 314]. These findings suggest the enhanced light
emission from WZ InP as compared to its natural ZB crystal structure, which could result in
more efficient light sources.
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Figure 4.6 | PL measurements of ZB and WZ InP films. (a) Normalized emission spectra of typical
crystals along with bulk InP(001) at room temperature (RT) as well as 5 K. (b) Normalized TRPL
measurements at 5 K demonstrate lifetime differences of ZB and WZ InP crystals exhibiting the exact
same morphology.

Next, we describe a model to explain the structural transition observed in crystals grown along
the (110) direction. It is crucial to understand which type of facets are formed during the
deposition process as they have a substantial influence on the growth dynamics. For example,
PDs which are essential to facilitate a phase transition are exclusively formed along either the
ZB (111)A or (111)B direction. In Figure 4.7(a) we show the end facets of a typical WZ InP film,
which consist out of a relatively small (0001)}, A facet at the bottom and a larger (1100)y, facet
perpendicular to it. As sketched in Figure 4.7(b), the stacking sequence can easily be changed
along the (0001)y, direction which corresponds to the (111) direction in ZB. Hence, a transition
from ZB to WZ is possible without introducing miscoordinated atoms [100].
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The question remains, why under certain conditions WZ stacking is preferred over ZB, which is
known to be more stable in bulk form. Earlier experiments on vapor-liquid-solid (VLS) grown
NWs suggest that, once a nucleus of critical size is formed it spreads out laterally over the entire
surface resulting in a layer-by-layer deposition mechanism [80, 83]. The orientation of the
initial nuclei for every layer therefore determines the stacking sequence and thus the crystal

phase of the resulting material. It is further known from VLS growth that if such a nucleus is
formed at the edge to the (1100)y, facet, WZ is preferred to minimize the overall surface energy,
otherwise ZB stacking is energetically more favorable under typical growth conditions [70,
264]. Hence, it is important to control the position of the nuclei on the (0001),, A surface to
achieve control over the crystal phase.

A  End facets Tigrowth = 650°C phase transition
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Figure 4.7 | (a) End facets of a typical InP film grown in (110) direction and exhibiting WZ phase. (b)
Atomistic model for structural transition in InP crystals. The variable stacking axis along the [0001],, A
direction allows for an initial phase transition, which needs to be maintained during growth by forming
nuclei at the edge toward the (1100)}, facet. In [1100]}, direction the stacking is strongly fixed and the WZ
structure is transferred irrespective of growth conditions. (c) WZ InP film exhibiting a width w = 50 pm
and a length L = 1 ym demonstrating the scalability of this approach. Scale bar: 5 pm.

Keeping this information in mind, we can have a closer look at the InP (111)A / (0001),, A
surface. It is reported both theoretically [284] and experimentally [285] that its surface recon-
struction is either In-rich (2 x 2) or P-rich (v/3 x v/3)R30° depending on growth temperature
and precursor partial pressures. In the former case, which is at high Tgyowh [284], to proceed
growth on the In-terminated surface, P atoms need to be adsorbed first. However, this bonding
configuration is thought to be weak since it has only a single bond toward the surface, and the
P atoms are desorbed easily [268]. We thus speculate that under such conditions the formation
of nuclei exceeding the critical size becomes unlikely at the surface. Instead new layers start to
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form at the edge toward the (1100)}, facet where a high amount of dangling bonds is available
and WZ phase is preferred in analogy to the existing models for the much more explored VLS
technique [70]. This model can explain how the WZ phase becomes more dominant at higher
Tgrowth, because the direct nucleation at the surface is suppressed and new nuclei are forced to
be formed at the edge line. This is also in agreement with the fact that we observe a decrease
of the growth rate when Tggu, is increased from 550°C to 650°C.

Our model suggests that a low ratio between the (0001)y A surface and its accompanying
edge to the neighboring (1100)y, facet is required to prevent ZB nucleation on the (0001), A
surface. Because in NW growth this ratio scales with diameter, stable WZ formation has not
been observed in NWs exceeding a few hundred nanometers, nor in any planar epitaxy. For
the same reason, increasing the height (h) of InP films grown by TASE is expected to result in
polytypic material at a certain point. However, this ratio is constant irrespective of another
parameter in our constrained geometry: the template width (w). We do not believe that there
is any restriction to this value, which would enable the growth of arbitrarily wide crystals in
a planar way. This was demonstrated by growing WZ films exhibiting an area of 50 um?, as
shown in Figure 6c. Using such planar films as virtual substrates by subsequently transferring
the crystal phase in vertical direction holds great promise for integrating more complex WZ
thin-film heterostructures, perfectly suited for electro-optical devices.

In conclusion, by carefully selecting confined growth planes using TASE, we achieved the
concurrent growth of pure ZB and nearly pure WZ InP films. Thus, we demonstrated a new
pathway for facilitating complete phase transitions in a III-V material system. STEM, FFT
and PL analysis revealed the phase purity and optical quality of the obtained crystals and
demonstrated a blueshift for the WZ phase in agreement with earlier literature reports on
WZ InP NWs. By TRPL measurements we obtained lower exciton lifetimes in the WZ phase
which is a strong indicator for the increased oscillator strength of the optical transition and the
resulting enhanced light emission of the material. We further proposed a model to describe
our findings and demonstrated the scalability of our approach by growing WZ InP at sizes up to
50 um?. Remarkably, the growth of WZ InP has only been demonstrated in NW structures, with
the first WZ film formation shown in this work. Our study provides a new route for facilitating
phase transitions in large area III-V material growth, which could bring us one step closer to
the integration of a new class of optical devices with outstanding properties.

Methods

Template Fabrication. Line seeds with nominal widths of 50 nm were patterned along the
(100) and (110) direction on a standard InP(001) wafer covered with 50 nm plasma-enhanced
chemical vapor deposited (PECVD) SiO» by e-beam lithography (EBL), reactive ion etching
(RIE) and buffered hydrofluoric acid (BHF). Seeds were protected with 4 nm atomic-layer
deposited (ALD) Al,O3 after which 50 or 100 nm amorphous Si (a-Si) was sputtered for
structural and optical characterization, respectively. Sacrificial structures were patterned
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perpendicular to the seed lines with varying widths and lengths using EBL, inductively coupled
plasma (ICP)-RIE and a short diluted HF (DHF) dip to remove the Al,O3 after which, the actual
50 nm thick SiO, templates are deposited using ALD. The SiO» is opened at the position
furthest away from the seed line using EBL, RIE and DHE and the «-Si within is etched using
XeF, chemistry. Finally, the protective Al, O3 at the seed line is removed by DHF directly before
the growth.

InP Growth. InP film growth was performed by MOCVD using TBP and TMIn at a total
pressure of 60 torr. Partial pressures for TBP and TMIn were kept at 8.2 Pa and 82 mPa,
respectively to achieve a nominal V/III ratio of 100. Upon loading, the reactor was heated in a
TBP atmosphere, and deposition was initiated subsequently by introducing TMIn. Growth
temperature was held constant for growth at 550°C and 600°C and ramped up from 600°C
within the first 5 min for growth at 650°C to prevent desorption of the thermally unstable
InP(001) substrate surface at the seed line. Growth times were varied between 40 and 60 min.
After growth, substrates were cooled under a TBP atmosphere until reaching a temperature
below 300°C.

Structural Characterization. The structural quality of individual crystals was investigated by
scanning transmission electron microscopy (STEM) along the [110] zone axis. The sample
lamellas were prepared by means of a FEI Helios Nanolab 450S focused ion beam (FIB) either
in parallel to the growth direction for films grown along (110) or rotated by 45° for crystals
grown along (100). BF and HAADF micrographs were generated using a double spherical
aberration-corrected JEOL JEM-ARM200F microscope operated at 200 kV.

Optical Characterization. For optical characterization, crystals were transferred from their
growth substrate to a piece of polystyrene (PS) after stripping the SiO, templates with BHE
Two different p-PL setups were employed. At RT a continuous laser source at 633 nm was
used to excite the InP layers in ambient conditions, whereas for measurements at 5 K the
crystals were pumped using a pulsed supercontinuum laser at 640 nm (pulse length 15 ps at
78 MHz repetition rate) in vacuum. Both setups, RT and low T, excite, as well as collect the
photoluminescent response from the top using a 50x objective and they are linked to a liquid
nitrogen cooled Si CCD and InGaAs detector, respectively. TRPL measurements are performed
at 5 K using the supercontinuum laser at 640 nm and 78 MHz, as well as a cooled InGaAs
single-photon detector.
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4.2 Additional Results

Apart from the main publication, further results on conformal epitaxy have been established
afterwards. For example, a detailed investigation of the growth evolution from ZB to WZ in
templates oriented along (110)-direction was carried out. An HR-STEM image of a typical
crystal is shown in Fig. 4.8. As expected from the growth model, due to the absence of a {111}A-
facet in the early stages of the growth, pure ZB material is formed at first (see inset 1). As soon
as the first stacking fault is obtained along (111)A-direction, immediately a high density of
such is observed. Nevertheless, the density of stacking faults is still gradually increasing before
nearly pure WZ material is obtained (inset 4). We attribute this to the ramping procedure of

Figure 4.8 | HR-STEM image of the phase transition in an InP crystal grown along (110)-direction. The
FFT patterns obtained from different areas along the growth direction demonstrate a transition from
pure ZB to WZ within approximately 20 nm.
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the growth temperature that was carried out during the first 5 min. Continuing further in
growth direction, the defect density remains approximately constant.

Complementary CL characterization was carried out by N. Tappy at EPFL to obtain high-
resolution data of the optical emission in grown crystals. Fig. 4.9(a) depicts room temperature
emission spectra of a crystal grown along (110)-direction at 650°C. The data is largely consis-
tent with previous PL characterization. A clear blueshift of the optical emission is obtained
in the grown planar film apart from the area close to the seed, which is consistent with the
delayed phase transition as shown in Fig. 4.8. While STEM allows to characterize only small
sections at a time, with CL we could prove that the entire crystal shows WZ emission as
depicted in Fig. 4.9(c).
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Figure 4.9 | (a) Room temperature CL emission spectra of a crystal grown along (110)-direction as
obtained from 3 positions indicated in (b). (c) CL map showing integrated emission intensities from
900 - 950 nm (red) and 825 — 875 nm (green).

To prove the versatility of growth plane selection during CE, we performed additional experi-
ments on GaAs. A complete set of new samples was fabricated for this purpose with GaAs(001)
as substrate. Compared to InP, a higher growth uniformity could be achieved during epitaxy.
To this end, however, grown films were limited to pure ZB and ZB with high amounts of planar
defects. An example with direct comparison to InP is given in Fig. 4.10. HR-STEM images show
that pure ZB phase can be obtained in both cases. However, the amount of planar defects
observed in GaAs is significantly lower for growth along (110)-direction, thus preventing us
from growing pure-phase WZ GaAs. Future studies could investigate a larger range of growth
parameters or the incorporation of dopants in order to induce a higher stacking fault density —
and ultimately WZ phase.

In order to synthesize WZ GaAs layers in this research project, another, more elaborate tech-
nique was developed. As illustrated in Fig. 4.11, this approach combines the potential of
phase switching during VLS growth and the stabilization of crystal structures by selection of
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growth direction
(110)

(100)

Figure 4.10 | STEM investigation of InP and GaAs films. (a, b) HR-STEM images of InP and GaAs crystals
grown along (110)-direction. Red arrows indicate PDs as is also visible in the FFT patterns shown
in the insets. (c, d) HR-STEM images of crystals obtained throughout the same growth run as in (a)
and (b), respectively but grown along (100)-direction. Pure and defect free ZB phase is obtained as
substantiated by the FFT patterns depicted in the insets.

confined growth planes. First, a GaAs NW is grown by VLS along c-direction, which allows
for phase change to pure WZ. Such NWs, in extraordinary length and quality, were supplied
by our project partners around E.M.T. Fadaly and E.PA.M. Bakkers at TU Eindhoven. Using
a cleanroom wipe, the NWs are transferred to an SiO, covered Si substrate, where they pref-
erentially lie on one of their m-plane facets. This is important, as we can benefit from the
low-index top surface of the resulting layer for an additional epitaxy step (see Chapter 7). In a
specifically developed process we build a template around the NW. As a sacrificial material, an
organic resist is used that can be patterned by e-beam lithography. The template itself is then
formed with HSQ, which turns into SiO, upon exposure in a second e-beam lithography step.
In a following CE step the growth will be guided along a-direction. This direction is suitable
for crystal structure transfer, as it is orthogonal to the only c-axis (stacking direction) in the
WZ crystal phase. Hence it is expected that WZ GaAs will be formed.

To test this hypothesis, STEM characterization of such a film is performed as shown in Fig. 4.12.
An in-plane lamella is prepared in order to enable imaging of the entire layer. By acquiring
multiple HR-STEM images across the layer, we found pure WZ crystal phase, as exemplified in
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Figure 4.11 | Two step epitaxy technique for synthesizing WZ GaAs films. (a) VLS-grown WZ GaAs NWs
are deposited on a Si substrate covered by SiO,. (b) A template is built around the NW for CE. In a
following GaAs epitaxy step, growth planes are confined to the a-direction, which effectively hinders
phase-change. A WZ GaAs film is obtained with m-plane top surface. (c) SEM image of multiple GaAs
films grown from a single NW after removal of the top oxide.
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Fig. 4.12(c). Given the versatility of VLS growth, this technique could enable the synthesis of
WZ films for a large amount of materials. Using NWs with twinning supper lattices or with
multiple crystal phases along the growth axis, these features should be expandable into layers,
opening many interesting applications. A publication of the results in a peer reviewed journal

is aspired, once more insights have been gained.

Figure 4.12 | STEM characterization of a WZ GaAs film. (a) Top-view SEM image of film before lamella
preparation. (b) Overview STEM image after preparing an in-plane lamella, viewed in an angle of 30°
(along a-direction). (c) HR-STEM image at one extremity of the grown film. Pure WZ phase is observed.
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4.3 Main Achievements
In summary the following results and achievements have been obtained, extending the under-
standing and possibilities of metastable film synthesis:
* We studied the effects of confined growth planes during conformal epitaxy and found
that only specific growth planes allow for phase change to metastable crystal phases.

* The first metastable WZ film of any III-V material was synthesized in this thesis.

» Using the effects of confined growth planes, both ZB and WZ InP films can be obtained
concurrently in the same growth run in a controlled way, providing an ideal platform to
study the properties of metastable phases.

* A growth model was developed, explaining our results.
* Experiments on other materials were performed, resulting in defect free ZB GaAs.
* We developed a two-step approach using a VLS seed NW to grow WZ GaAs layers.

* We found indications for a higher oscillator strength at the I'-point in WZ InP, favorable
for optoelectronic applications.

* The band gap energy was determined to be 70 meV higher in WZ InP across a large
temperature range, in accordance with theory and experiments on NWs.

* The work presented in this chapter was recognized with the Best Student Paper Award at
CSW2019 in Japan and the Young Scientist Award at EW-MOVPE 2019 in Lithuania.

* We filed 2 US patent applications related to this research work.
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5] Metastable Film Formation by Zipper-
Induced Epitaxial Lateral Overgrowth

Whereas conformal epitaxy allows for the highest control over the growth conditions and
substrate orientation and offers additional advantages such as lateral doping profiles or
co-integration of multiple materials, it is an elaborate technique that requires careful prepa-
ration of the substrate and a large number of fabrication steps. For advanced applications
we believe that it has the highest potential with a clear route towards lattice mismatched
hetero-integration on standard Si substrates. However, in order to produce large layers in an
economical way, we were exploring other approaches that require less substrate preparation.

In an effort to increase crystal sizes of metastable materials, fin growth has been investigated
in the past [108]. This technique, similar to SAE of NWs, allows for phase change along the
(111) growth direction. Thus, (111)-oriented substrates are typically used in order to obtain
vertical WZ fins enclosed in m-plane facets. Interestingly, these facets, similar to NW sidewalls
should allow for phase transfer along lateral direction (compare Section 2.7). To prove this
hypothesis, we performed experiments on core-shell fin structures. InGaAs or InAIP was
deposited on WZ InP fins directly after growth and characterized by STEM. Fig. 5.1 depicts
typical results obtained for InAIP. Indeed, the WZ stacking established during vertical InP fin
growth was transferred in lateral direction to the InAIP layer.

WZ InAIP

{1-100}
o |/

phase change

2.0.,0.,0.,0.,0.0.,0.0.0.0.0..0

10 0 0 0, 7B (111)A o 0 .0 0.,

00,00 .0.0.,0.0.0.0.0.0.0.0

Figure 5.1 | STEM characterization of InP-InAIP core-shell fins. The metastable WZ crystal phase of the
fins is transferred to the InAlP shell.
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On the other hand, ELO techniques exist, in which lateral growth dominates over vertical one.
To achieve this in a conventional way, growth conditions must be met or specific substrate
orientations used. However, these parameters are substantially restricted if at the same time
phase change should be obtained. As a matter of fact, such an epitaxy has not been reported
in literature to the best of our knowledge.

Instead, to combine the potential of phase change fin growth with the favorable planar form
factor of ELO, we apply a trick that makes use of so-called zipper points (compare Section 2.5).
Fins that are grown in different but crystallographically equivalent directions can be merged
in a central point. Concave edges that are formed in such a way are unstable during growth
and expand laterally over the oxide layer. Thus, a film is formed which is isolated from the
substrate. Due to the phase transfer along lateral direction, the metastable phase is obtained
in the entire film. We call this technique zipper-induced epitaxial lateral overgrowth, and
abbreviate it to zipper-ELO.

In this chapter we will investigate scaling of WZ films grown by zipper-ELO and explore size
limitations related to epitaxy of metastable crystals. Our main findings have been published
in a peer reviewed journal [315] and will be presented in the following sections.

5.1 Publication 2 | Exploring the Size Limitations of Wurtzite II1I-V
Film Growth

After successfully demonstrating zipper-ELO to be a viable technique for obtaining planar
layers of WZ III-V materials, we were addressing the question of how far we can increase the
film dimensions before they will relax to their thermodynamically preferred stable phase. Such
a limitation is believed to exist due to the energetics of the metastable system. However, the
exact value can depend on details of the growth process which will determine not only the
diffusion lengths of adatoms but also the energy difference between the two stacking positions
during growth. Given the restricted deposition parameters to obtain WZ films in our MOVPE
reactor, we could not study such an effect. Instead we focused on the limitation at given
growth condition and compared it with epitaxy from extended hole openings. In this way we
established a transition point from WZ to ZB of around 100 pum?. Our publication is not only
the first comprehensive study exploring the size limitations of metastable film synthesis, but
also laying out growth strategies in order to achieve unprecedented WZ layer dimensions.

To scale films grown by zipper-ELO, an intuitive approach is to increase the diameter of the
underlying star pattern. However, this will drastically increase the deposition time as the
lateral expansion can slow down when intermediate low-index facets are formed. Hence, we
followed an additional approach in which we tile individual star patterns. This allowed us
to synthesize fully-grown large area films in relatively short deposition times. We studied
crystal quality and phase purity of the obtained films by STEM as well as scanning p-PL. Based
on our findings we further developed a model which is based on the formation of multiple
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stacking-misaligned nuclei at extended growth surfaces.

The following article is reproduced with permission from P. Staudinger et al., “Exploring the
Size Limitations of Wurtzite I1I-V Film Growth’, Nano Letters, 20, 1, 686-693, 2020. © 2020
American Chemical Society. Further permission requests related to this material should be
directed to ACS. With unchanged content from the post-print version, the text, layout and
references of this article have been re-formatted in the style of this thesis.

For the work presented here, I conceived and designed the experiments together with H.
Schmid. I performed substrate fabrication, MOCVD growth, STEM and PL characterization.
I developed a growth model based on the obtained results and wrote the majority of the
manuscript.

L ETTERS @ Cite This: Nano Lett. 2020, 20, 686-693 pubs.acs.org/NanoLett

Exploring the Size Limitations of Wurtzite lll-V Film Growth
Philipp Staudinger,” Kirsten E. Moselund,” and Heinz Schmid*

IBM Research - Ziirich, Siumerstrasse 4, 8803 Riischlikon, Switzerland

Abstract

Metastable crystal phases of abun- Selective Area Epitaxy Epitaxial lateral
dant semiconductors such as III- Vs, ~ A overgrowth
Si or Ge comprise enormous po- = WZ

tential to address current limita- |”I| C’
tions in green light-emitting elec- / /

trical diodes (LEDs) and group IV
photonics. At the same time these
non-conventional polytypes bene-
fit from the chemical similarity to
their stable counterparts, which en-

ables the reuse of established pro-
cessing technology. One of the WZ wire WZ fin WZ film
main challenges is the very limited Figure 5.2 | Table of contents figure.
availability and the small crystal

sizes that have been obtained so far. In this work we explore the limitations of wurtzite
(WZ) film epitaxy on the example of InP. We develop a novel method to switch and maintain
a metastable phase during a metal-organic vapor phase epitaxy process based on epitaxial

lateral overgrowth and compare it with standard selective area epitaxy techniques. We achieve
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unprecedented large WZ layer dimensions exceeding 100 pm? and prove their phase purity
both by optical as well as structural characterization. On the basis of our observations we
further develop a nucleation-based model and argue on a fundamental size limitation of WZ
film growth. Our findings may pave the way toward crystal phase engineered LEDs for highly
efficient lighting and display applications.

Keywords

crystal structure, wurtzite, indium phosphide (InP), selective area epitaxy (SAE), epitaxial
lateral overgrowth (ELO)

Main Text

Waurtzite (WZ) group III-V (-As/-P) and the closely related Lonsdaleite [37] (LD) group IV
semiconductors are currently of high interest because of their potential applications in solid
state lighting and on-chip photonics. AlAs, AlSb, AlP, GaP and Ge all possess indirect bandgaps
in their bulk-stable cubic phase, whereas both electronic band structure calculations [42, 30,
46, 60] as well as recent experimental reports on nanostructures [98, 109, 316] suggest their
band transition to become (pseudo-) direct once their lattice periodicity is changed to the
hexagonal WZ or LD symmetry. These findings open new pathways for creating efficient light
sources in the important amber-green wavelength region of the visible spectrum where a lack
of suitable emitting materials currently limits the performance of LEDs and semiconductor
lasers [43, 317]. Direct-bandgap Ge and SiGe compounds on the other hand could even
pave the way toward silicon-based optoelectronic devices [318]. Even though research has
intensified in recent years, synthesizing these materials in their thermodynamically less stable
phase remains challenging. The most explored techniques result in thin nanowires (NWs)
and rely on the use of a gold catalyst [77, 70, 286, 134, 319, 78], which hinders technological
exploitation. Significant advances were made in the self-catalyzed synthesis of pure WZ
InP [320, 311] and GaAs [312, 321] NWs and the catalyst-free selective-area epitaxy (SAE)
method, where InP [105] and related ternaries such as AlInP [106] and InGaP [107] NWs have
been successfully grown in WZ phase. This recently lead to the development of efficient
green NW emitters [106]. Progress in the crystal structure transfer technique in which the
stacking of a core NW is transferred to a heteroepitaxially grown shell further allowed for
synthesizing a higher range of material systems, including GaP [100], InAs [114], AlGaAs [115],
InGaAs [117, 291, 292], AlInP [103], AlGaP [102], Si [141] and SiGe [65]. To explore the rich
potential of these new materials, crystal sizes well above 1 pm are needed to support optical
modes and effectively suppress surface recombination. However, it is predicted that the WZ
phase becomes unstable above a critical diameter, which is in the range of only a few tens of
nanometers [264]. Several demonstrations have surpassed these limitations which resulted in
WZInP [169, 268] and InGaAs [31] NWs with diameters up to several hundreds of nanometers,
even though the mechanisms involved are not well understood yet. Other efforts include the
merging of arrays of laterally overgrown WZ NWs [194]. In that case, phase transformation
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due to misaligned stacking sequences prevents the formation of WZ layers and a mixture of
crystal structures is obtained. The Fukui group succeeded in transferring the WZ stacking
sequence from a GaN substrate to AllnP along the (1100) direction, which however faces
fundamental limitations due to the large lattice mismatch and the resulting high density
of stacking faults [109]. By growing fin structures vertically [108] or films laterally with the
use of template-assisted selective epitaxy [303, 304, 302, 254] the growth facet is kept small,
which can help to promote the formation of larger layers of metastable material. However, the
former technique is lacking a planar geometry as desired for many device applications and in
the second example significant microfabrication processes are needed. Independent of the
applied epitaxy techniques, a general understanding of the size limitations and mechanisms
that prevent the fabrication of large WZ III-V layers is missing.

In this work, we investigate techniques to scale WZ film growth to larger dimensions and
experimentally explore their size limitations. InP is particularly suited for this comparative
analysis as both the WZ and zinc-blende (ZB) phases exhibit a direct, but distinctive bandgap,
which facilitates an optical analysis. Starting from standard SAE nanowires and fins on top
of patterned InP (111)A substrates, we develop a novel method which relies on the enforced
epitaxial lateral overgrowth of interconnected fins by creating so-called zipper points. We
report on pure WZ layers on insulator exceeding areas of 100 pm?, which can be grown in
dense arrays ideal for micro-LED integration [322]. The grown material is analyzed by high-
resolution scanning transmission electron microscopy (HR-STEM), atomic force microscopy
(AFM) and micro-photoluminescence (u-PL). By modifying the mask layout toward larger
dimensions we establish an upper size limit for growth of WZ films, which is consistent for all
techniques investigated in this study. A general model based on nucleation mechanisms is
developed to explain our present and former observations.

Growth is carried out using patterned SiO, covered InP(111)A substrates with reactor con-
ditions optimized for WZ formation (see Methods for details on this process). In a first
experiment we explore epitaxy from hexagonal holes. The sidewalls of the holes are aligned
with the {112} ZB orientations to support the {1100} low energy WZ facets [323]. As shown in
the SEM images of Figure 5.3(a), growth along the ZB (111) or WZ (0001) direction dominates
and vertical wires are formed. An immediate extension of this technique is to reduce the
spacing in-between individual holes along a specific direction until they are merged together —
a pattern of straight lines. We explore growth from such a selective mask with nominal line
widths of 50 nm, similar to N. Wang et al. [108]. As shown in Figure 5.3(b), 2D fins are formed
after growth which again are bounded by straight {1100} sidewalls, suggesting the formation
of WZ phase.

The structural stability of fin structures intuitively suggests to just overgrow and coalescent
parallel fins into a larger structure. However, it is well known that merging of individual
growth fronts will lead to detrimental dislocation defects and was therefore not considered. In
contrast, dislocation formation can be avoided by controlling the coalescence front in a zipper
growth mode using a common growth origin [237, 239]. Combining our robust fin epitaxy
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with a zipper-like growth should accordingly allow the defect-free merging of structures. If
we pattern our fin design such that lines of the 3 equivalent orientations intersect, we can
intentionally create concave edges at the merging points, inducing zippers as described in
the schematic of Figure 5.3(c) and in more detail in Figure 5.9. We expect these edges to be
unstable during growth, since every small nucleus creates a facet with a growth rate much
higher than for the {1100} sidewalls of the fins. This results in radial growth from the central
point until stable edges are formed again. Importantly, we expect the WZ crystal structure
of the fin to be transferred along this lateral growth direction. As can be seen in Figure 5.3(c)
we in fact obtain a full hexagon which is enclosed in {1100} facets instead of a star formed
from fins. Hence, we triggered a zipper induced epitaxial lateral overgrowth (zipper-ELO),
which compared to conventional ELO is well controlled by the geometry of the structure.
Remarkably, even though individual fins show negligible lateral growth rate, efficient ELO
could be enforced by arranging the fins in a star configuration and thus inducing a zipper

growth mode.
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Figure 5.3 | From nanowire to film growth for large area WZ structures. Representative 30° tilted
SEM view of (a) an InP nanowire, (b) InP fins arranged along all equivalent (110) directions on top
of an (111)A substrate showing pronounced {1100} sidewall facets, and (c) same arrangement but
with fins connected in the center. The 6 concave zipper edges that emerge close to the center are
not stable during growth and continue to grow until the enclosing {1100} facets are reached, and a
hexagon is formed as schematically shown on the bottom. (d) AFM characterization of a 20 pm zipper-
ELO hexagon overgrown for 60 min. The star pattern from the substrate ist still visible, indicating a
fin-dominated zipper growth mode. Bottom shows investigated area on a 3D overview image.

In this technique fin-growth is expected to dominate the epitaxy during the entire deposition
process and only as a consequence the spaces in-between the fins are filled by fast growth
of high index planes. In support we carried out atomic force microscopy (AFM) on top of a
20 um wide zipper-ELO hexagon (Figure 5.3(d)). Even though SEM characterization suggests
a flat top surface, the underlying star pattern can still be observed on top of the 1 um high
hexagon which shows a remaining fin height of around 5 nm. Also visible are rounded facets
and surface defects which we attribute to InP desorption during the cool-down step. Our
observations indicate that fin-growth dominates and stabilizes the formation of the WZ phase
during zipper-ELO.
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The crystal structure of the hexagon is assessed by STEM investigation. We prepare a FIB
lamella of the hexagon close to the center, such that the viewing direction is along the (110)
ZB or the (1120) WZ direction. The high angle annular dark field (HAADF) overview image is
shown in Figure 5.4(a). At the center (marked in blue) the central mask opening is indicated.
Nearby on either side, an intensity variation in the SiO, mask is noticeable due to other mask
lines crossing in a diagonal. A high-resolution-HAADF image in Figure 5.4(b) shows the
transition from the ZB phase in the substrate to the WZ phase in the grown plate, which occurs
while the crystal is confined within the narrow oxide lines. The fast Fourier transform (FFT)
pattern on three different spots along the growing direction support this observation. Every
other spot investigated in the hexagon shows pure WZ phase, as exemplified in Figure 5.4(c),
which depicts a high-resolution-HAADF image together with an FFT pattern on one exterior
of the crystal. Complementary PL analysis of another sample is shown in Figure 5.4(d)-(f).
Figure 5.4(d) depicts 225 room temperature p-PL emission spectra of a 2D scan. The scan was
carried out across a 15x15 um? area with a spatial resolution of 1/um? at a laser wavelength of
633 nm and a spot size below 1 pm?. Two distinct emission peaks are visible which can be well
correlated with the band gap energies of ZB (1.34 eV) and WZ (1.41 eV) InP, respectively. Some
measurements show both peaks, which is attributed to the emission from both the grown WZ
structure and the underlying ZB substrate. The comparable line width and amplitude of the
emission peaks further suggest excellent optical properties. Figure 5.4(e) and (f) show the

. energy (eV)
Cross section d 1.30 1.35 1.40 1.45 1.50 1.55 1.60
10 . . . . !
> o N Legend
N ; 15
0.8
El
< 06
§ A\
£ ] ) Al
o 0.4 ; NN
\

[y
o

integrated PL intensity (a.u.)

<4
©

1<
>

L4
=

=
Y

integrated PL intensity (a.u.)

=4
°

Figure 5.4 | HAADF-STEM and PL characterization of a zipper-ELO hexagon. (a) FIB cross section
of a 1 um thick and 10 um wide hexagon with the central mask opening visible. (b) High-resolution
image at the central opening together with FFT-patterns from three positions that show the ZB — WZ
transition. (c) High-resolution image and FFT pattern close to the edge of the crystal showing WZ type
ABAB.. stacking. (d) 2D room-temperature PL scan with 15x15 measurements. Color in legend shows
spectrum position corresponding to the microscope image below. Order of colors has been chosen to
create smooth gradients from highest to lowest emission for both peaks. (e, f) Integrated PL intensity
around (b) the ZB and (c) the WZ emission peak for each measurement. A clear phase transition is
observed for the entire hexagon.
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integrated intensities around the two distinct peak energies for every measurement point,
indicating high phase purity in agreement with the STEM data.

Next, we explore the scaling behavior of the different structures investigated in this study.
Growth from hexagonal holes with increasing diameter is shown in Figure 5.5(a). NWs are
formed in small holes while decreased height is observed in openings with larger diameter,
causing the formation of low aspect-ratio plate-like structures. This can be well explained
with the change in precursor supply from the surrounding oxide [293]. Clear hexagonal
faceting further suggests the formation of WZ phase up to crystal sizes of around 5 um [308],
while inclined 3-fold symmetrical tetrahedron-like facets in the case of 20 um is a signature
of the ZB structure [324]. More statistics can be found in Figure 5.8. Straight line patterns
with increasing length up to 0.5 mm are investigated next. Whereas in the case of holes the
diameter was limited to around 10 pm, here no such obvious restriction can be seen. Clear
{1100} sidewalls are obtained up to the longest fins grown in this study, however due to angular
lithography misalignment, longer fins tend to become wider than short ones as is detailed in
Figure 5.10. Concerning structural characterization, we do find segments with crystal phase
mixing in long fins (0.3 mm), with WZ remaining the dominant phase (Figure 5.11). The
surprising structural stability of fins even approaching macroscopic dimensions suggests the
possibility to grow large layers with our zipper-ELO technique. To test this hypothesis, we
pattern star-shaped holes with varying size and grow structures for 30 min using our standard
recipe. Figure 5.5(c) shows that in this case full hexagons are obtained for star diameters up
to 10 pm, whereas larger structures do not fully develop the enclosing {1100} boundaries yet
but show intermediate {1120) facets and thus remain incomplete in most cases. Experiments
with extended growth durations allow for the reliable formation of zipper-ELO hexagons with
20 pm diameter as shown in Figure 5.7. This demonstrates that growing larger hexagons is
conceptually feasible but comes at an increased expense due to the exceeding growth time
and precursor consumption. Consequently, we evaluate an extension of this process based
on tiling individual star-mask openings as shown in Figure 5.5(d). Growing this grid-layout
should result in continuous films applicable to wafer scale areas while keeping the same
limited growth time. Initially, looking at the grown test structures indicates the feasibility of
this approach, with the structures following the given mask layout. However, closer inspection
reveals that facets belonging to the hexagonal symmetry formed for smaller structures whereas
in the case of 25 um, the appearance of inclined {111} facets clearly suggest the formation of ZB
phase similar to SAE from large holes (Figure 5.5(a)). This experimental finding points toward
a fundamental size limitation of the WZ InP epitaxy process, which will be discussed below. To
obtain a virtually continuous film of WZ InP with larger dimensions we propose to pattern
zipper-ELO structures closely together but avoiding coalescence as shown in Figure 5.5(e).

In the view of our observations we develop a nucleation-based model as sketched in Fig-
ure 5.6(a). It is known from VLS and assumed in SAE that NWs tend to grow in a layer-by-layer
fashion [74, 73]. This essentially means that a nucleus of critical size is randomly formed at the
surface and subsequently expands quickly to fill up the entire area virtually defect-free. This is
true for small growth surfaces. However, as the dimension of layers increases, the probability
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Figure 5.5 | Scaling behavior of InP structures. Representative 30° tilted SEM view of (a) InP crystals
grown in hexagonal holes with increasing diameter and (b) InP fins with {1100} sidewalls and increasing
length. Faceting reveals a WZ — ZB transition between a diameter of 15 and 20 um for holes while no
such effect is seen for fins up to 0.5 mm in length (Figure 5.10). Representative top view SEM images of
30 min overgrown (c) star-openings with increasing size and (d) grid-openings with increasing number
of tiled star-openings. In the first case the occurrence of the {1120} facets significantly slows down
the formation of full hexagons above a certain size, while in the second case WZ — ZB transition is
observed similar to crystals grown from holes, indicating a fundamental limit in InP (0001) epitaxy.
(e) In order to obtain arbitrarily large areas of WZ InP, we propose to pack hexagons from zipper-ELO
closely together. The resulting gaps can be considered during following device processing or further
minimized by careful engineering.
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of two independent nuclei reaching critical size before they merge increases significantly and
growth of a defective film is expected [325]. We therefore distinguish two distinct regimes
in Figure 5.6(a). As long as the growth area is small and the conditions are such that ABAB..
stacking is favored we expect pure WZ to be grown in our structures, because every layer is
nucleated from a single nucleus. We define this as case A. If the dimensions are increased, we
assume defects to be formed because of unavoidable monolayer steps in the substrate and the
merging of independent nuclei. Such imperfections can result in localized dislocations [325] or
vertical antiphase boundaries as sketched in Figure 5.6(a). Antiphase boundaries are expected
to have a high defect energy which is proportional to the area of the respective plane. Hence,
we assume that these kind of defects only remain stable for the growth of thin fins (case B). In
broader structures where the defect plane is much larger another process is triggered. Here,
the merging of mismatched layers induces a propagation of the defect line toward the exterior
of the crystal. In such a case the formation of the thermodynamically more stable ZB phase is
expected (case C) as described previously for the merging of NWs by D. Jacobsson et al. [194].
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Figure 5.6 | (a) Atomistic model for size-dependent structural transitions in III-V SAE. If the structure
size is small, every layer is started from a single nucleus or competing nuclei merge before they reach a
critical size and pure WZ material can be obtained under the right growth conditions (case A). In the
case of large growth planes, competing nuclei with mismatched stacking order can merge after they
reach critical size, in which case two scenarios can occur: A defect plane is formed in the crystal, while
it remains WZ (case B) or the defect propagates through one of the nuclei which changes the stacking
to cubic ZB with twins and stacking faults (case C) [194]. The latter scenario is expected to occur in
case of high defect energy, that is, when the defect plane area is large. (b) Experimental validation of
our model through statistical analysis of crystals grown during the same growth run from line (blue),
hole (red) and grid (black) openings as a function of feature size in semilogarithmic scale. Solid lines
are a guide for the eye. Drawings schematically show the seed from which respective structures were
grown. Crystal phase is determined by p-PL analysis. Nearly 100% of structures with feature sizes below
10 um show WZ PL emission, indicating primarily occurrence of case A. Fin structures grown from
lines remain WZ independent of length. We speculate that the defect energy in this case is too small
to induce a gliding of the planes — dominated by case B. Both hole and grid structures above 10 pm
in size show ZB emission in most cases, indicating the crystal phase has been transformed. This is
expected in our model due to the large defect plane area as described in case C.

To test our model, we use PL to statistically analyze the crystal phase obtained in our structures.
The PL-emission spectra of 304 measurements is analyzed; if a distinct peak at the WZ position
is visible, we categorize them as WZ, otherwise they are ZB. It should be noted that all crystals
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that possessed 3-fold tetrahedral symmetry during SEM analysis, as, fore example, the 20 um
sized structure in Figure 5.5(a), have no WZ peak, whereas for the remaining structures the
crystal phase cannot be unambiguously assessed from their morphology. In Figure 5.6(b) we
show the percentage of crystals that show WZ phase for line, hole and grid seeds in dependence
of their dimension. For small diameters and lengths all investigated structures show WZ phase,
which is in agreement with our model (case A) and previous observations in NWs [268]. Next,
we look at fin structures with lengths ranging from 5 pm to 0.5 mm (blue). In that case, all
PL measurements show the WZ peak, even though the dimensions of the longest fins exceed
the critical length and nucleation from multiple seeds can be expected. Thus, we conclude
that the defect plane energy of antiphase boundaries is too small to trigger a gliding process
and case B is obtained primarily, but not exclusively. Indeed, we find extended sequences of
crystal intermixing in long fins (0.3 mm), with WZ remaining the dominant phase (Figure 5.11).
On the other hand, for hole and grid openings we obtain a change to ZB phase for larger
diameters, which is predicted by our model due to the high defect energy at the antiphase
boundary and the resulting plane gliding (case C). We expect a similar phase transition for
single zipper-ELO structures once they exceed a certain size, however we excluded them from
this diagram, because they do not develop to full hexagons under investigated growth duration
(30 min).

Our suggested model extends existing models based on mononucleation [326, 265] and
essentially combines two previous observations: defect-formation under the condition of
multiple nucleation sites [325] and phase transformation in merged WZ structures which are
stacking-misaligned and exceed certain dimensions [194]. The former model was developed
for VLS growth and predicted only nonradiative step facets to be formed due to the small
dimensions investigated. The latter observation concerned the radial merging of previously
grown vertical NWs. We claim that this mechanism is not only valid for macroscopic structures
nucleated from different sites on the same substrate but is also obtained for epitaxy on a
single facet if it exceeds critical dimensions. We speculate that this mechanism is the primary
cause for the size limitation of WZ films and more generally any metastable material phase
formed along a stacking direction. Confining the growth area in one dimension prevents the
phase transformation to the thermodynamically more favored crystal structure by keeping the
defect energy small, which was utilized in this and other [108] studies to grow fins with large
dimensions or films with the usage of a template [303]. The expansion of such fins laterally
however increases the defect area and triggers a gliding of crystal planes to the ZB phase as was
observed for the grid structures. We believe that this model is general for both catalyst-free as
well as VLS techniques and can be applied to a wide range of materials.

In conclusion, we experimentally determined the limitations for WZ film growth using the
example of InP. Pure WZ structures of 20 um diameter were obtained by a newly developed
zipper-ELO which is based on WZ fins. Even though individual fins showed negligible lateral
growth rate, efficient ELO could be enforced by arranging the fins in a star configuration which
induced lateral growth in the concave center corners of the star. In addition, most of the
structure covers an underlying insulating oxide, which can be interesting for implementing
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electronic and optical devices. As was revealed in this study, individual hexagons or tiled
arrangements cannot be grown infinitely large without going through a phase transition to
a thermodynamically more stable crystalline phase, independent of the growth conditions.
However, by arranging hexagons closely spaced on a substrate a virtually continuous WZ film
can be obtained with arbitrary dimensions. On the basis of our findings, we developed a
generalized nucleation-based model to explain our observations, which is in accordance with
previous findings. The combination of fin structures which may support a phase change and
the creation of a zipper to force ELO could find interesting applications in material synthesis,
heterointegration and device fabrication.

Methods

Growth. A standard InP(111)A wafer was covered with 60 nm plasma-enhanced chemical
vapor deposited (PECVD) SiO,. Hexagonal openings with varying diameter and line seeds
with nominal widths of 50 nm were patterned along the 3 equivalent (110)-directions by
e-beam lithography (EBL) and reactive ion etching (RIE) in a CHF3/0, plasma. InP growth was
performed in a cold-wall showerhead MOCVD reactor using tertiarybutylphosphine (TBP) and
trimethylindium (TMIn) at a total pressure of 60 torr. Partial pressures for TBP and TMIn were
kept at 8.2 Pa and 82 mPa, respectively to achieve a nominal V/III ratio of 100. Upon loading,
the reactor was heated to 630°C in a TBP atmosphere, and growth was initiated subsequently
by introducing TMIn. Reactor temperature was ramped up within the first 60 s to 640°C,
the final growth temperature. This procedure was developed in order to prevent substrate
desorption prior the nucleation process. Deposition time was 30 min if not stated otherwise.
After growth, substrates were cooled under a TBP atmosphere until reaching a temperature
below 400°C.

Characterization. The morphology of InP nanostructures and films was characterized using
a Hitachi SU8000 SEM and a Veeco Instruments AFM with a NanoScope V controller. The
structural quality of individual films was investigated by STEM along the (110) and (1120)
zone axis for ZB and WZ, respectively. The sample lamellas were prepared by means of a FEI
Helios Nanolab 450S focused ion beam. HAADF micrographs were generated using a double
spherical aberration-corrected JEOL JEM-ARM200F microscope operated at 200 kV. For optical
characterization, a continuous laser source at 633 nm was used to excite the InP layers in
ambient conditions. Excitation as well as collection of the photoluminescent response was
facilitated from the top using a 50x objective which was linked to a Peltier cooled Si CCD
detector from Horiba Scientific.
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5.2 Additional Results

The following figures have been published (in different order) as supporting information
along with the publication presented in the previous section from where they are referenced.
Descriptions are given in the corresponding figure captions.
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Figure 5.7 | (a) SEM images of zipper-ELO structures grown for 30 min with increasing diameter to show
growth statistics. The largest fully-grown hexagons are obtained for a diameter of 15 um. Incomplete
hexagons show rich and diverse faceting. (b) In contrast, after 2 h of growth time we obtain a yield of
fully-grown 20 pm hexagons of close to 100%. Star structures without connected central point show
pure fin-growth also after prolonged growth runs (bottom).
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Figure 5.8 | 30° tilted SEM images of InP crystals grown in hexagonal holes with increasing diameter to
show typical distribution of growth morphologies. Hexagonal symmetry dominates until a diameter of
5 um. Above, more complex faceting appears, and the formation of tetrahedral structures is observed
in many cases. Apart from the intentionally grown structures, additional polycrystals are observed on
some spots, which we attribute to dirt particles that were present on the sample already before the
deposition.
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Figure 5.9 | 3D schematic of zipper-ELO. Vertical growth is facilitated by fin-growth, which by itself
shows negligible lateral growth. An arrangement of intersecting fins however allows for inducing zipper
points, which trigger an ELO to fill up the layer until stable facets are formed again. The metastable
crystal phase is transferred from the fins into the layer. Surface diffusion of the growth species on the
SiO, mask as well as the fin facets results in high lateral growth rate.
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Figure 5.10 | SEM images of InP fins with increasing length showing both overview images as well as
details with equal magnification for every fin. For the 0.5 mm fin the low-magnification mode of the
SEM was used in order to fit the entire crystal. The broadening of longer fins is clearly visible, which
originates from the angular misalignment of the e-beam lithography. Straight {1100}-plane side-wall
facets suggest the formation of WZ crystal phase, in contrast to the richer faceting obtained in the case
of large hexagonal holes (Figure 5.8).
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bottom

Figure 5.11 | STEM characterization of an InP fin with 300 um length from four different positions

(bottom to top). Areas with pure WZ material and crystal phase intermixing were found. This is in
contrast to observations on shorter fins or zipper-ELO structures where only pure WZ was found

(Figure 5.4).
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5.3 Main Achievements
In summary the following results have been obtained in this chapter:
* We developed a methodology to enforce epitaxial lateral overgrowth from metastable
fins, which transfers the crystal phase into a layer.

* This was demonstrated for WZ InP layers, but might be applicable to other material
systems.

* We explored size limitations of film growth using several related techniques.

 Metastable films larger than 100 um? could be achieved with high phase purity and
crystal quality, the largest ever demonstrated.

* A fundamental size limitation was found and explained by a nucleation-based model.
 Larger layers can be obtained by tiling individual segments in close proximity.

* In an invited contribution to the Compound Semiconductor Magazine we present an
overview of our results on crystal phase engineering.
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Room Temperature Lasing from
Wurtzite InP Microdisks

Zipper-ELO allows for the growth of crystals with large spatial footprint and aspect ratio, and
is therefore useful for the epitaxy of metastable films. Another advantage of this technique is
that it allows for lithographically precise positioning of as-grown nano- and micro-structures.
The dimensions and geometries of the crystals are well controlled and at the same time
largely separated from the substrate, as this is a lateral overgrowth technique. By progressively
increasing the oxide thickness, we explore the possibility to create structures that are optically
isolated, and can serve as basis for advanced photonic structures.

In this chapter, we present our latest results based on WZ InP crystals. Our main findings are
currently under review and will be shown in the following section.

6.1 Publication 3 | Wurtzite InP Microdisks: from Epitaxy to Room-
Temperature Lasing

In this article we develop a versatile photonic platform using zipper-ELO. We explore the syn-
thesis of optically isolated nano- and micro-structures in metastable phase, and demonstrate
high control on the shape, position and dimensions of individual crystals. This allows for the
direct growth of periodic arrays or more advanced arrangements of closely positioned disks
and related geometries. Such an approach could be highly interesting for designing photonic
crystals or coupled laser arrays. We demonstrate the capabilities of our platform by showing
room-temperature lasing from WZ InP microdisks.

The following article presents the pre-print version of the manuscript published on arXiv.org.
For the work presented here, I performed the majority of experiments, including substrate
fabrication, MOCVD growth and STEM characterization. I conceived the epitaxy experiments
and wrote the majority of the manuscript.
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Chapter 6. Room Temperature Lasing from Wurtzite InP Microdisks

Waurtzite InP Microdisks: from Epitaxy to Room-Temperature Lasing

Philipp Staudinger, Svenja Mauthe, Noelia Vico Trivifio, Steffen Reidt, Kirsten E. Moselund,
and Heinz Schmid

IBM Research - Ziirich, Saumerstrasse 4, 8803 Riischlikon, Switzerland

Abstract

Metastable wurtzite crystal phases of semi-
conductors comprise enormous potential for
high-performance electro-optical devices,
owed to their extended tunable direct band
gap range. However, synthesizing these ma-
terials in good quality and beyond nanowire
size constraints has remained elusive. In
this work, the epitaxy of wurtzite InP mi-

)
=2
<

&
>

=
[%2]
=,
9]

S
(=

=

AL

crodisks and related geometries on insula-
tor for optical applications is explored. This
is achieved by an elaborate combination of
selective area growth of fins and a zipper-
induced epitaxial lateral overgrowth, which wavelength (nm)

enables co-integration of diversely shaped .
. . Figure 6.1 | Table of contents figure.

crystals at precise position. The grown mate-

rial possesses high phase purity and excellent optical quality characterized by STEM and p-PL.

Optically pumped lasing at room temperature is achieved in microdisks with a lasing threshold

of 365 uJ/cm?, thus demonstrating promise for a wide range of photonic applications.

Keywords

Indium Phosphide, III-V, wurtzite, microdisk, room-temperature lasing

Main Text

III-V materials have attracted great interest throughout the past decades, due to their unique
optical and electronic properties. The direct and tunable bandgap allows for scaled electro-
optical devices with efficient emission and absorption properties. Novel concepts like on-chip
optical communication [327], complex optical networks [328], topological photonics [329],
or metasurfaces [330] have been proposed and rely on the unique features of scaled III-V
devices such as microdisk lasers [256] or photonic crystals [331]. Using a top down approach
based on wafer bonding, lithography and etching, advanced III-V nanostructures on insula-
tor can readily be formed for photonic applications [332, 333, 334, 335]. These approaches
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however, come at the cost of fabrication complexity and surface damage created during the
etching process which negatively impacts device performance. An alternative approach is
the direct monolithic growth of semiconductor micro- and nanostructures [336, 337, 338,
339, 254]. Advancements in epitaxy techniques recently enabled the synthesis of high quality
single crystalline material in various shapes, like nanowires [201], nano- and microfins [221],
microdisks [340], or microrings [341]. In contrast to semiconductor geometries obtained from
etching, these structures are enclosed by as-grown crystal facets with superior quality. More-
over, materials that are not available in bulk form, like metastable wurtzite (WZ) III-Vs, can be
grown and investigated [105, 342, 268]. Synthesizing these materials in their thermodynami-
cally less stable phase is challenging, but highly interesting in terms of optical properties. For
instance, the entire composition spectrum of WZ InAlGaP shows a direct band gap transition,
in contrast to their natural zinc-blende (ZB) counterparts [42, 98, 106]. Hence, metastable ITI-V
materials are seen as a potential solution for the long-standing problem of realizing efficient
green LEDs and laser diodes, commonly referred to as “green gap” [54]. Using conformal
epitaxy or zipper-induced epitaxial lateral overgrowth (ELO) techniques, we demonstrated the
growth of extended and pure WZ InP layers with layer dimensions ranging from <1 pm? to >100
pmz [303, 315]. In addition, the growth of various WZ microstructures, such as membrane-,
prism-, and ring-like shapes by selective area epitaxy was recently shown [108].

In this work, we present a versatile optical platform by demonstrating the growth of various InP
micro- and nanostructures on an InP substrate with 300 nm oxide to provide optical isolation
from the substrate. The structures are grown in a single growth run and thorough optical
characterization is performed. The platform allows for exact positioning of epitaxially grown
hexagons and related micro- and nano-sized shapes enclosed by a subset of the low-energy m-
and a-plane facets, such as triangles, rhombi, fins, stars, or wires. Complex arrangements, e.g.
arrays of hexagons with diameters ranging from 500 nm to 5 pm and precise spacing can be
achieved. Since the epitaxially grown crystals are only connected to the substrate via thin fins
and otherwise separated by an oxide layer, optical isolation is achieved.

Devices are fabricated using a three-step growth sequence: (1) inducing the transition of
crystal phase to WZ, (2) anisotropic growth of WZ-fins and (3) zipper-induced ELO. The main
steps of the formation process for a cavity of a microdisk laser are sketched in Figure 6.2(a)-(d).
A standard InP(111)A substrate is covered by 300 nm PECVD SiO, after which narrow (~50
nm) lines are patterned by e-beam lithography and dry-etching techniques (see Experimental
Section for details on the fabrication). The diameter of the microdisk will be determined by
the length of the lines which are connected centrally and follow the three equivalent (110)-
directions. Metal-organic vapor phase epitaxy (MOVPE) allows for the selective nucleation
of InP in the trenches and switching to WZ phase, followed by a highly selective and vertical
growth along the [111]A direction. After the fins extend out of the oxide layer, the zipper-points
at the center induce an ELO process until the stable {1100} (m-plane) or metastable {1120}
(a-plane) WZ facets are formed [108]. Figure 6.2(e) depicts a scanning electron microscope
(SEM) image of a typical InP microdisk obtained during a growth time of 5 min, and after
removing the oxide masking layer to reveal the underlying pedestal fin structure. The resulting
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microdisk has noticeable lower sidewall surface roughness compared to the underlying fin
structures as well as to InP structures obtained by reactive ion etching processes.

Figure 6.2 | Concept for WZ InP microdisk epitaxy. (a) (110)-oriented lines are patterned on a standard
InP (111)A substrate covered with 300 nm SiO, by e-beam lithography and dry etching. (b) Growth is
initiated in a fin-mode which allows for crystal phase switching to pure WZ. (c) Zipper-induced ELO
maintains the metastable phase and provides for the formation of (d) hexagonally shaped microdisks
with flat crystalline m-plane sidewalls. (e) False-colored 60° tilted SEM image of a typical structure with
900 nm diameter after removing the SiO, layer, revealing the pedestal fin structure.

The growth technique offers interesting options for designing a specific photonic structure,
but also combinations of structures that can be grown in a single step. This includes hexagons
of different sizes which can resemble either (nano-)wires or (micro-)disks. Crystal heights are
mainly determined by deposition time, but also by diffusion mechanisms, which results in
higher growth rates for hexagons with smaller diameter as illustrated in Figure 6.3(a). Moreover,
the resulting features are accurately defined by lithography and the respective resolution limit,
including gap sizes as demonstrated in Figure 6.3(b). Periodic arrays consisting of multiple
structures, like hexagons, can be formed. Additionally, a wide range of different geometries
and polygons can be grown together with no additional fabrication steps after epitaxy. This
principle is exemplified in Figure 6.3(c) and (d). Angled lines expand to rhomboids [108] that
are enclosed by low energy facets and form structures that could serve as waveguides. Similarly,
an elongated hexagon can be obtained by extending one of the seed lines. In principle, any
convex shape can be envisioned which can be formed by m- and a-type facets, including
for example triangles and rectangles. The well controlled and deliberate expansion of the
exemplified structures beyond the width of the underlying fin together with the thick oxide
mask layer are key for optical isolation and photonic functionality.

To obtain high quality optical devices from InP nanostructures, excellent crystalline quality
needs to be achieved. Hence, we investigate the crystal structure and phase purity of the grown
structures. Figure 6.4(a) depicts a cross-sectional scanning transmission electron microscope
(STEM) image of a typical microdisk with 1.5 um diameter imaged along a (110) zone-axis.
Substrate and microdisk are divided by an oxide layer (dark), which is interrupted by three
vertical bright stripes. These correspond to the line openings (compare Figure 6.2(a)), as
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Figure 6.3 | Growth of structures with different feature sizes and geometries applicable to photonic
devices. (a) Changing the diameter of patterned stars allows to grow a range of feature sizes from wires
to disks. (b) Multiple disks can be placed closely together to obtain arrays with tunable gap sizes. (c)
Angular misaligned lines extend to an enclosing rhomboid formed from m- and a-planes. (d) The
difference of a line opening connected and in proximity to a hexagon on the resulting crystal shape.

they are observed in a lamella which is slightly off-centered with respect to the hexagon-axis
(inset of Figure 6.4(a)). In order to investigate the crystal phase and defects we perform HR-
STEM characterization in Figure 6.4(b)-(g). We observe a transition from ZB to WZ phase
after the crystal has extended approximately 5 nm into the oxide template. This is attributed
to the initial growth stage at lower temperature, combined with the surface roughness of
the substrate. At closer inspection the abruptness of this phase transition is revealed. The
high-angle annular dark field (HAADF) image in Figure 6.4(c) suggests that only a single bilayer
(stacking fault) divides a pure ZB (ABCABC...) from a pure WZ (ABAB...) stacking sequence.
Following this transition, fault-free WZ phase is observed (exemplified in two additional HR-
STEM images) up to the flat top facet in the central area. Close to the side-facets, a ring-like
structure terminates the top-surface, which is approximately 30 nm high. In stark contrast
to the phase purity of the microdisk below, this ring shows ZB phase with high amount of
stacking faults as indicated in Figure 6.4(g). We assign this to the continued growth at reduced
temperatures during the first seconds of the cool-down (see Experimental Section).

In order to assess optical properties, the devices are characterized using a p-photoluminescence
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Figure 6.4 | HAADF-STEM characterization of a representative microdisk. (a) FIB cross section of a
microdisk with a diameter of 1.5 um and a height of 475 nm. The inset shows a top view image of the
approximate position of the lamella with respect to the hexagon. Red, pink, green and purple marked
areas indicate regions of interest, which are investigated in more detail. (b) High-resolution image at
the central opening reveals a transition from ZB to WZ phase 5 nm from the substrate surface. Fast
Fourier transform (FFT) images substantiate this observation. The area framed in blue is magnified in
(c), which depicts the stacking change from ZB to WZ phase. A single stacking fault is obtained between
otherwise phase-pure regions. (d)-(e) High-resolution images show pure WZ phase at various positions
of the microdisk. (f-g) Magnification of the top right corner, showing faulted ZB material for the last 30
nm of the growth.

(PL) setup with a ps-pulsed supercontinuum laser at 750 nm wavelength. A 100x objective is
used to illuminate the devices from the top and collect their optical response. Figure 6.5(a)
depicts the photoluminescence response of a 2 pym WZ microdisk for increasing excitation
fluences (20 — 295 pJ/cm?). At low illumination, the spontaneous emission of the microdisk is
visible with a peak position of 880 nm corresponding to the bandgap energy of WZ InP and
hence, confirming the crystal phase [303]. Upon increasing laser power, a resonant mode starts
forming at 875 nm. This can be observed in Figure 6.5(b), where the integrated linear light
in light out (LL) curve of the measured cavity mode is plotted. A clear kink marks the onset
of lasing. By performing a linear fit on the right-hand side of the graph, the threshold of the
resonant cavity mode can be determined to 365 pJ/cm?. In logarithmic representation, a clear
S-shape is revealed which is characteristic for a laser. Alongside with the strong increase of the
emission in the resonant cavity mode, we observe a linewidth narrowing, another indication
for lasing (see inset in Figure 6.5(b)). The increase of the linewidth at high pump powers is due
to a blueshift of the resonant wavelength arising from refractive index changes and is widely
observed in similar systems [343, 337]. Additional insights can be obtained by analyzing far
field images of the optical response taken with a standard camera. As shown in Figure 6.5(c)
the spontaneous emission is visible at low excitation fluences. With increasing pump energy,
the emission of the devices gets stronger and fringes start forming. At high excitation fluences,
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a clear far-field radiation pattern with interference fringes is visible because of the extended
first-order coherence of the laser emission. Room-temperature lasing operation in as-grown
microdisks confirms the sufficient optical isolation provided by the 300 nm thick oxide layer
introduced during fabrication, which was chosen for this first proof-of-concept.

To further quantify the material quality and the lasing performance, we perform time-correlated
single photon counting (TCSPC) measurements. The sample is again illuminated with a 750

nm ps-pulsed supercontinuum laser using a 100x objective. Figure 6.5(d) depicts the results of
the TCSPC measurements. At room temperature and low excitation fluence, the ZB substrate

and WZ microdisk exhibit carrier lifetimes of 1.57 ns and 239 ps, respectively. This is in agree-
ment with results obtained in a previous work [303], and is attributed to the higher oscillator
strength of the optical transition at the I'-point in WZ phase [173, 314]. Under strong excitation

power, the measured carrier lifetime of the WZ microdisk reduces strongly resulting in a value

below the resolution limit of the measurement setup (<50 ps). This strong reduction of carrier
lifetime is attributed to the stimulated emission in the resonant mode observed under high

excitation powers, which further confirms lasing operation of the hexagonal microdisk with
laser pulse durations below <50 ps. This constitutes, to the best of our knowledge, the first
demonstration of a WZ InP microdisk laser. In combination with the possibility to controllably
grow a range of different geometries side-by-side, our platform could have many promising
future photonic applications.
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Figure 6.5 | Optical characterization. (a) PL spectrum of a 2 um WZ microdisk for increasing optical
excitation at the onset of lasing. (b) Linear LL curve of the device measured in (a). The inset shows the
FWHM of the resonant mode versus excitation fluence. The dashed line depicts the laser threshold. (c)
Far field images of the device in (a) at different excitation fluences. The image at 180 pJ/cm? is taken
under white light illumination. The hexagonal shapes indicate the fabricated devices. The scale bar in
all far field images corresponds to 2 pm. (d) TCSPC measurements of the ZB substrate, and a microdisk
below and above threshold (>2 xPyy,).

In conclusion, we developed a methodology based on selective area epitaxy specifically tai-
lored for the fabrication of photonic devices. High resolution lithographic patterning and
thick oxide masks enable precise positioning and optical isolation, while zipper-ELO leads to
large devices with defect-free and smooth crystal surfaces. Besides hexagonal microdisks we
show a range of additional shapes to exemplify the capabilities of our platform. The unique
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fabrication approach allowed for the demonstration of optically driven lasing from hexagonal
WZ InP cavities with a threshold of 365 pJ/cm?. Finally, the concepts introduced are generic
and could therefore also find applications in other commercially important material systems
such as InAlGaP and III-nitrides.

Experimental Section

Substrate fabrication. An InP(111)A wafer was covered with nominally 300 nm plasma-
enhanced chemical vapor deposited (PECVD) SiO, (288 nm measured during STEM). This
thickness provides a compromise between sufficient optical isolation of the optical mode
in the III-V material and fabrication simplicity. Line openings with widths of approximately
50-100 nm and varying lengths were patterned along the three equivalent (110)-directions by
e-beam lithography (EBL) and reactive ion etching (RIE) in a CHF3/0; plasma. Prior to growth
the substrate was cleaned in acetone, isopropanol and O, plasma.

MOVPE growth. InP growth was carried out in a cold-wall showerhead MOCVD reactor using
H; carrier gas, tertiarybutylphosphine (TBP) and trimethylindium (TMIn) at a total pressure
of 8000 Pa. Partial pressures for TBP and TMIn were 8.2 Pa and 82 mPa, respectively, resulting
in a nominal V/III ratio of 100. Before growth, the reactor was heated to 630 °C in a TBP
atmosphere. Subsequently, deposition was initiated by introducing TMIn into the chamber.
The substrate temperature was ramped up to 640 °C within the first 60 s, the final growth
temperature. This procedure was developed in order to prevent substrate desorption prior
the nucleation process. Deposition time was between 5 min and 30 min. Rapid cooling was
started for the last 50 s of the growth, after which TMIn supply was terminated and cooling
proceeded in TBP atmosphere.

Optical characterization. Optical characterization is performed using a u-photoluminescence
(PL) setup with a ps-pulsed supercontinuum laser at 750 nm (78 MHz repetition rate). The
sample is illuminated from the top using a 100x objective (NA 0.6) which also collects the
optical response of the sample. All measurements are performed at 300 K and under ambient
conditions. The collected optical response is analyzed using a monochromator and an InGaAs
CCD camera. Time-correlated single photon counting (TCSPC) measurements are performed
in the same setup, using the 750 nm ps-pulsed supercontinuum laser and the 100x objective.
A Si single photon detector is used to measure the optical response. Since the signal of the
sample is very strong, a high-density filter was used to reduce the power of optical light inci-
dent on the detector. Using a TCSPC measurement module (PicoHarp 300), the lifetime of
the sample can be determined. The resolution of the setup is 50 ps due to the temporal pulse
shape of the supercontinuum laser.
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6.2 Main Achievements

In summary the following results have been obtained in this chapter:

A platform for the synthesis of optically isolated crystals was developed, which allows
for the fabrication of resonant cavities and photonic structures.

InP microdisks and related geometries were grown with high precision and control.

By careful exploration of the design space we demonstrated the possibility for the direct
growth of virtually any shape that is enclosed in a combination of m- and a-plane facets,
including triangles, rhombi, fins, stars, or wires.

Structures can be grown in a single step with defined dimensions and gap sizes.
For the first time, room-temperature lasing from WZ InP microdisks was demonstrated.

A resonant mode forms at 875 nm for microdisks with a diameter of 2 um, at a threshold
of 365 pJ/cm?.

Upon lasing, we observe a reduction of the carrier life from 239 ps to below 50 ps, limited
by the resolution of the measurement setup.
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“Around here, however, we don’t look backwards for very long.
We keep moving forward, opening up new doors and doing new things,
because we're curious ... and curiosity keeps leading us down new paths.”

— Walt Disney

In this thesis we developed and explored new strategies for crystal phase engineering in
planar layers. Most of the results are demonstrated on the example of InP as it is a material
with high ionicity and both the stable ZB and the metastable WZ phase exhibit a direct, but
distinctive band gap, which allows for efficient optical analysis. Our results contribute to the
understanding of metastable film growth and may pave the way towards large-scale crystal
phase engineered devices.

In Chapter 4 we introduced conformal epitaxy. This technique is highly interesting as it en-
ables selecting confined growth planes during epitaxy, and thus to study their importance on
the formation of metastable phases. We demonstrated that only a specific growth orientation
permits the introduction of stacking faults in InP — an intermediate step towards the formation
of the hexagonal phase. In analogy to fin epitaxy, we maintained a comparably small growth
facet that allowed us to tune the crystal structure to nearly pure WZ. At the same time, the
capping oxide enabled us to obtain planar layers on standard (001)-oriented substrates, the
first demonstration of its kind. Even more, we showed that by growing along other directions
during the same deposition run, we could concurrently synthesize ZB and WZ layers in high
quality. This is another clear advantage over NW growth, where until now similar results
are obtained only by coincidence rather than deliberately predefined through the seed ori-
entation [319]. Not only was this the first time that WZ InP was synthesized in dimensions
where bulk properties dominate, we simultaneously obtained ZB InP grown at exactly the
same conditions, with equal morphology and surface quality. Hence, we developed an ideal
platform to investigate the properties of WZ InP and compare them with the well-studied
cubic phase. In this way we found indications for a higher oscillator strength of the optical
transition at the I'-point in WZ InP, which is very interesting for many optical applications. We
proposed a model to describe our findings and demonstrated the scalability of our approach
by growing WZ InP at sizes up to 50 um?. Additionally, first important results were established
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for GaAs films. The lower phase-control motivated us to develop a two-step approach that
combines the advantages of VLS and CE. In this way, pure WZ GaAs layers were synthesized
and a clear route towards metastable films of a large range of materials was established.

Chapter 5 described zipper-induced epitaxial lateral overgrowth as another technique for
metastable film synthesis. Starting from fin epitaxy, a phase change from ZB to WZ InP could
be achieved along vertical direction. In order to trigger an epitaxial lateral overgrowth and
thus film formation, simply changing growth parameters is not a viable option as the m-
planes on the fin-sidewalls tend to be very stable and exhibit extraordinarily low growth rate,
regardless the reactor conditions. On the other hand, besides its necessity for obtaining layers,
growth along the lateral direction is also favorable for transferring the crystal phase of the fin
structures. We thus explored a new technique that makes use of creating unstable concave
edges between individual fins in order to deliberately induce so-called zipper points. The
intermediate facets that are enforced in this way show high growth rate and are thus suitable
for efficient lateral overgrowth. Additionally, due to the high selectivity with respect to the
m-plane facets, this technique allows for precise control of the layer dimensions. We made
use of these advantages to explore the size limitations of WZ film synthesis in publication
2. At given growth conditions, we established a transition point from WZ to ZB of around
100 um?. This result was consistent using different growth strategies, which points towards a
fundamental size limitation. Hence, we developed a nucleation-based model that extends
existing theory to explain our results qualitatively. Even though our model predicts that no
infinitely large WZ layer can be grown from a common growth origin, we explore a route to
generate a virtually continuous substrate by tiling individual crystals in a closely arranged
array. It is envisaged that these structures can be merged together in a second epitaxy step to
form a layer with only minor defects at the merging points.

Zipper-ELO is a powerful technique to form layers with large dimensions that can be used for
planar device fabrication. As we showed in Chapter 6, this method also has another advan-
tage. The underlying oxide layer can be made thick enough to obtain optical isolation from
the substrate. In combination with defined positioning, size control and as-grown smooth
crystalline facets, this technique provides an ideal platform to directly synthesize optical
structures with high quality. This was showcased in publication 3, where we demonstrated
room-temperature lasing from a hexagonal WZ InP microdisk directly grown in a single step.
Even more, this platform allows to obtain virtually any shape that is enclosed in a combination
of m- and a-plane facets, including triangles, rhombi, fins, stars, or wires. Precise lithographic
positioning enables narrow and defined gap sizes that can be used for example for optical
coupling between various structures. This opens up manifold future applications including
photonic crystals and random laser arrays.

In Fig. 7.1 we summarize our results and put them in context of the state of the art. A compre-
hensive understanding of metastable film growth was acquired during this research project.
Two new techniques were presented, which are based on the ability to form a metastable phase
in a catalyst-free epitaxy. We demonstrated that if such a growth window exists, we can extend
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these materials to planar layers. So far, InP and related ternaries are the only known III-Vs for
which this is possible. Advances in the catalyst-free epitaxy of metastable semiconductors are
expected to increase also the range of materials that can be grown in planar films using one of
our approaches. Until then, we suggest a two-step technique that combines the advantages
of VLS and CE. Given the versatility of VLS, we believe that a large range of materials can be
synthesized in this way.

/ \
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range of materials (metastable) —»
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Figure 7.1 | Qualitative map showing the techniques and results presented in this thesis compared to
the state of the art for growth of metastable materials. Order of magnitude larger crystals sizes have
been synthesized, extending the capabilities of selective area epitaxy techniques. For the first time,
metastable WZ III-Vs have been grown with planar form factor. A promising 2-step approach (VLS +
CE) is presented for future growth of metastable films of a larger range of materials.

7.1 Future Directions

This work presents viable routes for synthesizing planar layers of metastable material, thus
bringing the interesting properties of this new kind of matter closer to application. As a
material of choice, InP was primarily used throughout this thesis to demonstrate the principle
and to establish a proof of concept. To increase the range of application, focus for future work
needs to be put on the exploration of additional material systems. So far, this has proven
difficult as other I1I-Vs or SiGe have less or no ionicity, a fundamental property that is known to
promote WZ formation. It is possible that there are no suitable growth condition that directly
generate WZ phase in many of these materials without using a catalyst. Hence, we propose
additional ideas to synthesize planar films of such materials based on our findings:

* Conformal epitaxy provides layers that can be used as a virtual substrate. Template
removal and a follow up planar epitaxy could be used to grow thin films of other materials
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on top of WZ InP. However, the large lattice mismatch between InP and other materials
has to be considered to avoid degradation resulting in less phase purity [109].

¢ Another two-step approach could overcome this limitation, though at the cost of in-
creased complexity. VLS growth enables the synthesis of a large range of materials in
metastable phase (compare Tab. 1.2). Integration of such a NW inside a template, such
that a following epitaxy is restricted to specific growth planes, enables the formation of

a metastable NW
<+>
substrate

(i) transfer from growth substrate (i) direct horizontal growth
b e.g. LD (Si)Ge
m-direction
)
. e.g. WZ GaAs
a-direction
(i) homoepitaxy (i) heteroepitaxy
C
m-direction
—>

Figure 7.2 | Ideas for synthesizing a larger range of metastable materials. (a) A metastable VLS NW
is either (i) transferred to an isolated substrate or (ii) directly grown horizontally. (b) A template is
formed around the NW for CE to confine the growth plane to the a-direction, which effectively hinders
phase-change. Using (i) homoepitaxy or (ii) heteroepitaxy, various metastable materials can be grown
in layers. (c) Removing the oxide template followed by planar epitaxy can also be used to synthesize
thin films of materials that are not available in metastable phase as NWs.
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layers by transferring the metastable crystal phase of the seed crystal, as demonstrated
for GaAs in Chapter 4. As depicted in Fig. 7.2(a), instead of transferring NWs from
another substrate, a route for direct horizontal growth can be envisioned, and will be
explored in future work.

* Up to now, some materials can also not be grown directly using VLS. This includes the
very interesting group IV semiconductors in LD phase. Motivated by heteroepitaxial
shell growth in vertical NWs, we propose an idea to obtain planar layers by using a
dissimilar core-NW material as indicated in Fig. 7.2(b)ii. In addition to the planar
form factor, the confined growth plane should allow for prolonged expansion without
compromising material quality, as compared to shell growth.

* Yet another idea we started to explore is sketched in Fig. 7.2(c). Removal of the top-oxide,
followed by a planar growth should be suitable for the synthesis of thin layers of lattice
matched materials. The m-plane surface is believed to be beneficial for this purpose, as
it will transfer the crystal phase and remain stable during epitaxy.

A US patent application relevant to these approaches has recently been filed and we con-
tinue to pursue them particularly for the synthesis of metastable GaAs and (Si)Ge layers in
collaboration with the E.PA.M. Bakkers group at TU Eindhoven.

Other possible directions include the utilization of different deposition techniques. Hydride
vapor phase epitaxy seems particularly suited for this task owed to its high selectivity and
deposition rate as desired for conformal epitaxy. We are exploring this route in an active
collaboration with the Y. Andre group at Institut Pascal in Clermont-Ferrand.

Given our promising results on the direct synthesis of optical devices with metastable WZ
phase, further research should focus on device fabrication, doping and contact formation
of these new materials. We have worked towards this goal in the framework of the H2020
SiLAS project using LD SiGe. Further studies on doping and contacting approaches are well
underway. As a first demonstration we envision LEDs, either made from LD (Si)Ge or WZ
In(A)B, which both could be of enormous interest for the semiconductor industry.
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