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Abstract

Polycrystalline chemical vapour deposited ZnO films are commonly used as transparent elec-
trodes for photovoltaic devices. Over the past years much effort has been put into improving
their properties. Even though these films are now well optimised for specific device applica-
tions, a detailed understanding of their microstructure and formation mechanisms has not
yet been established. Up to now the microstructure formation of these films was qualitatively
described by a competitive overgrowth of neighbouring grains that leads to the formation of
columnar V-shaped grains with a fibre texture. The lack in a more detailed and quantitative
knowledge about the microstructure of these films is in part due to their complex nanometre
sized grain structure, where previously applied standard characterisation techniques have
provided only limited insights.

To overcome this limitation, the present work used an automated crystal orientation mapping
(ACOM) technique in transmission electron microscopy (TEM) to quantitatively characterise
the grain structure of ZnO films. This technique allows the microstructure to be characterised
down to lateral resolutions of a few nanometres. This work presents a methodology using
ACOM for the analysis of the evolution of grain size, texture and grain boundary character
of films, from the substrate up. The extensive data generated by this approach has, on the
one hand, led to the identification of previously unnoticed growth mechanisms, such as
renucleation of grains with a preferred orientation and frequent (0113) twinning, and on the
other hand provided the necessary input for comparison with predictions from polycrystalline
film growth simulations.

Polycrystalline film growth simulations based on the van der Drift growth model were per-
formed and a good agreement between simulations and experiments was found for films
with a minimal presence of renucleation during growth. In both, the average grain size (d)
in function of the distance to the substrate h of the film are described by a power-law of the
form (d) < h%, with a = 0.4. Furthermore, it has been found that the experimental grain size
distribution of the film is self-similar. Both of these findings are consistent with previous
predictions from 3D simulations based on the van der Drift model.

Further, the origin of renucleation has been studied in more detail. Renucleating grains were
identified by ACOM, in order to guide targeted complementary high-resolution TEM studies
of the interface between renucleating grains and their neighbouring grains. The formation



ii

of nanometre sized regions with zinc blende (ZB) structure was identified in between stable
grains with a wurtzite (WZ) structure, a polytypism which has so far not been thought to occur
in polycrystalline ZnO films. By analysing grain orientations, it was found that the ZB leads
to a tetrahedral coordination of surrounding WZ grains, where the misorientation between
the WZ grains is characterised by [2110] | 71°. Furthermore, it is shown that renucleating
grains change in their orientation by several degrees with increasing distance to the ZB region.
This structural distortion rotates the grains into a low-energy (01 13) twinning relationship
with neighbouring grains. The ZB-WZ polytypism is thus provides an explanation for the high
frequency of (01 IS) twinning observed in the films.

Key words: transmission electron microscopy (TEM), automated crystal orientation mapping (ACOM),
low-pressure chemical vapour deposition (LP-CVD), zinc oxide (ZnO), microstructure, thin film growth,

texture evolution, grain growth, polytypism, zinc blende, (0 113) twins



Résumé

Des films polycristallins de ZnO déposé par dépdt chimique en phase vapeur sont couramment
utilisés comme électrodes transparentes pour des dispositifs photovoltaiques. Au cours des
dernieres années, beaucoup d’efforts ont été faits pour améliorer leurs propriétés. Méme si
ces films sont maintenant bien optimisés pour des applications spécifiques, une connaissance
approfondie de leur microstructure et les mécanismes de leur formation n'ont encore pas
été établis en détail a ce jour. Jusqu'a présent, la formation de la microstructure de ces
films est qualitativement décrite par une compétition entre des grains voisins qui amene a la
formation des grains colonnaires en forme de ‘V’. Labsence d'une connaissance plus détaillée
et quantitative de la microstructure de ces films est en partie due a leur structure complexe
avec des grains de taille nanométrique, ot1 les techniques de caractérisation classiques utilisées
précédemment n’ont pu fournir qu'un apercu limité.

Pour surmonter cette limitation, la présente étude a utilisé une technique de cartographie
d’orientation cristalline (ACOM selon son acronyme anglais) en microscopie électronique
a transmission (MET) pour caractériser quantitativement la structure des grains des films
de ZnO, jusqu’a des résolutions latérales de quelques nanometres. Ce travail présente une
méthodologie utilisant cette technique de cartographie d’orientation pour I'analyse de I'évo-
lution de la taille des grains, de la texture et du caracteére des joints de grains des films, partant
du substrat et allant vers la surface. Les données détaillées générées par cette approche ont
permis d’identifier des mécanismes de croissance précédemment inapercus tels que la nucléa-
tion des nouveaux grains avec une orientation préférentielle durant I'épaississement du film
et la formation fréquente des macles (0113). De plus, ceci a permis de générer les données
nécessaires pour une comparaison avec des simulations.

Des simulations de croissance de film polycristallin basées sur le modele de van der Drift ont
été effectuées et un bon accord a été trouvé pour les films qui montrent peu de renucléation
de grains durant I'épaississement des films. Dans la simulation et les donnés expérimentales,
la taille moyenne des grains (d) en fonction de la distance du substrat / du film sont décrits
par une loi puissance de la forme (d) = h%, avec a = 0.4. En outre, il a été constaté que la
distribution de taille de grain du film est auto-similaire. Ces deux résultats sont en accord avec
les prédictions antérieures de simulations 3D basées sur le modele de van der Drift.
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Lorigine de la nucleation des nouveaux grains a été étudiée plus en détail. Ces grains ont
été identifiés par ACOM, ce qui a permis de guider des études complémentaires de MET a
haute résolution. Cela a amené a 'identification des régions de ZnO avec une structure de
zinc blende (ZB) entre des grains de ZnO d’une structure wurtzite (WZ), qui est la phase
préférentielle de ZnO. En analysant I'orientation des grains de WZ autour de la ZB, nous
avons constaté que le ZB conduit a une coordination tétraédrique autour des grains WZ, ot la
désorientation des grains WZ est caractérisée par [2110] | 71°. En outre, il est démontré que
les grains de WZ sont distordu et changent leur orientation de quelques degrés en s’éloignant
de la phase ZB pour former des macles (0113). Le polytypisme ZB-WZ permet d’expliquer la
fréquence élevée des macles (OI 13).

Mots clefs : microscopie électronique a transmission (MET), cartographie d’orientations cristalline, dé-
pot chimique en phase vapeur a basse pression (LP-CVD), zinc oxide (ZnO), microstructure, croissance
des couches minces, évolution de texture, croissance de grains, polytypisme, zinc blende, macles selon
0113)
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|} Introduction

Transparent conductive oxides (TCOs) are an important class of materials that combine elec-
trical conductivity and transparency. Their use spans a wide range of applications such as
low-emissivity glass-coating, flat-panel displays, or electrodes for photovoltaic devices [1].
Commonly used oxides include doped SnO,, In,O3 and ZnO all having a high bandgap
>3 eV, which allows their use for applications that require transparency in the visible to
near-ultraviolet spectral range [2]. Currently, the TCO market is dominated by tin-doped
indium oxide (In20s3 : Sn; indium tin oxide (ITO)), which is almost the only TCO used for flat-
panel applications [3]. The recent increase in the flat panel display market has, however, raised
concerns about the supply of indium. Indium is typically not found at high concentrations in
the earth’s crust and therefore it is produced as a by-product from the mining of other metals
such as zinc, which makes the supply of indium difficult to control [4]. Furthermore the price
of indium has increased strongly in the past, which is driving research towards replacing ITO
by abundant and cheap alternatives [3].

Doped polycrystalline ZnO films are a promising alternative that have found much success
as transparent conductive electrodes in photovoltaic devices [5]. In particular, low pressure
metal-organic chemical vapour deposition (LP-MOCVD) boron-doped ZnO films, such as the
example shown in Fig. 1.1, are currently being used as front contact electrodes in photovoltaic
applications [6]. Much effort has been devoted in the past to optimise their electrical and opti-
cal properties as well as to tailor them for photovoltaic device applications [7-11]. However,
the fundamental understanding of their growth and the relevant growth mechanisms gov-
erning their microstructure remain limited. This is in part due to the complex small-grained
polycrystalline microstructure that, so far, has only been investigated by: X-ray diffraction
(XRD) measurements for texture characterisation [7, 8, 12]; atomic force microscopy (AFM)
as well as scanning electron microscopy (SEM) for surface morphology (7, 8, 12]; and basic
transmission electron microscopy (TEM) similar to Fig. 1.1 [7, 13]. Using these techniques
it has been identified that these films begin their growth with the dense nucleation of rather
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randomly oriented nanometre-sized nuclei on the substrate, from which columnar V-shaped
grains with a [2110] fibre texture emerge to form a rough film surface [12, 14]. This type of
growth is explained by a classical competitive grain overgrowth model [15, 16]. In this model,
grains with their crystallographically fastest growth direction parallel to the substrate normal
overgrow otherwise oriented grains. Based on this concept of overgrowth, a growth model
for LP-MOCVD ZnO has been established, which explains the different textures obtained
with changes in deposition parameters by a switch in the fast growth direction of grains [8,
12]. While this model has been successful in explaining texture changes measured by XRD,
it provides only limited insights into the microstructure formation of the films and is only
qualitative in nature. In particular, it does not describe the distribution of grain size, grain ori-
entation, morphology and arrangement of grains, which are important for the film properties
and determine the suitability of the film for device integration. It is thus important to employ
characterisation techniques that are able to quantitatively capture these aspects. Furthermore,
detailed quantitative data on microstructure open the possibility to validate and improve
theoretical growth models and simulations developed for competitive grain overgrowth, and
also to identify important growth mechanisms during film growth. A thorough understanding
of the underlying growth mechanisms may eventually allow further tailoring of the growth
towards specific applications.

Figure 1.1 — Cross-section bright-field (BF) TEM image of a LP-MOCVD ZnO:B film deposited on glass,
typically used as transparent front electrodes in thin-film silicon solar cells. A V-shaped columnar grain
has been indicated with white lines.

Within this context, it is noted that the present thesis is the result of collaborative research
that was carried out between the Interdisciplinary Centre for Electron Microscopy (CIME)
and the Photovoltaics-Laboratory (PV-lab) of EPFL and was funded by the Swiss national
science foundation (SNF) under the project "ZONEM", grant number 137833. The aim of
this collaborative work was to better understand the growth and microstructure of ZnO films,
which will ultimately help to extend their use to different opto-electronic devices. A PhD
student at the PV-lab, Lorenzo Fanni, focused his research on the deposition of these films,
their opto-electronic properties and their integration into devices. At the CIME, the focus
was on a detailed microstructure characterisation of the films by advanced TEM techniques.
In particular, a recently developed TEM orientation mapping technique [17] that enables a
quantitative characterisation of the grain structure down to the nanometre scale.
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1.1 Objective

The objective of this thesis is to apply TEM orientation mapping to characterise polycrystalline
LP-MOCVD ZnO films, in order to better understand the growth mechanisms involved during
film growth. To this end, the first goal is to apply a recently developped TEM automated
crystal orientation mapping (ACOM) technique to characterise the film microstructure at
the relevant length scale and to develop a methodology that obtains quantitative data on
the grain structure evolution. The second goal is to use the acquired quantitative data by
this approach for the comparison with, and validation of, simulations based on a classical
competitive overgrowth model. The third goal is to use the data from ACOM to spot film
growth behaviour that is not accounted for within the current growth model and to identfity
the mechanisms responsible for these differences.

1.2 Overview of chapters
The following chapters are organised as follows:

Chapter 2 provides the necessary background information for this thesis. It reviews gen-
eral models on polycrystalline film growth, focusing on polycrystalline film growth forming
through competitive grain overgrowth. Further, basic aspects relevant to the growth of LP-
MOCVD ZnO are reviewed including ZnO crystal structures, planar defects in polycrystalline
7Zn0 and the basic properties as well as the current growth model of LP-MOCVD ZnO. In a last
part, a short review on basics about orientations and misorientations are given.

Chapter 3 describes the materials and methods used for this thesis. It gives in particular details
about the orientation mapping technique, the optimised TEM sample preparation and the
simulation methodology.

Chapter 4 shows the application of ACOM for the characterisation of polycrystalline ZnO films.
The chapter focuses on obtaining quantitative data by an optimised TEM sample geometry
in conjunction with ACOM. Furthermore, it is shown how these results permit identifying
previously unnoticed growth mechanisms such as oriented renucleation and frequent (0113)
twinning.

Chapter 5 applies the presented methodology of Chapter 4 to a series of (2 110) textured films
which have strong differences in their surface morphologies. The first part is a qualitative
comparison of the films, which again identifies the importance of renucleation and (01 13)
twinning for all films. In a second part, the quantitative grain size data is used for comparison
with simulations of competitive grain overgrowth that are adapted for the present ZnO growth
system. In a last part, the knowledge gained from the comparison of the experimental data
and simulation is used to adjust the film growth in order to obtain films with increased grain
sizes, thereby improving the film’s electrical properties.



Chapter 1. Introduction 4

Chapter 6 focuses on the renucleation identified in the ZnO films, and shows how this is related
to an unexpected wurtzite-zinc-blende polytypism. The analysis of this mechanism is first
established for (0001) textured films that have a favourable morphology to study renucleation
events. Afterwards, the same mechanism is investigated for (2110) textured films, where it is
shown to relate to the formation of (0113) twinning.

Chapter 7 gives a general conclusion of the thesis and provides an outlook for future work.



4 Background

This chapter provides the relevant background needed for this thesis. It begins in § 2.1 with a
general description of polycrystalline films, focusing on a classical grain overgrowth model
that explains the often observed V-shaped columnar grain structure. It reviews analytical and
simulation efforts towards the quantification of the model, as well as experiments quantifying
the grain structure in the context of this model. § 2.2 describes specificities to the growth of
Zn0. It introduces different crystal structures of ZnO, planar defects common to polycrystalline
7Zn0, and finishes with sections on the properties and growth of LP-MOCVD ZnO. § 2.3 provides
a basic review on concepts of orientation and misorientation, which are applied throughout
this thesis.

2.1 Polycrystalline film growth

Polycrystalline films are of great importance to many technological applications, for example
as protective coatings [18], device interconnects [19], sensors [20], surface acoustic wave
devices [21] or transparent electrodes [14]. The polycrystalline nature of these films makes their
properties, applicability and performance strongly dependent on their grain structure, which
is characterised by grain size, shape and orientation distributions, as well as the arrangement
of grains. It is therefore important to establish growth models that explain how processing
parameters influence the microstructure in polycrystalline films.

2.1.1 Generic growth model

Even though deposition methods and materials for film deposition vary widely, generic growth
models for polycrystalline films have been developed that characterise the microstructure
evolution for a wide range of film morphologies. Following these efforts, it has been found
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useful to separate polycrystalline film growth into three subsequent growth phenomena:
nucleation, coalescence and film thickening, as schematically illustrated in Fig. 2.1 [22-25].

Nucleation

a

ﬁ

Coalescence l

o

Thickening + ﬁv
v ¢ v v

1111111i1

>

Increasing temperature
Increasing adatom and grain boundary mobility

Figure 2.1 — Polycrystalline film growth stages: nucleation, coalescence and film thickening. Figure
adapted from Kajikawa [25] with additions from [22, 24, 26]. a) Nucleation of randomly oriented
nuclei. b) Nucleation of preferentially oriented nuclei. c) Coalescence of nuclei into a continuous film
with: ¢) random grain orientations & d) preferential grain orientations. e) V-shaped columnar grain
structure resulting from competitive overgrowth due to anisotropic growth speeds, in turn caused
by anisotropic sticking coefficients or surface diffusion among planes. f) V-shaped columnar grain
structure resulting from surface diffusion among grains, that is driven by energy minimisation. g)
Columnar structure forming by preferentially oriented nucleation, or by grain growth at coalescence
and at low film thicknesses. h) Columnar grains forming under the presence of grain boundary motion
throughout film thickening.

The initial growth of a polycrystalline film is typically characterised by the formation of
closely spaced nuclei on the substrate. The size of these islands or nuclei is on the order of
a few nm and, depending on the substrate and processing parameters, they may be either
randomly or preferentially orientated (see Fig. 2.1 (a) & (b)). Two common explanations for
preferential orientation are a difference in nucleation rates of differently oriented nuclei,
and/or coarsening processes which favour the growth of nuclei that have smaller interfacial
and surface energies [27].

As the nuclei grow, they impinge on each other and coalesce into a continuous film. If
coarsening occurs upon coalescence this may lead to a preferential orientation of grains after
nucleation (see Fig. 2.1 (a)—(d)).
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Thickening then usually continues by epitaxial growth on top of the grains in the coalesced
layer. The microstructure evolution of films during the coalescence and thickening stages can
strongly differ depending on the dominant film forming process. If atomic mobilities allow
for the movement of grain boundaries, then grain growth driven by grain boundary energy
minimisation will occur. This leads to rather equiaxed columnar grains, where the grain size is
on the same order as the film thickness, as shown in Fig. 2.1 (h) [28, 29]. If, however, during film
thickening, the atomic mobilities are low enough such that the grain boundaries in the bulk
to remain immobile, grain growth occurs at the free film surface. This leads to to columnar
grains with a high aspect-ratio, as shown in Fig. 2.1 (e)-(g) [22]. Since the growth speed of
grains typically depends on the crystallographic direction, a texture may establish from the
competition of neighbouring grains. In such a case, grains with their fastest growth direction
normal to the substrate overgrow otherwise oriented grains [16]. The growth speed anisotropy
of grains may arise from various processes. At rather low adatom mobilities the anisotropy
is determined by the sticking coefficient on different crystallographic planes, leading to a
structure as in Fig. 2.1 (e) [24, 25]. At higher mobilities, where surface diffusion becomes
important, two cases need to be distinguished [24, 25]. In one case the surface diffusion is
limited to diffusion among planes within a grain and, in the other case, surface diffusion may
also occur between neighbouring grains. When only diffusion among planes occurs, then the
net flux goes from planes with a high surface diffusivity (low surface energy) to a plane with
low surface diffusivity (high surface energy). This leads to a fast growth along high surface
energy planes and a structure like in Fig. 2.1 (e). When diffusion between grains is taking place,
the growth competition favours grain orientations that minimise the surface and strain energy
of the system with a structure such as shown in Fig. 2.1 (f) [25, 26]. If the growth competition
already occludes all unfavourably oriented grains during the initial film thickening, then a
columnar structure with parallel boundaries can result, as shown in Fig. 2.1 (g) [22]. This
type of structure may also result from a strong preferential orientation of nuclei [25], or from
a preferential orientation that establishes by coarsening processes during coalescence and
initial film thickening stages [26].

Since many processes during the phenomena of nucleation, coalescence and film thickening
are thermally activated, by material class similar microstructures have been found for different
materials deposited at similar homologous temperatures [22]. The homologous temperature
is defined as the temperature divided by the melting temperature of the material. For example,
Fig. 2.1 (e)-(h), show typical thin film microstructures that are obtained at different homolo-
gous temperatures [24]. This has led to the development of structure zone models that relate
the microstructures of a class of materials deposited by a specific deposition process to the
deposition parameters [30-32].

Since the herein investigated LP-MOCVD ZnO films are deposited at conditions corresponding
to structures shown in Fig. 2.1 (e), a commonly inferred model leading to this microstructure
is now presented. The competitive overgrowth process leading to this microstructure may be
understood from a purely geometrical argument as proposed by van der Drift [16]. This model
is also often termed evolutionary selection/overgrowth [12, 16, 33] and is illustrated in Fig. 2.2.
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It begins with closely spaced randomly oriented nuclei, which grow with a predefined shape,
as shown in Fig. 2.2 (a). The shape is considered to be determined by the growth velocity
anisotropy along different crystallographic directions. As the grains grow, they start to impinge
on each other, leading to the formation of grain boundaries where the grains meet. As the
growth follows purely geometrical arguments, it is determined by the shape and positioning
of the initial nuclei. During growth, no renucleation or rotation of grains is allowed. As visible
in Fig. 2.2 (b), this model leads to V-shaped grains with an increasing grain size, surface facet
size and texture as the film thickens, which is typical for many facetted polycrystalline films.

a b

t=25At
Growth shape of A ,’
freely growing crystallite : " H i
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[10]

Figure 2.2 —Illustration of van der Drift growth model based on geometric selection [16]. a) Growth
shape of a freely growing two-dimensional grain terminated by {10} facets. The fastest growth direction
corresponds to the (11) directions. b) Formation of columnar grains by a geometric selection process as
drawn by van der Drift [16]. The solid lines show the film surface at different times ¢ and the dotted lines
are the grain boundaries between grains. At t = At grains with random orientations have nucleated on
the substrate. At t = 5At the grains have coalesced and have formed a continuous film, in which some
grains have already been occluded by more favourably oriented neighbouring grains. At t = 25A¢ the

film is composed of a few large columnar favourably oriented grains.

2.1.2 Quantitative grain structure evolution in competitive overgrowth

Over the past 25 years several analytical models and simulations based on the van der Drift
model have been developed in order to quantitatively model the growth behaviour of facetted
polycrystalline films, in particular of chemical vapour deposition (CVD) grown diamond and
SiC films [34-38].
A major topic for these models and simulations has been the prediction of the statistical grain
size variation as a function of the perpendicular distance to the film-substrate interface. Note
that, for convenience, this distance to the interface is hereafter referred to as "film height", i.e.
the height within the film. The studies found that the average grain diameter d asymptotes
(for film heights much larger than the initial grain spacing d;) towards a power law relation

with a characteristic growth exponent a of the form [37, 39, 40]:

d = dsh® 2.1)
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where d,, is a constant prefactor and # is the film height. For film growth according to the van
der Drift model, @ has been predicted to be 0.5in 2D [35, 39] and 0.4 in 3D [36, 37, 40].

Models and simulations in 2D

Dammers and Radelaar [39] were the first to perform simulations in 2D, using the growth
shape depicted in Fig. 2.2 (a). One of their main finding was that the average grain size d
scales with film height h as a power law of the form d « vh. The same result has been
predicted from analytical analyses in 2D, first by Kolmogorov [15] and then by Thjissen et
al. [40]. Later simulations by Paritosh et al. [35] showed that these results remain valid for the
various 2D growth shapes shown in Fig. 2.3 (a), and they further showed that the scaled grain
size distributions at different film heights adopted a self-similar shape. Their choice of growth
shapes was derived from proposed idiomorphic growth shapes of CVD diamond films [34].
The idiomorphic growth shape may be understood as the shape that a grain asymptotes to,
when growing freely in a surface reaction limited growth regime, where the growth velocity
depends only on the surface orientation [41]. In this context the idiomorphic growth shape
is defined as the kinetic Wulff shape [36, 42, 43], whose construction [44] is illustrated in
Fig. 2.4. The construction is made analogously to the classical Wulff shape construction, but
replacing the polar surface energy plot by the growth velocity plot. The resulting shape is
bounded by slow-growing facets that correspond to the cusps in the velocity plot [45]. The
fast growth direction of the kinetic Wulff shape is thus determined by slow-growing facets and
corresponds to the direction of the furthest corner measured from the centre of the facetted
shape, as shown Fig. 2.3.

Models and simulations in 3D

Thjissen et al. [40] also extended their analysis of growth exponents to the three-dimensional
case and predicted that @ would be modified to 0.4. Thijssen [46] later verified this predic-
tion with the first simulations in 3D, using cone- and cube-shaped (i.e. y3p = 1.0) crystals.
In these simulations, the cube-shaped crystals were simply modelled by three perpendic-
ular facets. Later, 3D simulations have been refined by Smereka et al. [36, 43], who used a
level-set approach that evolves the crystal surfaces according to a predefined velocity plot.
They performed simulations with velocity plots leading to shapes with varying ysp values
(see Fig. 2.3 (b)) and confirmed the growth exponent value of a = 0.4 for all studied growth
shapes. Similarly to the 2D case [35], they further have shown a self-similarity of the grain size
distribution. More recently Ophus et al. [37] simulated 3D film growth and investigated the
dependence of the prefactor d, on the kinetic Wulff shape in addition to the growth exponent
a, which was reconfirmed to be consistently 0.4. The prefactor d, is of interest, since for an
invariant a, d is the only parameter characterising the different late-stage average grain sizes.
In particular, they found systematic variations of d., with the number of equivalent fastest
growth directions and with the dihedral angles of crystal shapes.



Chapter 2. Background 10

? 10} (1)
A
Y2D=\/§&
V11
Yop— 1.0 Yo~ 1.5 Vo= 2.0
b
{100} {111}
Yp= 3@111 @ @
Y3D: 1.0 YSD: 2‘0 Y3D: 3.0

Figure 2.3 — a) & b) Images taken from Paritosh et al. [35], which show idiomorphic growth shapes
in 2D & 3D for CVD diamond films in function of the shape parameters y2p & y3p, respectively. The
shape parameters are defined by the velocity ratio of the slow-growing facets. The arrow in each shape
indicates the fastest growth direction.

Experimentally measured grain size evolutions

Several experimental studies have been carried out investigating the grain size scaling in
polycrystalline films. An early study on CVD diamond that determined grain sizes from
SEM imaging of films with various thicknesses reported a growth exponent of ~0.5 [47].
More recent studies have worked on 3C-SiC films and have reported growth exponents in
excess of 0.4: 0.52 [48], 0.62 [49] and 0.71 [49] all derived from grain widths measured in BF
TEM cross-sections. It should be noted, though, that the number of measurable grains by
this approach remained modest. To overcome this issue, Spiecker et al. [50] developed a
so-called double-wedge sample preparation method and applied it to 3C-SiC films, which
greatly enhances the quantification of statistical grain size evolution during film growth. The
method was first developed for studying the 3D structure of misfit dislocation networks in
step-graded heteroepitaxial semiconductor thin films [51]. More recently, the method has
also been combined with energy-dispersive X-ray (EDX) spectroscopy for the analysis of 3D
compositional variations in multilayered thin film solar cell [52, 53]. In essence, the method
enables large-area plan-view imaging within the film at defined film heights. Applied to 3C-SiC,
Spiecker et al. [50] obtained grain size statistics by manual outlining grains in BF TEM of the
plan-view sections at different heights. They found that the average grain size in function
of film height was best fitted by a power law with a growth exponent of 0.68. Although this
value was above that predicted by models and simulations, they could nonetheless confirm
the predicted self-similarity of the grain size distributions.
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Figure 2.4 — Illustration of kinetic Wulff shape in 2D. a) Polar growth velocity plot shown in blue. b)
Kinetic Wulff shape (in shaded blue) obtained by a Wulff construction indicated by the red dashed
lines.

Several reasons have been given for the discrepancies between experiments and simula-
tions [38, 49, 50]. It has been argued that the investigated 3C-SiC has a non-centrosymmetric
crystal structure, which could lead to idiomorphic growth shapes differing from those used in
simulations and consequently affect the scaling behaviour [49, 50]. It has also been suggested
that a grain may rotate during its growth, which is not accounted for in the van der Drift
model [50]. For example, an initially successful grain that turns its fast growth direction away
from the substrate normal will eventually be overgrown by grains that keep their favourable
orientation. In 3C-SiC, where the fast growth direction is typically along the (111) direction,
such grain rotations may for example occur by {111} twins with twinning planes that are not
parallel to the substrate, e.g. twin planes that form a ~70.5° angle with the substrate [48, 50].
Such twins will rotate the fast (111) direction away from the substrate normal and will tend to
reduce the number of successful grains during growth, which in turn will increase the observed
growth exponent. Further, it has been suggested by a theoretical study using simulations with
conical growth shapes [38], that the initial orientation distribution may significantly increase
the growth exponent if a reduced number of grains is oriented such that their fast growth
direction is close to the substrate normal. This study suggested that such behaviour may
explain the growth exponent measurements made for 3C-SiC, which start their growth with a
(100) texture that changed to a (111) texture during film thickening. [38, 48].

2.2 Polycrystalline ZnO films

2.2.1 ZnO crystal structures

ZnO0 is a II-VI binary compound semiconductor that is commonly known to crystallise in a
hexagonal wurtzite (WZ) structure, which is the most stable structure of ZnO under ambient
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conditions [54]. The structure of WZ is shown in Fig. 2.5 (a). Each Zn atom is tetrahedrally
coordinated by four surrounding O atoms and vice versa. The structure can be considered as
a stacking of alternating hexagonally packed Zn and O layers along the [0001] direction with a
stacking sequence corresponding to ...AaBbAaBbAaBb..., where the upper case letters stand
for Zn layers and the lower case letters for the O layer located at positions designated by the
letters ‘A/a’ and ‘B/b’, as shown in the projected wurtzite structure in Fig. 2.5 (a2).

Under certain conditions, ZnO may also crystallise in the cubic ZB structure polytype or it may
form a cubic rock-salt (RS) structure, which are shown in Fig. 2.5 (b) & (c) respectively. The
7B structure is similar to the WZ structure, since the Zn and O atoms are both tetrahedrally
coordinated. Such a tetrahedral coordination is characteristic of covalent chemical bonding
with sp® hybridization and is often found in semiconductor binary compounds having a
mixed covalent-ionic chemical bonding [55, 56]. The ZB structure may be derived from WZ by
a simple change in stacking sequence along the [0001] direction from ... AaBbAaBbAaBb...
to...AaBbCcAbBDbCec... as seen in the projected ZB structure in Fig. 2.5 (b2).” In RS the Zn
and O ions are octahedrally coordinated, where Zn can be considered to form a face-centred
cubic structure, in which all octahedral sites are occupied by O. This type of structure is typical
for compounds with a strong ionic binding such as alkali-halides [55].

As visible from Fig. 2.5 (a) & (b), both WZ and ZB are non-centrosymmetric crystal structures
and so both contain polar axes, meaning that they have lattice directions that are not symmet-
rically equivalent to their opposite direction [58]. Here, a convention for atom positioning is
used such that the bonds in WZ along the [0001] direction always run from Zn to O, as shown
in Fig. 2.5 (a2). Cutting a crystal perpendicular to these bonds will result in two surfaces. One
is terminated by Zn atoms, also called the (0001)Zn face, and the other one is terminated by O
atoms, corresponding to the (0001)O face. Since only either cations or anions are present on
these surfaces, a net residual charge is present and these facets are also called polar [59]. The
case is similar for the Zn-O bonds in ZB along the (111) directions. From the atom positions
as shown in Fig. 2.5 it can be deduced that the bonds from Zn to O run along the [111], [II 1],
1 II], [III] directions. Therefore, (111), (II 1), (III) & (Ili) are Zn-terminated and the
opposing faces are O terminated [60, 61]. This may be seen more clearly for the bonds along
the [111] direction in the projected ZB structure in Fig. 2.5 (b2). The polarity of surfaces plays
an important role for the growth and properties of ZnO [62]. For example, the growth on the
(0001)Zn face is usually faster than that of the opposing (0001)O face [63-68]. This has been
explained by a higher surface energy of the (000 1) facet compared to the (0001) facet, giving
rise to an increased surface activity and hence an increased growth rate [69].

In terms of occurrence, RS becomes the most stable crystal phase of ZnO under large hydro-
static pressures. Indeed, WZ can be transformed into RS at pressures >10 GPa, as shown by
experiments [70-72] and simulations [57, 62, 73, 74]. The reliable formation of ZB ZnO has,

*Using a difference in stacking sequence as an explanation for the structural difference between WZ and
7B is only precise for an idealised WZ structure. In an ideal WZ structure the atoms are in a perfect tetrahedral
coordination where all bonds are of the same length and all bond angles are 109.47° occuring at a ¢/ a ratio of
1.633. In reality, the tetrahedral coordination of atoms in WZ ZnO is slightly distorted with a ¢/ a ratio of 1.60 [56].
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Figure 2.5 — Unit cells and lattice parameters [56, 57] of various ZnO structures. a) WZ b) ZB c) RS.
a2) & b2) show the projected WZ and ZB structures respectively, illustrating the stacking sequence of
hexagonally packed Zn and O layers along [0001] and [111] respectively.

on the other hand, been more difficult to achieve. Approaches leading to the formation of
ZB 7ZnO0 include the heteroepitaxial growth on cubic substrates [75, 76] or the oxidation of
precursors such as ZnS which is most stable in a ZB structure [77]. Nevertheless, owing to the
strong preference of ZnO to crystallise in a WZ structure, a pure ZB phase has been challenging
to obtain with these methods and small domains of WZ are commonly present [76]. A more
promising approach may be the oxidation of liquid Zn. ZnO obtained by the oxidation of
liquid Zn led to the first report of a cubic ZB modification, made by Bragg and Darbyshire [78],
who recorded XRD patterns consistent with a ZB phase apart from some minor discrepancies.
With respect to this, it is interesting to note a recent report of pure ZB ZnO nanorod arrays
that were grown by the oxidation of liquid Zn that coated a Si(111) substrate [79]. A clear
understanding for the underlying mechanism of the ZB phase formation in these cases is,
however, still required. In addition to works focusing on growing pure ZB ZnO, reports of ZB
have gained prominence as it enables the formation of branched nanostructures by a WZ-ZB
polytypism. For example, according to one of the most commonly used growth models, ZB
serves as the nucleation seed for the formation of tetrapod nanostructures [61, 80, 81], as
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illustrated in Fig. 2.6. In this model, the growth starts with an octahedrally shaped ZB seed
core terminated by eight {111} facets. A WZ phase leg then starts to grow on each {111} Zn
terminated facet, resulting in a tetrapod. Recently, it has also been shown in a couple of reports
that a repeated ZB-WZ polytypism in ZnO is possible, permitting the creation of more complex
hierarchical nanostructures [82, 83]. The clear evidence of extended ZB growing directly on
the more stable WZ phase has so far been exclusive to freestanding nanostructures and the
driving forces towards ZB formation remain unclear [82, 83]. It should be mentioned here
that, very recently, Bottcher et al. [84] have used electron paramagnetic resonance (EPR) to
identify the formation of a local ZB order in heteroepitaxially pulsed laser deposited Mg-doped
ZnO films, which crystallises mainly in a WZ phase. They have however pointed out that EPR
probes the structure only locally, making it impossible to distinguish between an extended ZB
phase and stacking faults (described in § 2.2.2).

a

zinc blende nucleus Wurtzite legs grow from {1 1 1} tetrapod
zinc blende facets

Figure 2.6 — Illustrations by Krahne and Manna [59] for the formation of tetrapod nanostructures. a)
Growth starts with a ZB seed teminated by {111} facets. b) Illustrates the interface between the ZB
core and adjacent WZ legs. Thermodynamically favoured WZ segments grow on top of the {111}Zn
facets of the ZB core by a change in stacking sequence of the hexagonally packed Zn and O layers.
These WZ segments have their fast-growing (000 1)Zn facets exposed to arriving adatoms, leading to
the elongated leg shapes. ¢) This results in a tetrapod growth structure.

2.2.2 Planar defects within ZnO

Various planar defects are of importance to ZnO growth. For example stacking faults and
grain boundaries in polycrystalline materials including special boundaries such as inversion
domain boundaries and coherent twin boundaries.

Stacking faults are one of the most commonly observed planar faults in ZnO [85-89]. They
occur by a local change in the ...AaBbAaBb... stacking sequence of wurtzite. The stacking fault
plane is either parallel or perpendicular to the basal plane (c-plane) of the wurtzite structure,
which are called basal-plane and prismatic-plane stacking faults respectively [88]. The more
commonly observed basal plane stacking faults occur in different forms, distinguished by
the number of times the usual stacking sequence has been violated [85, 90]. These different
types of stacking faults, have been calculated to have formation energies in the range of 15
to 50 meV/(unit cell area). The lowest energy fault has only one violation of the stacking
sequence, given by ...AaBbAaBbCcBbCc.. [85], that creates a thin unit cell wide layer of ZB
(indicated by the underscore).



15 2.2. Polycrystalline ZnO films

Grain boundaries are ubiquitous defects in polycrystalline material, which have a strong
impact on the material properties. In ZnO material they are of particular relevance for the
electrical properties in applications such as varistor devices [91, 92] or polycrystalline TCO
films [93], as the case investigated in the present thesis. The geometrical configurations of
possible grain boundaries is vast [94] and the systematic investigation of different types of
boundaries has thus been limited to a small set of special grain boundary geometries. For
example, Sato et al. [91] have investigated various symmetric tilt and twist grain boundaries of
engineered bicrystals to understand their atomic structure and role for electrical properties
in ZnO varistor ceramics. In polycrystalline ZnO where grain boundaries form randomly,
studies of individual grain boundaries have mainly focused on special highly symmetric
grain boundaries that occur more frequently than other random boundaries due to growth
conditions that favour their formation and their low formation energy. For example, inversion
domain boundaries with a c-plane boundary, across which the sense of the polar c-axis is
reversed, are commonly found in ZnO that has been doped with trivalent metal cations such
as Fe*, Ga®*, In®* or Sb3*, which stabilise these inversion boundaries [95-97]. Another
example of special boundaries are coherent twins with (0111), (0112) or (0113) twin planes.
The twinning plane corresponds to the grain boundary, that forms a mirror plane of the two
twinned grains. They have been reported to form low-energy boundaries in wurtzite structures,
with (0 113) twins having the lowest energy [98]. In bulk ZnO materials, there appear to be
only a couple of examples where (OT 13) twins have been observed [95, 99]. In contrast to bulk
samples, all of the mentioned twins have been observed for freestanding 1D nanostructures,
although (0113) twins are the most commonly ones observed [100]. It has been hypothesised
that the formation of (0113) twins may be related to the WZ-ZB polytypism, similarly to what
has been found for tetrapod nanostructures (see Fig. 2.6) [61]. The WZ legs of the tetrapod are
related by a 109° rotation around the [2110] direction. It was therefore suggested that two WZ
domains coordinated by a ZB phase would have to rotate only by 6° to 9° to be in a (0113) twin
configuration. However, so far this possible direct relation between a ZB phase and (0 113)
twins has not been confirmed.

2.2.3 LP-MOCVD ZnO and its properties

While several deposition methods are used to produce ZnO films as transparent electrodes [5,
101, 102], the present work focuses specifically on LP-MOCVD ZnO. LP-MOCVD ZnO has
had much success for the application in state-of-the-art thin film silicon solar cells [6, 103].
This success mainly stems from the high deposition rate, the good thickness uniformity with
possibility for large-area deposition (>1 m?), the low processing temperatures (<200 °C), and
its rough surface morphology that improves light scattering so leading to improved light
trapping and absorption in the solar cell [103, 104]. The films are typically deposited on
amorphous glass substrates by using diethylzinc (DEZ) and water (H,0) vapour as precursor
gases in a low-pressure chamber (typically <1 mbar) which react together to form ZnO. To
make the ZnO conductive enough to be used as transparent electrodes, it is degenerately
doped with boron that is added by introducing diborane into the gas mixture.
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The boron doping increases the charge carrier concentration 7, which improves the conduc-
tivity according to:

o =ney (2.2)

where e is the elementary charge and u the electron mobility. In addition to n, the electron
mobility needs to be considered for the conductivity of the films. The p-limiting scattering
mechanism is either of intra- or inter-grain related nature [93]. It has been found that for

0%° cm~3) the conduction is mostly limited by scattering at

low carrier concentrations (n<1
grain boundaries, due to high and wide potential barriers building up at grain boundaries.
These potential barriers are the result of charge carrier trapping by acceptor states at the grain
boundaries [105]. The trapping creates a charge depletion region around the grain boundary,
leading to a band bending and the formation of a potential barrier. Upon an increase of charge
carrier concentration by doping, the width of the depletion region is reduced, leading to a
lowered and narrower potential barrier at the grain boundary and thus improved conduction.
This improvement of conductivity with doping continues, until the carrier transport becomes

02 cm™3). Even though the

limited by ionised impurity scattering within the grain (n>1
electrical properties are improving with an increasing » up to the point where ionised impurity
scattering becomes important, for TCOs the applicable doping level is already earlier limited
by light absorption increasing in the near-infrared spectral region. This is due to an increasing
absorption by the excitation of free charge carrier gas oscillations [93]. Therefore, in order to
reduce the detrimental effect of grain boundaries while keeping a good transparency, thicker
films are being used. Due to the V-shaped morphology of the grains, this gives increased grain
sizes and so reduced boundary density. Although large grain sizes are preferable, thicker films
also lead to longer deposition times and again higher optical absorption. In addition, a too
rough surface can, apart from the positive light scattering ability, also have negative effects.
For example, a very rough film surface leads to the introduction of voids in the microcrystalline
H-doped silicon (uc-Si:H) absorber material that is deposited on top of the ZnO film [106].

Due to the aforementioned reasons there is a trade-off to be made between the conductivity,
transparency and morphology of these films. Several strategies have been realised in recent
years to overcome this trade-off, including multistep depositions [9, 11], post-deposition
treatments [10, 106] or adjusted film deposition conditions that modify the morphology and
properties of films [8, 12, 107]. The latter approach has also led to the growth model currently
used to explain the texture formation in LP-MOCVD ZnO films.

2.2.4 Current growth model for LP-MOCVD ZnO

Nicolay et al. [8, 12] have proposed a growth model for LP-MOCVD ZnO, which gives ex-
planations for the changes in film texture and the associated surface morphology with the
variation of the temperature, total gas flow [12] or the ratio of precursor gases used in the CVD
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reaction [8]. The proposed model explains the texture changes by adatom surface mobilities
that depend on the dangling bond density of different surfaces. For this purpose, the model
introduces the concept of minimum surface-energy (MSE) and non-minimum surface-energy
(NMSE) planes, with a low and high dangling bond density respectively. E.g. in the case of
ZnO, MSE planes are considered to correspond to (0001) and NMSE planes to (2110) or
(1100). As illustrated in Fig. 2.7, there are thus either grains with NMSE planes parallel to
the substrate (hereafter called NMSE grains) or grains with their MSE planes parallel to the
substrate (hereafter called MSE grains). Three different growth regimes have been defined,
depending on adatom surface mobility, which are schematised in Fig. 2.7.

Initial Low adatom mobility
NMSE MSE NMSE MSE MSE MSE
I_L'_MSE ’_t_'_NMSE MSE_FU—l I'T'I rll'_r;lMSE Efplq | NMsE
Intermediate adatom mobility High adatom mobility
NMSE MSE MSE NMSE MSE MSE
Y - Y
weg PG, oy wese Ry e | UIR ) UER e

Figure 2.7 — Growth model for LP-MOCVD ZnO films with images adapted from Nicolay et al. [12].

* Atlow adatom surface mobilities, adatoms have the tendency to stick at the location
where they arrive on the surface. Either they arrive on a MSE or NMSE plane of an
existing grain and are incorporated, or they tend to form new nuclei. The vertical growth
rate of the two types of grains is considered to be similar since most adatoms stick to
the location where they arrive. A few adatoms may move from a MSE plane to a NMSE
plane if they arrive close enough to the edge joining these two type of planes. Due to the
lower dangling bond density of MSE planes, adatoms are more mobile on these surfaces
compared to NMSE planes and may thus diffuse to a neighboring NMSE plane. This
enhances the lateral growth of MSE grains, leading to a preferred growth of grains with
their MSE planes parallel to the surface. Furthermore, the preferential orientation in
these films is enhanced by preferential nucleation of MSE grains, which results from a
surface energy minimisation.

* At medium adatom surface mobilities, adatom diffusion between neighbouring planes
becomes likely, but this diffusion remains limited to within a grain. Due to the longer
diffusion length of adatoms on MSE planes compared to NMSE planes, more adatoms
on the MSE planes will arrive close enough to the edge between MSE and NMSE planes
to have the possibility to diffuse across the edge than vice versa. Therefore grains will
grow faster along the direction perpendicular to their NMSE planes. NMSE grains will
therefore overgrow differently oriented grains by a competitive grain growth mechanism.
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¢ At high adatom surface mobilities, adatoms may start to diffuse between grains. In this
case the system will evolve in order to reduce its total free surface energy and thus MSE
grains will again dominate the structure.

In agreement with the model, the texture changes from the NMSE (ZTIO) texture of films
typically used in thin film solar cells to a MSE (0001) texture when the deposition temper-
ature [12] or the H,O/DEZ gas flow ratio are decreased [8], which both lower the adatom
mobility. Analogously, high temperature growth (at 380 °C) and thus high adatom mobilities
lead to films with a (0001) texture [12].

2.3 Orientations and misorientations, and their representations

Since TEM orientation mapping (further described in § 3.2.4) is used throughout the herein
presented work, the following paragraphs will review some basics on orientations and mis-
orientations and their representations. More detailed accounts can be found in textbooks by
Kocks et al. [108] or Engler and Randle [109]. Also, the presented description of misorientations
and their representation follows closely the work of Patala et al. [110].

Crystal orientations

An orientation O of a crystal can be defined as the rotation necessary to bring an orthogonal
sample reference frame S = {51, 52, $3} into coincidence with the rotated orthogonal crystal
reference frame C = {¢;, G2, G3}:

C=0-§ (2.3)

The alignment of the reference fame S is often chosen according to the specimen geometry
resulting from processing. For example in the herein considered ZnO films one obvious
choice is to align s3 with the substrate normal, leaving an arbitrary direction for §; or s5.
Likewise the alignment of C is adapted the crystal’s symmetry, such that for a crystal with
orthogonal primitive lattice vectors the axes {¢}, ¢, €3} are typically chosen to be parallel to
{{100],[010],[001]} respectively. For other crystal symmetries there may be multiple common
choices for the alignment of {¢;, &, ¢3}, as discussed in § 3.2.6 for the case of a hexagonal
lattice.

Commonly in orientation mapping and texture analysis, an orientation is represented by three
Euler angles following the Bunge convention (¢, ®, ¢b2), with periodic angular ranges of 0 — 27
for ¢1 as well as ¢p2 and 0 — r for ®. These angles describe three consecutive rotations around
the Z, X', Z” axes as shown in Fig. 2.8.
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Figure 2.8 — Illustration of Bunge Euler angles. The rotation from the reference frame R(x,y,z) into R”’(x”’,
y”’, z”’) is done by three consecutive rotations of axes (passive rotations) around the axes z, x’ and z” by
the angles ¢, @, ¢».

It should be noted the alignment of the crystal reference frame with the crystal is not unique,
due to a crystal’s rotational symmetry [108, 109]. Therefore it is possible that several O; may
describe the same crystal and are thus crystallographically equivalent. The orientation space
can therefore be reduced to a compact region, such that every point within the reduced region
corresponds to a unique orientation. This reduced region is also know as a fundamental zone
or asymmetric region. For example, in ZnO' there are 12 equivalent orientations and the
maximum value of the Bunge Euler angles ® and ¢ can respectively be reduced to 7 and 7 by
applying rotational crystal symmetries [108, 111].

Pole figures and inverse pole figures

A common tool to visualise crystal orientations are pole figures. They show the direction of all
{h k I} crystal plane normals with respect to the specimen coordinate frame. The construction
of the pole figure is shown in Fig. 2.9.

Pole figures can be helpful for identifying coherent twin boundaries [112, 113]. Grain bound-
aries (if assumed to be planar) have five macroscopic degrees of freedom. Three parameters
describe the rotation between two neighbouring grains, e.g. the three Euler angles, and two
more parameters characterise the direction of the grain boundary plane normal. If the rota-
tion between two grains corresponds to a twinning relationship they will share a common
{h k I} twin plane orientation. For a coherent twin to form, the grain boundary plane needs to
coincide with the {h k [} plane. On a pole figure this means that the two grains have a common
{h k I} pole; furthermore the normal to the trace of a grain boundary, as seen in an orientation
map, has to run through this common pole. It has to be noted that this method only allows one
to verify the conditions for coherent twinning for four of the five macroscopic grain boundary
parameters. For a full description, the inclination of the boundary in the orientation map

fSince the orientation mapping technique used in this work is based on kinematical diffraction theory
and therefore can only be sensitive to the Laue group, rather than the point group of a crystal, the applied
fundamental region for ZnO crystal orientations is that of its corresponding Laue group 6/ mmm (respectively the
enantiomorphic point group 622), rather than that of 6mm (respectively the enantiomorphic point group 6).
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*

Figure 2.9 — Construction of a pole figure for the example of a crystal with cubic symmetry. a) An {h k [}
pole figure is constructed by determining the intersection of a sphere with the half-lines parallel to the
{h k I} plane normals starting at the centre of a sphere. These intersections are also known as {h k [}
poles. Here {hkI} = {110}. b) Various projections may be used to represent the information on the
sphere on a flat surface. Here the commonly used stereographic projection of the upper hemisphere is
presented, where the points are projected along a line connecting each point to the south pole onto the
equatorial plane. c) Pole figure obtained from the stereographic projection shown in (b).

would, for example, need to be determined by means of a 3D EBSD approach [114] orin a
statistical manner by stereology [115].

Another way of representing an orientation is by the inverse pole figure (IPF). As the name
suggests the IPF represents a coordinate reference frame with respect to crystal directions,
as illustrated in Fig. 2.10. In the present work, a representation is adopted where a chosen
reference frame direction (e.g. substrate normal) is projected within the fundamental sector
of the corresponding Laue group of the crystal, which indicates the crystal direction that is
parallel to the chosen reference frame direction [111, 116]. This representation is particularly
useful for materials with a fibre texture, as for the present films, since it gives a compact
representation of the texture [108].

Figure 2.10 — Construction of an IPF for the example of a crystal belonging to the 6/ mmm Laue group.
a) A box shaped sample with reference frame sy, s, 3 is carved out of a single crystal with reference
frame ¢y, ¢z, c3 b) Stereographic projection of the intersections of sy, 2, 3 with a unit sphere given with
respect to the crystal reference frame cy, ¢, ¢3. s} and s} are points lying in the fundamental sector
(marked by heavy outlining) which are symmetrically equivalent to s2 and s3.
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While single orientations can be displayed conveniently as points on a pole figure or IPF as
shown in Fig. 2.9 and Fig. 2.10, it becomes difficult to visually evaluate the texture in a sample
once a large number orientations are presented on a single figure and points start to overlap,
as can be a typical situation for data from orientation maps. It is therefore often preferred to
present a continuous quantitative distribution. A possible way of doing this is by calculating
an orientation distribution function (ODF), which describes the volume probability to find an
orientation O in the sample. An ODF can then be projected onto an (inverse) pole figure to
yield a continuous representation. The density distribution is normalised such that a uniform
ODF (describing a sample with no preferential orientation) takes a value of 1 over the entire
orientation space. Thus, the density is expressed in units of multiples of a random distribution
(m.r.d.).

Orientation map colouring

(Inverse) pole figure representations are useful to visualise orientations, however the spatial
information that comes with orientation mapping is lost. Therefore it can be preferable to
encode each pixel in an orientation map with information from its corresponding orientation.
Several common orientation map colouring schemes are available for this purpose. One
possible colouring scheme is to use RGB colours and associate each colour channel scale with
a single Euler angle. This allows the full orientation information to be represented in a single
orientation map. However such a colouring scheme often leads to jumps in colouring, and
itis not very intuitive when it comes to the interpretation of the data [111]. To overcome or
reduce these issues, a so-called IPF colouring scheme can be adopted and is also used in the
current work [116]. An IPF orientation map colours a pixel according to the crystallographic
axis that is parallel to a chosen sample axis. Each crystallographic direction is coloured
differently according to an IPF colour key. As the rotation of the crystal around the indicated
crystallographic axis is lost using this colouring scheme, a second IPF map along another
sample axis can be used to retrieve some of the lost orientation information. However, it is
noted that two IPF orientation maps may not be sufficient to unambiguously determine the
crystal orientation [116].

Crystal misorienations and their representation

Given that orientation mapping correlates spatial information with orientation data, with
ACOM it is possible to analyse the misorientation M, i.e. the orientation relationship, between
two points on a map:

M=0,-07! (2.4)

where O; and O are the two orientations related by the misorientation M. The main differ-
ence to an orientation is that a misorientation maps one crystal reference frame to another
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crystal reference frame rather than the sample reference frame to the crystal reference frame.
Therefore, similarly as for orientations, misorientations can be defined by a set of three Euler
angles. However, misorientations are more intuitively understood as a rotation of an angle w
about a unit axis 7, which is parallel to the common crystallographic axis (z v w) of the two
grains related by the misorientation, as shown in Fig. 2.11.

a b

/ N
\s

Figure 2.11 - Illustration of axis/angle representation of a misorientation in cubic crystals. a) shows
the misorientation between two {100} terminated crystals obtained by a rotation about the common
(001) axis, after Engler and Randle [109]. b) shows two {111} terminated cubic crystals related by a
180° rotation about the common (11 1) axis.

Such a parametrisation of misorientations is also known as axis/angle pair parametrisation.
There are several mathematical representations related to the axis/angle pair avoiding the de-
generacy arising for a misorientation angle of zero where the misorientation axis is undefined.
Of the various choices, the use of unit quaternions is a mathematically preferred choice [110].
Given 7i and w, the corresponding unit quaternion g may be defined as:

- w .. W
qw,n) = [cos(g),nsm(g)] (2.5)

As unit quaternions are located on a hypersphere in R*, they need to be projected to lower
dimensions to be represented on paper. As argued by Patala et al. [110], if one is interested in
the distribution of misorientations, the use of a volume-preserving projection onto R? followed
by an area-preserving projection to R?, as illustrated in Fig. 2.12, is favourable since uniformly
distributed misorientations will appear randomly distributed in these projections. Fig. 2.12
(a) shows the volume preserving projection of a single unit quaternion (or misorientation)
within a ball with a finite radius. Each point within the ball corresponds to a misorientation
characterised by a vector 7. The direction of the vector corresponds to the rotation axis 7
and the length of the vector increases monotonically with the misorientation angle w, where
0 < w < 7. Fig. 2.12 (b) show random misorientations that appear uniformly distributed within
the solid ball. Fig. 2.12 (c) show misorientations from (b) that lie in a shell of finite thickness
and so correspond to misorientations having a finite range of misorientation angles. Fig. 2.12
(d) is an area-preserving projection of the sphere in (c) leading to randomly distributed points
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with a uniform distribution density. Since these projections are suited to identify departures
from random misorientation distributions, they are also preferred when displaying continuous
distributions of misorientations such as the misorientation distribution function (MDF). The
MDF is defined analogously to the ODF and gives the probability of finding a misorientation
M in the sample.

a A

upper hemisphere lower hemisphere

Figure 2.12 - Projections of unit quaternions following the illustrations given by Patala et al. [110]. a)
Black point within a solid ball corresponding to a single misorientation. The location of the black point
is characterised by 7, which is parallel to the misorientation axis 7 with a length that monotonically
increases with misorientation angle w. b) A set of random misorientations distributed uniformly within
the parametric ball defined by a volume-preserving projection scheme. c) A sphere corresponding to
all misorientations within a small range of misorientation angles. d) Area-preserving projection of the
upper and lower part of the sphere seen in (c).

Similarly to orientations, a fundamental zone for misorientations may be defined. Fig. 2.13 (a)
& (b) shows the fundamental zone of misorientations between ZnO crystals and its constant
misorientation angle w projections. Often, for simplification, misorientation information is
reduced to just misorientation angles, which corresponds to an integration of the misorien-
tation space over its misorientation axes. As an example, Fig. 2.13 (c) shows the expected
misorientation angle distribution for random misorientations [117] in ZnO. In this case, the
fraction of misorientations with misorientation angle w is proportional to the area of the
constant misorientation angle sections in Fig. 2.13 (b) [110].
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Figure 2.13 —Illustration of the fundamental zone of misorientations for ZnO drawn with MTEX [118].
a) Fundamental zone of misorientations for ZnO with respect to the full domain of misorientations.
b) Sections of constant misorientation angle w resulting from the area-preserving projection of the
intersection of the fundamental zone with a sphere corresponding to the misorientation w. c) Expected
misorientation angle distribution for random misorientations in ZnO.



k] Materials and Methods

This chapter first describes the ZnO material deposition with a summary of the deposition
conditions for the herein investigated films (§ 3.1.1). This is followed by descriptions of the
characterisation and sample preparation methods including: XRD (§ 3.2.1), SEM (§ 3.2.2),
and TEM (§ 3.2.3), ACOM (§ 3.2.4-§ 3.2.7), TEM sample preparation (§ 3.2.8). Finally, the

last section describes the methodology used for simulating facetted film growth in this thesis
(§3.2.9).

25
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3.1 Materials

3.1.1 ZnO film material

The investigated ZnO film material has been provided by Lorenzo Fanni from the PV-Lab of
EPFL located in Neuchatel. The ZnO films were deposited by LP-MOCVD on 2 cm x 2 cm large
and 0.5 mm thick borosilicate glass substrates (AF45 from Schott). During deposition, the
substrate is located on a hot plate, with a controlled temperature. The precursors for the CVD
reaction are diethylzinc (DEZ) and water vapour (H20), which are directly introduced into the
reaction chamber by a shower-head located 20 cm above the substrate. Further information
on the deposition system can be found in Ref. [119, 120]. During all the depositions the
chamber pressure was kept at 0.35 mbar. The different deposition conditions for each film are
characterised by the substrate temperature, the total gas flow (i.e. DEZ flow (®pg ) + water
vapour flow (®g,0)), and the ratio of the precursor gas flows ® g,/ P prz which will simply be
denoted as HyO/DEZ in the remainder of the thesis. To introduce boron doping into some
films, diborane B,Hg gas (2 % diluted in Ar gas) was added to the gas mixture. A summary of
the deposition conditions used for films investigated in this thesis is given in Table 3.1.

Table 3.1 - Summary of the deposition conditions of the investigated films.

Total Late-st
Temperature H;O/DEZ otalgas By Hg ate-stage
flow texture
°C) (sccm)  (sccm)

Chapter 4

Standard ZnO film for

thin-film solar cells [13, 120] 170 1.0 150 50 a-texture
Chapter 5

H,O/DEZ=0.25 170 0.25 150 0 a-texture

H,O/DEZ=1 170 1.0 150 0 a-texture

H,O/DEZ=4 170 4.0 150 0 a-texture

Two-step deposition:

- seed layer (50 nm thick) 150 0.7 250 0 c-texture

— thick film 180 1.3 150 0 a-texture
Chapter 6

c-textured film 150 0.6 250 0 c-texture

a-textured film 170 1.0 150 0or50 a-texture
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3.2 Methods

3.2.1 X-ray diffraction

XRD was used to measure and evaluate the texture of films. These measurements were carried
out by Lorenzo Fanni. XRD uses the constructive interference of X-rays scattered by the
regularly arranged atoms in a crystal lattice giving rise to Bragg diffraction, as schematised in
Fig. 3.1 (a) and described by the equation:

nA =2dpi;sin Oy (3.1)

where A is the wavelength of the chosen X-rays, n the order of reflection, dj; is the (h k)
lattice plane spacing and 6y, is the diffraction angle. For this work a so-called 6 —26 setup was
used, as illustrated in Fig. 3.1 (b). This setup records diffraction from crystals that have their
diffracting (% k I) crystal planes parallel to the substrate. The measurements were performed
using a Bruker D8 Discover with a Cu-Ka source having a wavelength A = 1.542A, and over a
20 scan range of 30° to 80°.

a b
X-ray wave
AL(hkl) source detector
A
0
dhk| hkl
/\ Y4 .
6=d,,,sin8,

Figure 3.1 — a) Illustration of Bragg diffraction on a (h k) lattice plane. b) 6 — 20 setup for XRD
measurements.

To evaluate the texture evolution in the film the texture coefficient (TC) [121] was calculated
from 6 — 260 scans for a series of films with different thicknesses by:

Inkin/ 150
TChkin= S (3.2)

N
1 ICSD
Njgll(ﬂbcd)j”(abcd)j

ICSD
I(hkil)

(hkil) intensity of a randomly oriented ZnO powder standard according to the Inorganic
Crystallographic Structure Database (ICSD). The summation is typically done over the most
prominent (a b cd) j-peaks in the XRD pattern. In the present work, the summation is done
over N = 5 peaks, which are (1100), (0002), (1101), (1102) and (2110). The values of TC are
therefore between 0 to 5, where higher values indicate a preferred orientation.

where [,k is the integrated intensity of the (h ki l) reflection and is the integrated
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3.2.2 Scanning electron microscopy

The surface morphology of as-deposited films was caracterised by SEM. In scanning electron
microscopy, an electron beam with energies in the range of typically 1 keV to 30 keV is focused
into a small probe and scanned across the sample surface. At each beam position a signal
created by the beam-sample interaction is recorded for imaging. In the present work, detectors
are used which record secondary electrons. These measurements were carried out by either
Lorenzo Fanni using a JEOL JSM-7500 TFE or Duncan Alexander using a Zeiss Merlin.

3.2.3 Transmission electron microscopy

TEM uses high-energy electrons that traverse a thin sample (typically <100 nm) for imaging
and analysis. The typical acceleration voltages of electrons is in the range of 80 kV to 300 kV.
Due to the strong interaction of the electron beam with the sample, a variety of different
signals are generated (e.g. directly transmitted beam, diffracted electrons, X-ray emission,
etc.), which can be analysed by various methods, making TEM one of the most versatile
techniques for nanoscale sample characterisation. Basic imaging and diffraction methods are
briefly described in the following.

Basic imaging modes

Standard imaging modes such as BF and dark-field (DF) are illustrated in Fig. 3.2 (a) & (b).
These imaging modes form an image by selecting the direct or diffracted beams by the objective
aperture located in the back-focal plane of the objective lens. In crystalline samples, this
gives rise to a diffraction contrast dependent on the crystal phase and its orientation. High-
resolution transmission electron microscopy (HRTEM), illustrated in Fig. 3.2 (c), is an imaging
mode at high magnifications that records the interference of the direct and diffracted electron
beams. This creates lattice fringes with spacings and orientations directly related to the lattice
spacingin the crystal. It is however noted that the contrast seen in HRTEM does not necessarily
correspond to a direct image of atom column positions.

Nanobeam diffraction and convergent beam electron diffraction

Analysis of diffraction from a crystalline sample is classically obtained by selected area diffrac-
tion (SAD). In this mode, a large area of the sample is illuminated with a parallel electron beam
and a selected area aperture in the image plane of the objective lens is used to select electrons
that will form the diffraction pattern from a specific region of the sample. This technique
only allows recording diffraction patterns originating from areas which are about 200 nm
in diameter or larger. However, many materials observed in a TEM are composed of grain
structures that are <100 nm. SAD is therefore unsuited for obtaining diffraction information
from a single grain. Microscopes equipped with field-emission guns and modern condenser
lens systems can overcome this problem by forming a quasi-parallel (beam half-convergence
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Figure 3.2 - Basic TEM imaging modes. a) BF image obtained by selecting the direct beam in the back
focal plane. b) DF image obtained by selecting a diffracted beam in the back focal plane. c) HRTEM
forming an image by the interference of the direct and diffracted beams.

angle of <1 mrad) illumination of a small area (few nm in diameter) of the specimen from
which spot diffraction may be recorded (nano-beam diffraction (NBD) and p-probe modes on
JEOL and FEI microscopes respectively). Alternatively, rather than recording diffraction by
using a (quasi)parallel beam, it is also possible to record a diffraction pattern by a convergent
beam focused onto a small spot on the specimen, which is known as convergent beam electron
diffraction (CBED).

Polarity determination by convergent beam electron diffraction

CBED along a zone axis is a commonly used technique to determine the polarity in ZnO [122-
124]. The method relies on the intensity asymmetry of +(% k j [) reflection pairs resulting from
dynamical diffraction [125, 126]. Typically, the absolute polarity is determined by comparison
between experimental and simulated CBED patterns. For a wurtzite crystal with a 6mm
point symmetry, any zone axis lying in the basal plane is in principle suitable for polarity
determination, as recently reported by Tanaka et al. [123]. However, most commonly, the
two low-index zone axes [2110] and [0110] have been used for polarity determination [124,
127-129].

In the present work, CBED patterns were recorded with a FEI Tecnai OSIRIS operated at
200kV. The patterns were taken along the [2110] zone axis. The microscope was operated
in microprobe mode, using a condenser aperture with a nominal size of 70 um, resulting
in a probe convergence semi angle of 2.1 mrad and well separated CBED disks suitable for
comparison with simulations. The CBED simulations were carried out with JEMS [130, 131].

3.2.4 TEM-based automated crystal orientation mapping

There are several techniques available with TEM that allow for ACOM. They can be separated
into techniques that use conical dark field scanning, nano-beam diffraction and Kikuchi
diffraction, each with their respective strengths and weaknesses [132, 133]. In recent years,
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template-matching based ACOM of spot diffraction patterns in the TEM has found much
success and has been commercialised under the name of ASTAR by NanoMEGAS [17]. In the
present work such an ASTAR system was used, retrofitted to a JEOL JEM 2200FS.

Working principle of ASTAR

The working principle of ASTAR is illustrated in Fig. 3.3. The system scans a small, nearly
parallel electron probe over the region of interest and records NBD patterns at each pixel
position of the orientation map. The scanned regions can reach sizes in the order of um? with
a lateral resolution that is limited by either the chosen step size or the beam diameter, in the
case of an ideal sample (i.e. no sample drift, the electron beam is scattered by only one crystal
phase and orientation for each probe position).
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Figure 3.3 — Working principle of ASTAR [17]. a) & b) A nanometer sized quasi-parallel beam is scanned
in a square grid pattern over the region of interest and at each position a diffraction pattern is recorded
(here shown with inverted contrast). c¢) To determine the orientation, each recorded pattern is cross-
correlated with diffraction pattern templates for every possible crystal orientation of the expected
crystal structure. d) The result of the cross-correlation is represented here on a stereographic triangle
where darker regions indicate a better match. The resulting crystal orientation is the one that leads to
the best match between template and experimental diffraction, marked by the red dot. This procedure
gives input for the plotting of maps based on the recorded diffraction patterns, as illustrated with e)-h).
e) is the value of the cross-correlation index according to Eq. 3.3, f) is the reliability index according to
Eq. 3.4. g) & h) are two IPF orientation map representations.

The orientation determination at each pixel position is performed by a template matching
procedure developed by Rauch and Dupuy [134]. At each position of the orientation map given
by the spatial coordinates (u, v) the corresponding recorded diffraction pattern Py, ) (x, ) is
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compared to a database of templates, containing calculated diffraction patterns for all possible
orientations O; on a grid spanning over orientation space. Defining T;(x, y) as the template
corresponding to a crystal orientation O;, a correlation index Q(,,,)(O;) can be defined as
follows:

Zp(u,v) (xj,y7)- Ti(xj, )

J
¢Zp(zu,m(xj,yﬂ : ¢Z (HEINTD
J J

Qu,un(0;) =

(3.3

where the index j runs over all coordinates (x, y) of the recorded diffraction pattern image or
template respectively.

Based on this, the crystal orientation at (u, v) is set to be the O;, which maximises Q(,,,)(0;). It
has to be noted that this procedure will always yield a solution for the crystal orientation. First
of all, this means, that prior to the indexing procedure, a certain knowledge about the crystal
structure is required to calculate an appropriate template database. Secondly, the maximum
value of Q,,,)(0;) does not necessarily correspond to a solution of high quality. With this
respect a second index, known as reliability index R, has been defined as:

R=1—% (3.4)

Q

where Q; corresponds to the highest and Q; to the second-highest values of Q1) (O;). The
reliability index provides a measure of the uniqueness of the solution obtained. Typically R
values above 0.15 are generally considered to correspond to a good indexing.

Prior to template matching the ASTAR software applies image treatment procedures on the
recorded diffraction patterns, to enhance diffraction spots, reduce noise and improve the
cross-correlation with the templates. These settings are crucial for an optimised indexing
and improper settings may result in low indices with increased orientation noise, as reported
by Liu et al. [135] and Kobler et al. [136]. The latter made a systematic study of the indexing
quality with varying image treatment parameters by brute-force indexing over a small region
of an orientation map. While there may only be one set of parameter settings that maximise
the index and/or reliability, their results suggest that there are several sets of parameters that
give reasonable results. As optimal settings will vary from scan region to scan region and a
brute force approach is tedious, a manual approach to optimise the indices has been chosen.

3.2.5 Microscope settings and mapping parameters for ACOM

All of the ACOM TEM data were acquired with a JEOL JEM 2200FS operated at a 200 kV
accelerating voltage and equipped with a Schottky field-emission gun and in-column omega
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filter. ACOM was carried out using the NanoMegas ASTAR system [137] while operating the
microscope in nano-beam diffraction (NBD) mode. During ACOM a 10 um C2 condenser
aperture, a 2.0 nm nominal spot size and an "alpha" selection of 3 were used, where the "alpha"
value corresponds to an excitation of the condenser minilens for controlling the convergence
angle of the probe. The settings applied produce a focused probe of ~2nm diameter with
a convergence semi-angle of 0.8 mrad. The camera length was adjusted to ~180 mm using
free-lens control, recording diffraction semi-angles of up to 3°.

The different orientation maps were acquired with a square grid, using step sizes of 2 nm for
plan-view and 5 nm for cross-section samples respectively. Typical map sizes were around
2um x 2 um. The diffraction patterns were recorded using a Stingray camera (Allied Vision,
Germany) filming a fluorescent screen at a recording speed of 100 frames per second, resulting
in acquisition times of <3 h per map.

3.2.6 Data treatment of orientation maps

For the qualitative and quantitative analysis of the orientation maps, various data treatment
steps have been performed on the orientation data exported from ASTAR, which were either
performed with ASTAR (version 2.X) or MTEX, an open-source Matlab texture toolbox [118].
The first part of this section will describe the alignment of reference frames, which is necessary
to correlate microstructure features such as grain boundary trace orientations, grain elonga-
tions or film growth direction to the orientation data [138]. The second part will describe the
filters applied to the orientation data and the procedure used for grain reconstruction.

Reference frame alignments

Various reference frames need to be aligned with each other for the proper analysis of the
orientation maps. It is stressed that particular care needs to be taken when transferring data
between different software packages, such as when moving from ASTAR to MTEX [118], as
conventions for the reference frame alignments often differ.

First, a rotational alignment of the diffraction patterns recorded by ASTAR with the rotation of
the recorded orientation map is required [138]. Within the present work, the scan direction
with 0° scan rotation angle (that rotates the scan direction in a counter-clockwise fashion) is
set up such that the map is aligned with a conventional BF TEM image for an easy comparison.
With the microscope settings applied during orientation mapping described, as in § 3.2.5,
using a ZnO nanowire, it was determined that a 306° counter-clockwise rotation will align
the diffraction patterns and with the BF image. These 306° minus the scan rotation angle are
added to the first Euler angle ¢ to correctly align the diffraction patterns with the orientation
map.

The data containing spatial coordinates, Bunge Euler angles and matching quality indices
were exported using ".ang"-files from ASTAR into MTEX for data quantification. First, when
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Figure 3.4 — Reference frames for the spatial coordinates and the Bunge Euler angles used by ASTAR
and MTEX.
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Figure 3.5 — Two common conventions for the alignment between hexagonal crystal system and
orthogonal Euler angle reference frame. a) a@ — axis || Xgyjer b) a* — axis || Xgyjer

importing the data into MTEX, the Euler reference frame (for which the Euler angles are
defined) [139] and the spatial reference frame used for the orientation map need to be properly

n

aligned. In MTEX these two reference frames are coincident, in contrast to ASTAR’s ".ang"-file
where there is a 180° rotation about the x-axis relating the two reference frames (see Fig. 3.4).
Therefore a 180° rotation about the x-axis is applied to the spatial coordinates imported from

ASTAR to bring the Euler angle and spatial reference frame into coincide.

Furthermore, when working with crystal systems that are non-orthogonal, there can be some
ambiguity for the alignment of the crystal axes with the orthogonal Euler angle reference
frame. With a hexagonal crystal, for example, there are two common conventions to align an
unrotated crystal with the orthogonal Euler angle reference frame, which are both shown in
Fig. 3.5. In MTEX the convention was adjusted to correspond to that used in ASTAR, namely
the X-axis of the Euler angle reference frame being parallel to the crystal’s a-axis (unlike the
default MTEX setting of a*-axis parallel to X-axis).
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As alast alignment step it is necessary to verify that the physical sample reference frame, in par-
ticular the film growth axis, is aligned with the spatial coordinates of the orientation map. The
samples have been prepared and mounted in the microscope such that, in theory, the growth
axis is either aligned with the Z-axis of the spatial reference frame for plan-view/double-
wedge samples, or with the Y'-axis for the cross-section samples. In practical terms a perfect
alignment of the two reference frames is however rarely the case. This is because, for instance,
once a double-wedge sample is attached to a TEM grid and inserted in a TEM specimen holder,
there may easily be a misalignment of some degrees between the sample’s substrate normal
and the incident electron beam. However, since the material shows a strong fibre texture along
the growth axis, we have used pole figures of the corresponding texture to identify and correct
for misalignments between the two reference frames. These corrective rotations have been
applied in MTEX to all orientations to bring the maxima of the pole figure into coincidence
with the z-axis or y-axis direction respectively.

Orientation map filtering and grain reconstruction

The orientation map filtering and grain reconstruction procedure to obtain quantitative data
from plan-view orientation maps is outlined in Fig. 3.6.

Before reconstructing grains, filtering of the orientation maps was used to reduce the effects
of systematic misindexing (i.e. 180° ambiguity) that may occur during the template-matching
procedure and to minimise orientation noise present in the raw maps. For the orientation
map filtering we used two different filters, similarly to what has recently been proposed by
Kobler et al. [140]: an ambiguity filter [141] and a median filter [118].

To reduce orientation noise before any grain reconstruction, a median filter has been applied.
The applied filter is part of MTEX [118] since version 4.2 and is a sliding-neighbourhood
filter. For this, every pixel orientation is replaced by the median orientation Opeqgian Of all
orientations in a 3 x 3 pixel neighbourhood. Oy egian 0f @ set of orientations Q = {01, O, ..., Oy}
is here defined as

j=N
Omedian = argmin ) d(0;,0)) (3.5)
0;eQ  j=1

where d(-,-) corresponds to the misorientation angle. The effect of the median filter is shown
the maps in Fig. 3.6 (a)—(c). The median filter reduces the jagged grain boundaries resulting
from scan noise (particular to this map), and removes some small orientation noise within
grains as marked by arrows.

A well known problem of spot pattern indexing is the 180° ambiguity illustrated in Fig. 3.7.
This problem typically arises for orientations close to certain low-index zone axes, which,
while not being two fold symmetry axes of the crystal, give diffraction patterns with two fold
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Figure 3.6 — Data filtering and grain reconstruction procedure. a) Raw IPF orientation map multiplied
with a grayscale reliability index. Darker regions indicate orientations with reliabilities below 0.15.
b) Grain reconstruction from (a) using a 3° misorientation threshold [142]. c) Reconstruction after
applying a median filter to (a). d) Reconstruction after applying both median filtering and ambiguity
filtering to (a). e) Reconstruction after removing orientations corresponding to grains in (d), which
appear as inclusions or have less than 20 measurement points. f) Removal of grains that show a low
reliability. The arrows in each map highlight some regions that were affected by each processing step.
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symmetry when only zero order Laue zone reflections are recorded. This leaves an ambiguity
of whether the reflections are to be indexed as (h k) or (h k1), i.e. a 180° rotation around the
zone axis, or hereafter ambiguity axis, which effectively corresponds to two different crystal
orientations [140, 141, 143-146]. Higher-order Laue zone reflections allow the two orientations
to be discriminated, but they may be very weak when the electron beam is close to some
low-index zone axes or absent given that the typically recorded diffraction semi-angles are only
a few degrees (several tens of mrad). In terms of indexing this can lead to a frequent flipping
between the two orientations and hence to underestimation of grain size [135] and to spurious
peaks in the (mis)orientation distribution. Post-processing procedures can be employed to
reduce this effect [135, 140, 141]. For the present work, an ambiguity filter was used that is
part of ASTAR (Version 2.x), which, while unpublished [147]; it is based on concepts previously
reported by Rauch and Véron [141, 143]. This procedure uses knowledge about the typical
orientation relationships between neighbouring orientations related by the ambiguity and
the low-index zone axes for which the 180° ambiguity is likely to occur, therefore allowing the
identification of regions of orientations that are likely to be related by this ambiguity. Due
to local variations in the diffraction patterns, within each region there is an orientation that
is the least prone to the ambiguity problem (determined during pattern-matching) and that
serves as a reference orientation to correct other neighbouring orientations by a rotation of
180° around the ambiguity axis. This corrective rotation is only carried out if the rotation
around the ambiguity axis reduces the misorientation to the reference orientation below a
certain threshold, which was chosen to be 5°. The effect of the ambiguity filter is illustrated in
Fig. 3.6 (d).
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Figure 3.7 — Illustration of 180° ambiguity. a) Simulated spot diffraction pattern of ZnO along the [1011]
zone axis using JEMS [130, 131]. The black and grey spots belong to the zero order Laue zone and the red
spots belong to the first order Laue zone. b) Same as (a) but rotated by 180° around the ambiguity axis,
i.e. [1011]. The zero order Laue zone reflections show a two-fold symmetry. This two-fold symmetry
breaks down with the addition of first order Laue zone reflections, making a distinction between (a) &
(b) possible.

The ambiguity filter was applied before importing the data to MTEX. The imported data were
then median filtered and the grains were reconstructed using MTEX’s grain reconstruction
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algorithm [142] with a misorientation threshold of 3° (c.f. Fig. 3.6 (d)). After this initial
reconstruction, measurement points belonging to grains with less than 20 measurement
points (i.e. <10 nm equivalent circle grain diameter) and those that appear as inclusions (i.e.
grains with only one neighbor) were removed and the grains were again reconstructed (see
Fig. 3.6 (e)). The main cause of poor indexing are regions showing grain overlap. Such regions
are often characterised by two or more orientations that are found alternatively as the indexing
solution, leading to the presence of too small grains. In order to reduce the biasing from
regions with grain overlap and to obtain more accurate results, the grains have therefore been
filtered out by their reliability. Grains with less than 25 % of their measurement points having a
reliability =0.15 are also removed, as shown in Fig. 3.6 (f). To improve data validity, maps have
also been filtered to exclude grains at the border of the region of interest. Thereafter, grains
may also be further discriminated by, for example, their orientation or shape. The subsequent
extraction of quantitative data, such as grain size distributions and calculations of ODF and
MDF, were all done in MTEX [118].

3.2.7 Particular aspects of the ASTAR system
Precession enhanced electron diffraction

The ASTAR system is equipped to record precession enhanced electron diffraction [148]
patterns, rather than simple spot diffraction patterns with an electron beam remaining parallel
to the optic axis, as was done for the present work. The principle of electron beam precession
is illustrated in Fig. 3.8. Electron precession enhanced diffraction patterns can be considered
as an integration of centred diffraction patterns, while the incident beam describes a hollow
cone with a constant opening angle around a fixed specimen position. This can be achieved by
using the upper deflector coils to rock the beam in a conical fashion about the sample position
and using the lower deflector coils at the same time to centre the diffraction patterns back on
the optic axis, as illustrated in Fig. 3.8 (a). Precession enhanced electron diffraction has been
reported to significantly improve the template matching approach for several reasons [17].
First, it reduces dynamical scattering effects, so giving diffraction patterns with spot intensities
closer to those predicted for kinematical scattering [149]. Since the templates are calculated
using kinematical diffraction theory, a better match can thus be expected [137]. Additionally,
the rocking of the Ewald sphere as shown in Fig. 3.8 (b) allows it to intersect more reciprocal
lattice points, giving more diffraction spots at higher scattering angles which improve the
orientation determination [137]. This is in particular useful to reduce the already mentioned
180° ambiguity problem. Further, unwanted background contrast for spot pattern indexing
arising, for example, from Kikuchi diffraction is typically smeared out [149].

In the herein presented work, precession has however not been applied since precession on
our system led to a significant beam broadening while scanning the beam, which strongly
deteriorated the spatial resolution of the orientation maps. While using precession, it was
possible to achieve a small incident beam when that beam was pivoting around a stationary
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Figure 3.8 — Illustration of precession enhanced electron diffraction. a) Image taken from Midgley and
Eggeman [149]. Schematic ray diagram of precession electron diffraction. b) Ewald sphere construction
illustrating the rocking of the sphere during precession. The Ewald sphere will run twice through the
shaded area while precessing [150].

point on the sample close to the optic axis. However, as the beam was shifted during scanning
of the map, a large beam broadening was observed. The precise reason for this behaviour is
not well understood but it is believed that the beam broadening is related to the large spherical
aberration (Cs = 2.2mm) of the cryo-pole piece with a big pole piece gap (ca. 9 mm) installed
on this particular microscope.

Fluorescence screen for ASTAR

This section describes a minor hardware change (proposed by Thomas Lagrange, CIME scien-
tific staff) concerning the acquisition of diffraction patterns that was made during the period
of the thesis and raises a point that is not discussed in the literature on ASTAR. The diffraction
patterns are recorded using an external CCD camera, which images a phosphor screen onto
which the diffraction patterns are projected. The external camera allows diffraction patterns
to be recorded at rates on the order of 100 frames per second, approaching those of electron
backscattered diffraction (EBSD). This high rate of pattern acquisition requires not only a
suitable camera but also a fast enough phosphor screen, i.e. the luminosity needs to decrease
sufficiently quickly after exposure to electrons. The standard phosphor screen of the JEOL JEM
2200FS was not quick enough to avoid a visible remanence effect during acquisitions when
using a typical exposure time of 20 ms per pixel, as shown in Fig. 3.9. This takes the form of a
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remanent diffraction pattern observed after the electron beam has scanned out of a zone axis
oriented grain into the vacuum. To avoid this problem, the standard JEOL supplied phosphor
screen was recoated with a faster P43 phosphor”, whose intensity drops to <0.1 % within
10 ms after the removal of the excitation. With this, a significant reduction in remanence is
observed on the right hand side of Fig. 3.9. This is important because the remanence effect
can lead to the superposition of patterns from neighbouring grains, which may in turn cause
problems for the indexing procedure. This is especially the case when a grain in zone axis
condition is followed by a grain oriented such that it only diffracts weakly. However, it is noted
that, even though this may on occasion cause an indexing problem, in general the patterns
corresponding to the current beam position are much brighter than the remanent patterns,
which have already lost a significant amount in intensity, and therefore a proper indexing is
usually still possible. The presented maps in this thesis were recorded with either phosphor
screen, with similar indexing quality.

Old fluorescence screen New fluorescence screen

Figure 3.9 — Remanence due to slow phosphor. To the left are correlation index maps recorded with the
screen with standard P20/P22 phosphor and to the right are maps recorded with the screen recoated
with a "fast" P43 phosphor. Both mapped regions show a sample edge with material to the left and
vacuum to the right. Below each map are diffraction patterns taken from the indicated positions. For
each map the exposure time per pixel was 20 ms and both maps contain the same number of pixels.
With the standard phosphor a clear streaking into the vacuum region of the map is observed, which is
due to a remanence effect as shown by the extracted diffraction patters. With the "fast" phosphor, this
streaking is absent.

3.2.8 TEM sample preparation

As mentioned in § 3.2.3, TEM requires the investigated sample to be thin enough to be
transparent to the high-energy electrons in the microscope, i.e. <~100nm thick at a 200 kV
acceleration voltage. Further, for many TEM techniques, it is preferable to prepare samples
that are as thin as possible, while keeping the structural integrity of the sample. Thin sections
from the present film have been prepared to view a sample in plan-view or cross-section,
where the electron beam is parallel or perpendicular to the substrate normal, respectively.

*The screen was recoated by Grant Scientific Corp, South Carolina, USA
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Here, a short description of the sample preparation methods is given, which yielded the
optimal results for the analysis with ACOM".

TEM samples were prepared by mechanical polishing using a Multiprep system (Allied High
Tech Products), which has been used together with diamond lapping films (particle sizes:
30 um to 0.1 pm) and colloidal silica (particle size: 0.02 um). Ion beam milling for dimpling
or thinning to electron transparency was performed with a precision ion polishing system
(PIPS from Gatan). The Ar™ ion energies used for ion milling were initially at 3 keV and then
stepwise lowered, finishing with a final polish of at least 30 min at 0.2 keV to minimise sample
amorphisation [129].

TEM cross-section samples of the film were prepared according to the method described by
Dieterle et al. [152], as illustrated in Fig. 3.10. Two pieces of the film are glued into a sandwich
using epoxy resin. The sandwich was thinned by planar mechanical polishing to ~10 um
thickness, followed by single-sector ion beam milling from alternating sides (each time for
30 min to 60 min) using a beam incidence of 6°, until electron transparency is achieved.

sandwich )
film single-sector
A\ mechanical ion milling
thmnmg ion gun rotate 180°
every 30 min
2] 2 <
c G ‘
2 2 —) s 10 umIC—TIT——] ==
2] 7 5
ion gun
epoxy

Figure 3.10 — Illustration of sample preparation method proposed by Dieterle et al. [152].

TEM samples for plan-view observation were either obtained from samples prepared by
mechanical backside wedge polishing to electron transparency from a film that had been
polished flat, or mainly from a double-wedge sample geometry where the film had been ion
dimpled before backside wedge polishing, as described by Spiecker et al. [50]. The different
steps for the double-wedge sample preparation are outlined in Fig. 3.11. It starts with cutting
a 3mm x 3 mm piece of film/substrate with a diamond wire saw. The film side of this piece is
ion dimpled with a beam incidence of 6° until the substrate appears visible at the bottom of
the dimple. Then the sample is mechanically polished to a wedge with an angle of 1.5° from
the substrate side until electron transparency is achieved.

A critical aspect for the application of the double-wedge method is the ability to measure
the precise film height of the imaged plan-view region. The height of the plan-view sections
within the double-wedge sample can be determined for transparent films from the visible

fThese descriptions are also published in A.B. Aebersold et al., Ultramicroscopy, 2016, 159, 112-123. [151]
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Initial film lon dimpling & thickness measurement Backside wedge polish

Plan-view TEM orientation mapping
on double wedge sample

Figure 3.11 — Double-wedge method for plan-view ACOM at defined heights in polycrystalline films.
The sample is ion dimpled on the film side to form a shallow basin with circular light interference
patterns. These fringes are used for the height determination of the plan-view sections. Then, the
sample is polished from the backside to form a wedge, resulting in an electron transparent edge at
film heights running continuously from substrate to surface. Plan-view ACOM is then carried out at
different film heights depending on the position along the electron transparent edge (shown in red) and
can be correlated to heights in a cross-section orientation map. The IPF maps are given with respect to
the white arrows and the colormap shown.

light interference fringes appearing after ion dimpling, as described by Spiecker et al. [51],
where they analysed interference fringes with narrow-gap optical light filters. Without ready
access to such filters, here the interference fringes arising from a polychromatic light source
were instead directly analysed. This procedure (shown in Fig. 3.12) is exemplified with the
double-wedge sample studied in Chapter 4. A micrograph of these fringes, taken with visible
light microscopy (VLM) using a halogen light bulb (BX60 microscope using a ColorView IIIu
camera both from Olympus), is shown in Fig. 3.12 (a). The interference colours are compared
to the simulated interference colours shown in Fig. 3.12 (b), which were calculated using a
simple light interference model of polychromatic light with normal incidence on a ZnO film
with thickness d on a semi-infinite glass substrate. The reflectance R in function of wavelength
A and thickness d of such a film is then given by [153]:
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Figure 3.12 — Height measurement profile of the double-wedge sample. a) the ZnO film after the
dimpling step with circular interference fringes that vanish in the centre, where only the glass substrate
is left. b) The calculated colour interferences with black dots marking easily distinguishable colour
variations. ¢) An image of the wedge-polished sample overlaid with figure a) allowing the position
of the electron transparent edge to be identified. The black dots mark the same colour variations as
in b). d) The final sample after gluing to the TEM grid, with red dots marking the positions where
orientation maps were recorded. e) The height profile along the electron transparent edge, which has
been determined using the black dots in b) & c¢). The heights of the red dots in d) are obtained from
interpolation between the black dots.

2
R(d, ) =1- OMtair MznoMs
(nfzir + nzZnO)(nzznO + ng) + 4n“irn22n0ng
+(n2;, = n%,0) (Nyn0— né) ~cos(dnmnzpod/A) (3.6)

The refractive index in the visible light range of air, ZnO and substrate were taken to be n,;r =1,
nzpo = 1.9 [119] and ng = 1.52 (AF45 borosilicate glass by Schott AG), respectively. The light
source was modelled with a 'standard illuminant A’ according to the international commis-
sion on illumination (CIE) [154] and the colour was calculated with the CIE color-matching
functions and the calculated reflected intensity [155]. The simulated colours compare well
with the experimental colours and, further, the thicknesses obtained by colour-comparison to
simulations also compared well with independent reflectrometry line scan measurements on
a dimpled sample.
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Fig. 3.12 (c) shows the same image as (a) with an image of the sample after the backside wedge
polishing superimposed on the lower half. This figure is used to correlate the position of the
electron transparent edge with the interference colour/film thickness after dimpling. The
black dots in Fig. 3.12 (b) & (c) mark easily recognisable colour transitions in the interference
pattern. The precision of the height determination using these colour transitions is estimated
to be within 50 nm to 100 nm, depending on the film thickness, as shown in Fig. 3.12 (e). This
graph in Fig. 3.12 allows the dimpling profile to be established along the electron transparent
edge. It shows that the steepest slope of the dimple on this sample is only ~0.13°. A small
dimpling angle is crucial to obtain large plan-view sections that are at a localized film height,
as was previously pointed out by Spiecker et al. [50, 51]. Explicitly, in the present case this
means that the film height varies by only ~20 nm over a 10 um lateral (in-plane) displacement,
and thus allows the sampling of height-controlled, localised in-plane information over large
areas.

Fig. 3.12 (d) is an image of the final double-wedge sample after gluing it to a Cu support with
the red dots showing the positions where the orientations maps for this study were acquired.
The film heights of the maps can be determined by interpolation between the black dots and
are shown with red dots in Fig. 3.12 (e).

3.2.9 Simulation of facetted film growth

The investigated polycrystalline films show various characteristics typical for facetted film
growth, such as a columnar grain microstructure, self-texturing, increasing grain size and
surface roughness with film thickness. Simulations were thus performed for the growth of
polycrystalline facetted films, following the model of van der Drift [16] to evaluate if this model
gives useful insights into the growth behaviour of these films, and perhaps even to provide
strategies how to tune the growth.

To simulate this type of competitive film growth a simulation code written and made available
by C. Ophus et al. [156] was used. It has previously been used for the study of facetted film
growth in the presence of self-shadowing. Here, the algorithm for self-shadowing was disabled
and the code was used such that each grain is growing with a predefined idiomorphic growth
shape. This simulation methodology essentially corresponds to previous simulations by
Ophus et al. [37], where they have studied the late-stage growth behaviour of facetted films
using facetted idiomorphic shapes with a cubic symmetry in 3D. Since the methodology
descriptions by Ophus et al. [37, 156] are very short, a more detailed description follows
hereafter. In particular, an important aspect is pointed out explaining how the code deals with
certain topological events in a rather unphysical manner [46].

The simulation is done over a 3D-grid of points defined over a periodic substrate area and
a height that dynamically changes to include the highest and lowest point of the free film
surface. Portions of the film below the lowest point of the film surface, that will no further
change, are written to the hard drive, in order to free up random access memory. Initially, the
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grid contains only unoccupied points. The simulation then begins the growth with the random
positioning of differently oriented grains on the substrate (i.e. attributing unoccupied points of
the grid to a grain), while keeping a minimum spacing between them. The minimum spacing
accounts for the tendency of adatoms and clusters on the substrate surface to aggregate by
surface diffusion that naturally creates a minimum spacing between nuclei [37]. Each grain is
then implicitly described by planes (corresponding to slow-growing facets of the idiomorphic
growth shape) with a signed surface normal that advance from the grain origin at a constant
velocity. For each time step the planes advance a given distance, and for every unoccupied
point in proximity to the surface of a grain it is checked if the point falls below all planes
describing the grain. If this is the case, the unoccupied point is added to the grain. If, during a
time step, several grains take the same point, a routine determines which grain has reached
the point first and attributes the point accordingly.

Such a methodology requires less computing resources than a 3D level set methodology, as
presented by Smereka et al. [36], and thus allows for larger simulations. However, this comes
at the cost that there are some topological events, such as the overgrowth of grains, that
may not be properly taken care of. While this specific problem of overgrowth has not been
addressed by Ophus et al. [37, 156] it has been previously described by Thijssen [46] (see
Fig. 3.13), who did the first simulations of the van der Drift growth model in 2+1D. The term
2+1D is used to refer to the fact that their simulation methodology results in a surface that is
described by only the height of the highest crystal at each 2D substrate grid point [37]. This
means that porosity or overhangs cannot be described. During the overgrowth of a grain there
are multiple possibilities how the topology of a fully facetted surface may change (Fig. 3.13
(c)-(e)). The simulation methodology used by Ophus et al. [37, 156] leads automatically to
the situation depicted in Fig. 3.13 (c). This is unrealistic in so far as the grain that reaches
over the other will instantaneously grow the segment that reaches over the grain. In one
case, Thijssen avoided this problem by using conical growth shapes, where this type of event
does not occur. He nonetheless did simulations of facetted cubic crystals arguing that, for
facetted crystals, the average grain size is not affected by this problem as the crystal tops (or
fastest growth direction) that determine if a grain continues to grow are typically uninvolved
in such events. For the same reason, it is believed that the herein used simulations are suited
to investigate the development of the average grain size and texture (weighted by number of
grains). Indeed, the average grain size behaviour found by Smereka et al. [36] using a true 3D
level-set methodology agrees with those found by Thijssen [46] and Ophus et al. [37].

In this work, the simulation code from Ophus et al. [156] was adapted to better represent ZnO
film growth by adopting idiomorphic growth shapes with a sixfold symmetry. The shapes
grow either fastest along their a- and/or c-axis and are described in more detail in § 5.2.3.
This change in growth shapes required an adapted procedure of rotating the grains and the
previous colouring scheme, which, for the sake of comparability to experimental results, was
matched with the 6/ mmm Laue group IPF colouring coding of MTEX [116].
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Figure 3.13 — Overgrowth of fully facetted grains. The sketches a) & b) show how the right hand grain
starts to grow over the left hand grain. At the moment where the right crystal reaches over the left
crystal there are three possibilities how the facetted surface may evolve c)—e). The sketch c) shows the
situation corresponding to the current simulations, which results in a surface with the highest height at
every point on the grid. d) shows the least realistic situation where the facet of the overgrown grain cuts
off the other grain. e) is the most realistic approach where the right grain develops an overhang with a
new facet belonging to the right crystal. Images are adapted from Thijssen [46].

Previous simulations on facetted film growth have typically used uniform orientation distribu-
tions of the grains nucleating on the substrate surface [36, 37]. For the competitive growth of
conic growth shapes, it has been shown that a preferential orientation of the nucleating grains
has an important impact on the subsequent film growth [38]. Furthermore, in physical systems
it is common that the nuclei do not have a random orientation. For example, LP-MOCVD ZnO
grown at lower temperatures is argued to nucleate with a preferential c-texture due to surface
energy minimisation [12]. Therefore, the possibility to change the orientation distribution of
the nucleating grains with various fibre textures was introduced. This has been done by mod-
elling ODFs and simulating corresponding orientation data in MTEX [118] and importing the
so-generated data into the grain growth simulations. While this is not an integrated approach,
it offers the flexibility of MTEX for defining arbitrary ODFs and, in principle, even allows one
to create input data from measured ODFs.

The simulations were performed with either a uniform orientation distribution or a biased
orientation distribution. The biased orientation distributions have been modelled by a 97.5 %
— 2.5 % mixture of either an a- or c-fibre texture component (of 40° halfwidth) along the growth
direction and a random orientation distribution component. The IPF distribution and the
distribution of angles between the substrate normal and the two fastest growing directions are
shown in Fig. 3.14.
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Figure 3.14 — The three orientation distributions used to initiate simulations, shown as an IPF with
respect to the substrate normal and as normalised angle distributions between the c-axis (or a-axis)
and the substrate normal.

All the simulations were initiated starting with N = 10000 grains on a A = 1024 x 1024 substrate
grid. Each grain grows with a predefined growth shape consisting of 12 facets, as further
described in § 5.2.3. Each run was carried out over 20000 time steps and the growth shapes
were scaled such that the fastest growth direction moved by 0.1 grid points per time step,

resulting in films with similar thicknesses. The data shown were scaled by the initial grain

spacing dy = @

grain diameter of the averaged grain area (A).

and the average grain sizes d, are calculated as the equivalent circle



TEM orientation mapping of the
microstructure evolution in ZnO films

This chapter describes the application and optimisation of TEM-based ACOM for the quali-
tative and quantitative characterisation of thick polycrystalline ZnO films that present self-
texturing and a columnar grain microstructure®. Here, LP-MOCVD ZnO films grown under
conditions optimised for transparent electrodes in photovoltaic applications [93] are used as
amodel system. It is pointed out how the chosen TEM sample geometry affects the ACOM
results (see § 4.1), arguing that ACOM in conjunction with the double-wedge method [50]
provides an ideal methodology to obtain large statistical quantitative data in these films (see
§ 4.2). The application of this methodology not only provides grain sizes at defined distances
from the film-substrate interface, as previously obtained by BF TEM [50], but also spatially-
correlated orientation and misorientation data from >10000 grains at a few nanometer lateral
resolution (see § 4.2.1). In particular the results show how ZnO films are characterised by
preferentially oriented renucleation and the presence of frequent [2 TTO] /(01 TS) twin forma-
tion, which has so far not been identified in these films (see § 4.3). Further, possible artefacts,
and in particular their effect on obtaining quantitative grain size data, are discussed § 4.3.4.
This chapter therefore shows a methodology that provides insights into previously unnoticed
growth mechanisms and the quantitative data necessary for the comparison with growth
simulations, as will be further investigated in Chapters 5 & 6.

*A large part of this chapter has been previously published in A.B. Aebersold et al., Ultramicroscopy, 2015, 159,
112-123. [151]
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4.1 ACOM on standard TEM sample geometries

4.1.1 Cross-section versus plan-view orientation maps

An intuitive way of looking at the evolution of film microstructure is by looking at the cross-
section of a film, which gives a direct overview of how it evolves from the bottom to the top.
Fig. 4.1 (a) & (b) show IPF orientation maps of a cross-section, overlaid with a gray scale
reliability image, where reliability is caluclated according to Eq. 3.4 and clipped to the range
from 0 to 0.15. A low reliability (corresponding to the dark pixels) indicates that there is
more than one template which gives a good match to the recorded diffraction pattern. This
usually occurs at probe positions where there is diffraction from more than one grain as, for
example, in regions with overlapping grains, or at grain boundaries. The two IPF maps of the
cross-section clearly reveal the columnar microstructure. The columnar grains grow out of
a dense layer of small grains close to the film-substrate interface, and the average (in-plane)
grain size increases with the distance from the film-substrate interface up to the top of the
film, where large grains protrude to form a rough film surface. Towards the bottom of the film,
where there is a lot of grain overlap, the reliability degrades substantially, accompanied by
orientation noise.

Fig. 4.1 (b) shows that the competitive overgrowth quickly establishes a (2110) out-of-plane
fiber texture. Between the large grains with their [2110] axis parallel to the growth axis there
are a few differently oriented smaller grains with reduced elongation along the growth axis.

As a comparison, Fig. 4.1 (c) & (d) show IPF maps of a plan-view section close to the bottom
of the film. The map contains several hundreds of grains with diameters ranging from 10 nm
to 100 nm. Fig. 4.1 (d) shows that the (2110) texture starts to establish already at a low film
height. Furthermore, many grains are elongated along one axis within the plane. Specifically,
Fig. 4.1 (c) shows that blue or red grains are respectively elongated parallel or perpendicular to
the reference axis (white arrow). Given that most of these grains have a (ZIIO) out-of-plane
orientation, an elongation parallel to the (000 1) basal plane can be deduced.

While the cross-section maps in Fig. 4.1 (a) & (b) readily give qualitative insights into the
grain evolution during film thickening, they are not well suited for quantification. First, there
are only a limited number of grains in the field of view, which limits the acquisition of good
statistics. Secondly, the stereological considerations necessary for measuring the in-plane
grain size from cross-sections are not straightforward. And lastly, for the present sample,
there is a significant overlap of grains in the region close to the substrate, which results in a
poor reliability of the orientation maps. In contrast to these problems for quantification, the
plan-view IPF maps shown here not only cover many more grains, but they also have good
indexing reliabilities in the presence of small grains.

To explain this difference in mapping reliability a simplified model for the microstructure can
be considered, which consists of a set of columnar grains as shown in Fig. 4.2. By drawing
the direction of the electron beam for cross-section and plan-view TEM samples respectively,
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Figure 4.1 — Comparison of plan-view and cross-section IPF orientation maps. a) and b) show the IPF
maps of a cross-section sample while ¢) and d) show IPF maps of a plan-view sample corresponding to
a film height towards the bottom of the film. All IPF maps are calculated with respect to the arrows
drawn on each map and the colormap shown in the inset of d). Note that in the cross-section maps the
substrate and the region above the ZnO surface have been manually coloured black.

it becomes clear that a cross-section sample without overlapping grains would need to be
thinner than the smallest grain diameter, whereas for a plan-view section this condition is
relaxed. Indeed even grains as small as 10 nm in diameter have a good reliability in Fig. 4.1
(c) & (d), indicating that these grains are columnar and go through the entire TEM specimen
thickness of ~40 nm (thickness estimated using energy filtered mapping; see Fig. A.1 (c) in
appendix A).

While, in comparison to plan-view samples, cross-section samples must be significantly
thinner in order for small grained regions to be resolved, it is noted here that a very careful ap-
plication of Dieterle et al.’s method [152] allows such ultra-thin cross-sections to be produced
across an entire film (see § 3.2.8). Grains can then be reliably identified across the film height,
as shown in Fig. 4.3. Indeed, Fig. 4.3 shows how even nuclei at the substrate-film interface
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Cross-section Plan-view

Figure 4.2 — Illustration of the electron beam path for cross-section and plan-view samples for a
microstructure consisting of columnar grains (simplified as hexagonal prisms).

200 nm

500 Nnm

Figure 4.3 — IPF orientation maps of a cross-section showing single grain diffraction patterns from
grains at the substrate-film interface. The colouring is with respect to the substrate normal.

with grain diameters <10 nm can be resolved and associated with single grain diffraction
patterns. Such thin samples are of particular interest to investigate the influence of the nuclei
orientations on subsequent film growth, which will be used in Chapter 5. Nonetheless, the
quantification from such cross-sections remains limited by statistics and stereology, and the
sample preparation is highly challenging due to the increased fragility of the sample, caused
by the low sample thickness and the difficulty in obtaining a uniform thin region that extends
over the entire film without partial removal or amorphisation of the film.

Overall, therefore, the possibility to scan areas containing many grains, and the generally
reduced grain overlap compared to cross-sections, make plan-view sections ideal to extract
good statistical orientation data in thin-films. Plan-view sections furthermore complement
cross-sections for visualising microstructural aspects, for instance for identifying in-plane
elongations that are not easily seen from cross-sections. However, the film height of con-



51 4.2. ACOM on a double-wedge sample

ventionally prepared plan-view TEM sections is usually not controlled nor well determined,
and so quantification of the microstructure in function of film height is not possible. Also,
the preparation of multiple plan-view samples at various film heights would be very time
consuming. These problems are overcome by the so-called double-wedge method, which
provides an ideal way to extract film-height resolved quantitative data in ZnO films, as now
described in § 4.2.

4.2 ACOM on a double-wedge sample

The concept of the double-wedge method [50] in conjunction with ACOM TEM is outlined in
Fig. 3.11. The basic principle of the double-wedge method is to create a large-area plan-view
sample geometry that traverses continuously through the film thickness, as first proposed by
Spiecker et al. [50, 51].

Fig. 4.4 shows a selection of the orientation maps recorded on a double-wedge sample at
various, indicated film heights; the maps are presented after appropriate grain reconstruction
and filtering have been applied (see § 3.2.6 for data treatment procedure). At a film height of
60 nm, where the reliabilities are the lowest, grains corresponding to <12 % of the mapped
area within the region of interest have been rejected due to having too low reliability or for
being too small. These rejected grains are seen as the white regions in the maps. The rejected
area reduces to <5 % at higher film heights, where only very little grain overlap is present. As
expected, the maps show a strong increase in average grain size with increasing film height,
with the larger grains tending towards the dominant (2 110) out-of-plane fibre texture. These
larger grains further show the in-plane elongation parallel to the (000 1) basal plane that was
noted earlier, an aspect that is visible from early on during the film growth. Nevertheless,
smaller grains persist: even at 850 nm film height there are still grains with sizes below 50 nm.
Notably, many of these small grains have an orientation that differs from the dominant out-
of-plane texture, and are more equiaxed than elongated. Overall, the reconstructed grains
of these maps provide quantitative data on the grain size, orientation and misorientation
distributions, as now presented in § 4.2.1.

4.2.1 Quantitative grain size, orientation and misorientation distribution

A compilation of the quantitative data extracted from reconstructed grain orientation maps at
different film heights is given in Fig. 4.5. The data have been extracted from 1 to 4 orientation
maps at each height and each distribution contains data from >1200 grains.

Fig. 4.5 (a) shows an area-weighted grain size distribution extracted from orientation maps
at various heights. Here, for a more compact representation, the grain size data are only
plotted up to 270 nm equivalent circle grain diameters. This was in order to remove a few
outliers on the far right that resulted from reconstruction artefacts (see § 4.3.4). Compared
to a previous study that used manual outlining of grains [51], ACOM not only facilitates the



52

th

£ g
| CA bk

S B

QAL

‘

L8

Figure 4.4 — IPF orientation maps after grain reconstruction with respect to the film growth axis, recorded from several film heights using the
double-wedge method. See Fig. 4.1 for the colour-coding. Each grain is coloured according to its average orientation and the grain boundaries are
outlined in black. The maps have been scaled and cropped to be at similar magnifications.
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Figure 4.5 — Data from the application of ACOM combined with the double-wedge method on a LP-
MOCVD ZnO film from film heights between 60 nm to 850 nm. a) Area weighted grain size distributions
in function of equivalent (by area) circle grain diameters. The pink coloured part of the bars correspond
to grains that are further than 30° away from the a-fibre texture orientation. b) Orientation distributions
along the growth direction given in multiples of a random distribution (m.r.d). The black line in the
triangle shows the 30° cutoff used in (a). ¢) Misorientation angle distributions. The black solid line at a
film height of 60 nm corresponds to the theoretical misorientation angle distribution of a polycrystalline
sample with uniform orientation distribution [117].

determination of grain size distributions in double-wedge samples, but also enriches the
analysis with orientation information. Here, this is for example used to highlight in rose colour
the contribution of grains that are not along the major (2 110) fibre texture (i.e. grains whose
[ZIIO] axis form an angle larger than 30° with the substrate normal). The grain size data
show a number of trends. As expected the average grain size increases with the height in the
film. Nevertheless, a significant number of small grains remain present higher in the film,
as was also seen in Fig. 4.4. Many of those small grains have an orientation differing from
the predominant (2110)-fibre texture. Furthermore, the distributions both widen and seem
to become slightly skewed to the right for increasing film heights with respect to the initial
distribution.

Using the orientation data, the ODF for three selected heights have been calculated and are
represented in Fig. 4.5 (b). Close to the substrate, at a film height of 60 nm, the film already
has a broad (ZIIO) out-of-plane texture that extends towards a (1 OIO) texture mixed with
a (0001) texture component. This initial orientation distribution quickly evolves to a more
pronounced (2110) texture higher in the film. Furthermore, weaker texture from grains with
(1013) plane normals close to the growth direction are observed for all film heights above
340 nm. The small grains which are not along the major fibre texture in Fig. 4.4 and Fig. 4.5 (a)
are thus identified to be close to a (1013) orientation.
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The spatially resolved orientation data furthermore opens up the possibility to investigate
the misorientation distribution. Fig. 4.5 (c) shows the misorientation angle distribution
of the film at 60 nm, 520 nm and 850 nm film heights. All graphs show the correlated and
uncorrelated misorientation angle distributions. The uncorrelated misorientation angle
distributions are calculated from misorientations between random grain pairs taken from the
orientation map described by the corresponding orientation distribution. They are therefore
determined by texture only, unlike the correlated misorientation angle distributions, which are
calculated from misorientations between adjacent grains and which therefore contain features
originating from both nearest-neighbour orientation relationships and texture. At 60 nm film
height, where the (2 11 0) texture is still weak, the uncorrelated angle distribution approaches
that predicted for a hexagonal polycrystalline sample with random grain orientations, as
illustrated with a black solid line [117] (see § 2.3). As we move higher in the film, the (2110)
texture strengthens and the uncorrelated angle distribution flattens. Indeed, for a perfect
(2110) fiber texture, the misorientation angle distribution would be flat, since it would consist
of random rotations around the [2110] axis. In contrast, the correlated misorientation angle
distributions all show a peak at about 60°, which is absent for the respective uncorrelated
angle distributions, a peak which further increases with film height. To further discriminate
the misorientations with this particular misorientation angle, a projection of the MDF [110]
for a fixed misorientation angle of 60° at 850 nm film height is shown in Fig. 4.6. Here, the
uncorrelated and correlated MDF relate either to misorientations between random grain
pairs or nearest-neighbour grain pairs. The uncorrelated MDF shows that, due to the (2110)
fibre texture, there is a higher probability that a 60° misorientation corresponds to a rotation
around the [2110] axis. The correlated MDF also shows a preferred [2110] misorientation
axis, but this cannot be explained by the texture alone because the peak around [2110] is
much sharper compared to the uncorrelated MDF. Even after dividing the correlated MDF
by the uncorrelated MDF, which shows features that are purely due to nearest-neighbour
correlations [108, 157], the peak around [ZTIO] remains present. These grain size, orientation
and misorientation data are now evaluated and discussed in § 4.3.

4.3 Discussion of results from double-wedge method

4.3.1 Grain size distributions

The distributions in Fig. 4.5 illustrate the capabilities of ACOM to obtain statistically significant
grain size data at heights localised to within ~100 nm in the film. The film height resolution
could be further improved by the preparation of thinner TEM specimens and/or by a higher
precision method for the height determination. The identified grain sizes vary from 10 nm
to 300 nm in equivalent circle grain diameter, and are much smaller than those that could
typically be expected to be identifiable by EBSD [158]. Alternatively XRD is commonly used
to estimate average grain sizes in these ranges, but it should be noted that XRD methods will
not give localised height information, which may be an issue for the present films that have
V-shaped columnar grains.
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Figure 4.6 — Uncorrelated and correlated MDF at a constant misorientation angle of 60° and a film
height of 850 nm. The densities in each distribution are given in multiples of a random distribution
(m.r.d.) and show how the misorientation axes are distributed. The five equispaced contour lines are
drawn for a better visualisation.

Next to providing localised grain size measurements, ACOM also allows the measurement of
grain size distributions, rather than just an average grain size. The data show that a significant
fraction of small grains correspond to grains which are not oriented along the major (2 110)
fibre texture. Since this runs counter to the increasing in-plane grain size and sharpening
texture that would derive from simple competitive overgrowth, it is suggested that these small
grains result from renucleation occurring as the film thickens.

4.3.2 Orientation distributions

Until now, the typical method for obtaining the evolution of texture in thin films has been
by XRD of film series of varying thicknesses. Alternatively, XRD deconvolution techniques
have been developed to obtain height-resolved orientation distribution information from a
single film, but they are not necessarily versatile or straightforward to apply [159, 160]. Also,
low intensity diffraction signals from minor texture components may prove challenging to
interpret. In comparison, the method presented here gives direct access to height-resolved
orientation distributions for grains down to 10 nm in-plane diameter, coupled with direct
correlation to images of their size and shape.

As a general validation of the method, the double-wedge ACOM results compare well to
previous XRD studies using 0 — 20 scans of a thickness-series of films deposited under the
same conditions, where thickening led to a (2110) preferential orientation from an initially
rather random nucleation layer [89]; this will be further demonstrated in Chapter 5. A weak
diffraction signal from (1013) planes was also detected previously by XRD but could not be
related to microstructural changes. Here, the same plane normal orientation is observed
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in the double-wedge ACOM data. Correlation to the orientation maps shows that they are
linked to the smaller grains at film heights above 340 nm. Therefore, the already suggested
renucleation may be specified as renucleation with a preferential orientation, possibly arising
from an epitaxial relationship between the renucleating grains and the grains on which they
renucleate.

This demonstrates how the height resolved orientation distributions combined with mi-
crostructural imaging allow for improved investigations of the development of preferential
orientation in polycrystalline films. In the future it could, for instance, be used to untwine
the different effects of grain size and orientation on physical properties such as electrical con-
ductivity in films [13, 161]. Another advantage is the possibility to measure in-plane texture
and correlate it with imaging. Here this is used to identify the orientation of the elongation
axis of grains, and it could for instance be used to investigate films with a biaxial texture
formation [162].

There is, however, one notable disadvantage in terms of counting statistics compared to, for
example, XRD. Currently, time constraints and limited thin areas that are suitable for orienta-
tion mapping per well-defined film height limit the number of measured grain orientations.
In the future the use of faster camera recording speeds and an improved automation of data
analysis as well as more adapted scanning schemes [163] could be used to tackle the time
constraint limits. However, the limit imposed by the finite thin area appears more imposing,
as the sample is very fragile. Nonetheless, it is conceivable that additional thinning from the
backside using ion-beam milling after wedge polishing may succeed in increasing the suitable
thin area.

4.3.3 Misorientations

Grain boundaries in polycrystalline films are ubiquitous and have a large impact on the film
properties. One way to characterise them is by misorientation distributions; already § 4.2.1 and
Fig. 4.5 have demonstrated how the spatially resolved orientation data allow both correlated
and uncorrelated misorientation distributions to be measured and compared to models. In this
case, the correlated data show a peak for 60° misorientation around the [2110] axis; an initially
surprising finding in that it is inconsistent with random rotations of grains around the fibre
texture axis. Such preferred misorientations may occur with the presence of grain boundaries
with low formation energy and can have an important impact on the growth behaviour [164,
165]. Here the most likely cause is the presence of twin boundaries. ZnO has two types of twin
boundaries which lie close to a 60° misorientation around the [ZITO] axis and which have a
low formation energy, namely [2 11 0]/(0 113) and [2 TTO] /(0 11 1) twins [88, 98]. By analysing
the grain orientation and image data on a more local level, neighboring grains with this 60°
misorientation are often found to show a shared (0113) plane parallel to the grain boundary
trace and so indicate the presence of coherent [2110]/(0113) twins. This is for example
demonstrated by the {0113} pole figure for a pair of such grains in Fig. 4.7 (a). While the ACOM
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data are consistent with this twinning hypothesis, they cannot be used to fully confirm it, since
most grains are not on a suitable zone axis and further the resolution of the external camera is
too low to distinguish between [2110]/(0113) and [2110]/(0111) orientation relationships.
To resolve this another advantage of the presented method is highlighted, specifically the
ability to use the precise position recording of the orientation maps (see appendix A) to guide
analyses by other techniques in the TEM. Within an orientation map, a pair of grains related
by the suggested twin relationship can be easily found in MTEX by distinctly colouring the
boundaries that are close to the suggested twin relationship, as shown in Fig. 4.7 (b). Among
the many grain boundaries of interest, here the focus is on the one between the two largest
grains framed by the small box, which were also used for the pole figure in Fig. 4.7 (a). This
grain pair is then located and identified in BF TEM imaging as shown in Fig. 4.7 (c). Fig. 4.7
(d) shows the same BF image overlaid with the corresponding region of the orientation map,
confirming the match between the two. The grain pair was then tilted to the shared [2110]
zone axis, and a high quality NBD pattern was recorded across their boundary with a CCD
camera, as seen in Fig. 4.7 (e). The pattern shows a 63° rotation between the (0002) planes of
the two grains, and a boundary that is primarily parallel to a shared (01 13) plane; together
these results confirm [2110]/(0113) coherent twinning [112]. Note that some turning and
steps observed in the boundary may result from stresses accumulated during the thin-film
growth. This is just one example of the potential for using ACOM data to guide more detailed
local studies in disordered systems. Other possibilities include the study of dopant segregation
in boundaries of different character using EDX or electron energy-loss spectroscopy based
methods, or the locating of interesting boundaries for atomic scale structural analyses by high
resolution (scanning) TEM, as used in Chapter 6.

4.3.4 Indexing and reconstruction artefacts

As shown above, the presented method allows the acquisition of a large, statistical crystal-
lographic data set at different heights in a polycrystalline film. This section now addresses
artefacts that may affect the orientation mapping and reconstruction, which are relevant for
the grain size determination used in Chapter 5. In particular the discussion will focus on grains
that are falsely identified as too small or too large, and that are problematic when calculating
number averaged grain sizes.

Accurate results from orientation mapping firstly require a large proportion of the mapped
region to be indexed reliably. Indeed, the rejected mapping area due to a low reliability
remained <5 % for film heights above 60 nm. To investigate the effect of this reliability filtering
step, the average grain sizes with different reliability filtering settings were calculated and
tabulated in Table 4.1. In the first column the grains were not filtered by reliability, and in the
middle column grain sizes were calculated with grains whose first quartile of reliability values
Q1 (Rel.) were equal or above 0.15 (i.e. procedure described in § 3.2.6). In the last column the
grain sizes were calculated with grains whose median reliability Q. (Rel.) was equal or above
0.15. The average grain sizes vary moderately with this filtering and lie roughly in a range
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Figure 4.7 - a) {0113} pole figure of two neighbouring grains with a special misorientation relationship.
Each colour belongs to a different grain. The common (0 113) plane is encircled and the black line is
parallel to the grain boundary trace normal. b) IPF map (with respect to the white arrow) with grain
boundaries indicated. The vacuum region has been manually coloured black. Using MTEX, the grain
boundaries are coloured in white if they are to within 5 degrees of a [2110]/(0113) twin orientation
relationship and otherwise appear black. The box frames the two neighbouring grains considered in a).
¢) BF-TEM image of the two neighbouring grains. d) BF-TEM image with overlaid orientation map and
the misorientation angle (measured by ASTAR) along the black line. e) NBD pattern recorded with a
CCD camera of the grain boundary after tilting to the grains’ common [2110] zone axis. The streaking
parallel to the g(oo2) vectors of each grain is due to a high density of stacking faults [52].

of +£10 % of the middle column. A moderate reliability filtering criterion corresponding to
the middle column has been chosen since the filtering will not only remove small grains that
arise from grain overlap within the projection of the TEM specimen, but also because of the
decreasing ratio of grain area to grain boundary length. Indexed points at grain boundaries
often have a low reliability. Therefore a too stringent criterion for reliability filtering may
also remove true small grains. It may be possible to reduce the problem of grain overlap by
additional sample thinning via ion beam milling.

Another problem for accurate grain size determination is related to the chosen cutoff of grains
smaller than 10 nm (i.e. less than 20 pixels) that is visible in Fig. 4.5 (a). For example, assuming
that the distributions drop continuously when moving towards smaller grain sizes, a large
area fraction of grains at a film height of 60 nm can be expected to fall into grain diameters
between 0 nm to 10 nm. The maps have also been calculated with a cutoff for grains smaller
than 5nm (i.e. less than 5 measurement points) and the results of the two methods are
tabulated in Table 4.2. The relative changes are roughly 10 %, except for the lowest film height
of 60 nm, where the relative change is about 22 %. For the present work the larger cutoff size is
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Table 4.1 — Average grain sizes for different reliability filtering. All grain sizes correspond to the equiva-
lent circle grain diameter of the mean area of grains.

Film height Grain size (nm)

(nm) Wlth%‘lltterr‘iﬂzblhty Qi(Rel)=0.15 Q,(Rel)>0.15
60 19.9 20.7 21.6

220 31.5 33.4 35.5

340 39.2 42.4 45.5

520 47.3 51.5 55.0

660 51.9 58.0 63.4

770 69.3 72.4 76.2

850 72.4 75.9 79.5

Table 4.2 — Average grain sizes for different minimum grain sizes. All grain sizes correspond to the
equivalent circle grain diameter of the mean area of grains.

Film height Grain size (nm)

(nm) Min. grain size: 5 pixels Min. grain size: 20 pixels
60 16.9 20.7

220 31.0 334

340 37.0 42.4

520 46.6 51.5

660 54.0 58.0

770 64.6 72.4

850 68.2 75.9

chosen since it makes the data less prone to orientation noise. Possibly, the use of precession
enhanced electron diffraction, described in § 3.2.7, may reduce the presence of orientation
noise allowing one to chose a less conservative cutoff criterion of small grains in order to
improve upon on this issue. However a loss in spatial resolution (required at such small grain
sizes) will limit the precession angles to rather moderate values [135].

Even though the filtering by reliability and minimum grain size limits the number of false
small grains it is still likely that the data may contain some small spurious grains. For example
Kobler et al. recently showed that the reliability index is not always a good indicator to identify
overlapped grain regions [140]. Also, 180° ambiguities as described in § 3.2.6 may remain in
the datam depending on the threshold angle chosen for the applied ambiguity filtering [141].
Liu et al. [135] reported to still observe ambiguities even after applying precession enhanced
electron diffraction and a software-based ambiguity correction. Increasing the threshold
angle for ambiguity filtering may help, but should not be chosen excessively high as it could
adversely affect the data by correcting out real boundaries [135]. This problem should be
particularly considered if the investigated material possesses a strong fibre texture along an
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ambiguity axis and is mapped along such axis. In the present case the major fibre axis is along
the two-fold [2110] axis, rendering such artefacts rather unlikely.

Finally, the grain size data may also contain some outliers at large grain sizes, as seen in
Fig. 4.5, which are the result of incompletely recognised low-angle boundaries, leading to the
merging of two grains in the reconstruction [166]. For a fibre textured material, it may become
rather likely to form random low-angle boundaries between two grains and unwanted grain
merging during reconstruction can result. To limit this artefact it is necessary to reduce the
misorientation threshold to a minimum. In the present case the threshold was set to 3°. Going
lower led to oversegmentation due to orientation noise, given that the angular precision of
the ASTAR method is ~1° [133]. A visual inspection of the maps indicates that this problem
does not occur too often though and should only have a minor effect on the average grain
size (see Appendix B for more details on the error analysis). In the future, visualisation of
partially recognised or unclosed boundaries may help to evaluate the extent of this artefact
and alternative reconstruction algorithms may produce better results [166].

Due to the artefacts described above, it is roughly estimated that the number averaged grain
sizes can be obtained with an accuracy of about +10 % for film heights with average grain sizes
>25nm. At the lowest film height of 60 nm, grain overlap and the difficulty of distinguishing
orientation noise from real grains limit an accurate grain size calculation.
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4.4 Summary and Conclusions

The applicability of TEM-based ACOM to standard plan-view and cross-section geometries of
polycrystalline films was explored, showing the advantages of plan-view over cross-section
geometries for quantification, due to improved statistics and relaxed requirements on sample
thinning for reliable orientation mapping. As a plan-view sample only allows characterising
a film at a single vaguely defined film height, the double-wedge TEM sample preparation
method [50] was utilised. This provided a continuous large area plan-view sample traversing
the entire film and further allowed the determination of the film height at any position of the
sample. The combination of ACOM and the double-wedge method allowed to quantify the
evolution of grain size, orientation, and misorientation distributions in polycrystalline films as
a function of film height. The double-wedge method, which was previously used for grain size
quantification by manual outlining of grains seen in BF TEM, lends itself to the combination
with ACOM, since its geometry reduces grain overlap in films with columnar grains. Equally,
ACOM makes the double-wedge method not only faster and more reliable for grain size
determination, but also adds spatially resolved crystallographic information to the analysis.
Applied to the example of LP-MOCVD grown ZnO, this method creates an unprecedented
data set for such polycrystalline films, quantifying the orientation of more than 10000 grains
at a nanoscale spatial resolution throughout the film height. This methodology is therefore
able to provide extensive experimental data that can serve as basis for the validation and
improvement of models and simulations explaining grain growth and preferential orientation
formation in polycrystalline films, as will be the subject of Chapter 5. Already here, for instance,
in-plane elongation of dominant grains along the basal plane, likely renucleation and (0113)
twinning were identified. These growth mechanisms turn out to be relevant for films grown
under a number of growth conditions as will be shown in the next Chapters 5 & 6. Furthermore,
as was illustrated by the analysis of coherent twinning by NBD, the data set can be leveraged
for the targeted analysis of selected boundaries by diffraction, chemical characterisation or
high-resolution imaging, as will be done in Chapter 6.






Competitive grain overgrowth in ZnO
films

The growth of LP-MOCVD ZnO films has until now been explained under the framework of a
competitive grain overgrowth inferred from the van der Drift model [12, 16]. In particular this
growth model has explained the texture formation in ZnO films and associated differences in
surface morphology with a change in the fibre texture axis. A detailed understanding of the
microstructure formation is however still missing. The current chapter aims to improve upon
this by applying the methodology presented in Chapter 4 to identify growth mechanisms that
control the microstructure in ZnO films. For this purpose three ZnO films with a similar fibre
texture but different microstructures have been chosen. The three films under investigation
are shown in Fig. 5.1. They were grown under different HoO/DEZ precursor gas ratios, without
boron doping. All of them develop a [2110] fibre texture parallel to the substrate normal,
but their microstructure differs strongly between each other, as apparent from their surface
morphology. The chapter is separated into three sections (§ 5.1-§ 5.3), briefly described now.

§ 5.1 presents a qualitative general microstructure investigation of the three films where the
surface morphology and texture identified by SEM and XRD are compared and correlated
to results obtained from ACOM. The results show that the nuclei orientation distributions,
and thus the texture evolution towards a (2 11 0) texture, vary significantly between the films.
Further, twin boundary formation and renucleation are identified in all films. The extent of
these vary with the precursor gas ratio and correlate with the observed film surface morphology.
A possible mechanism is discussed, that may give rise to a preferential growth of two grains
related by a twin boundary. The tendency for renucleation is related to the adatom mean free
path in films. Further it is shown how renucleation and twinning appear to be related in these
films.

§ 5.2 presents the quantitative grain size data obtained by the combination of ACOM and the
double-wedge method, and uses them to evaluate grain size evolution during film thickening
for comparison with van der Drift type simulations. The data of the three films validate model
predictions such as self-similarity of the grain size distribution and a power-law scaling of
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H,O/DEZ=4.0
Figure 5.1 — SEM surface imaging of 2 um thick films grown under different HoO/DEZ precursor gas

ratios: a) 0.25, b) 1.0, ¢) 4.0. Arrows indicate the centre line of pyramidal surface structures present in
(b) and (c). Images acquired by L.Fanni

the average grain size d 4y with film thickness £, i.e. d(4y x h“, where the growth exponent
is predicted to be a = 0.4. For interpretation, previous van der Drift simulations by Ophus
etal. [37, 156] are adapted to the ZnO system by including idiomorphic growth shapes with
a six-fold symmetry and biased nuclei orientations. In particular it is concluded that films
grown at higher precursor gas ratios agree well with model predictions and that the initial
orientation distribution is an important factor for the subsequent grain size scaling.

In § 5.3" the knowledge gained from § 5.1 & § 5.2 is employed to taylor the growth of films to
improve their electrical properties for applications. For this, an adapted two-step deposition
is devised which changed the initial orientation distribution of nuclei in order to increase the
average grain size of films, thereby enhancing the electron mobility in the films.

*A part of the results in this section have been previously published in L. Fanni et al., Crystal Growth & Design,
2015, 15, 5886-5891. [151]
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5.1 Films grown under varying precursor gas ratio

5.1.1 Surface morphology

Fig. 5.1 shows SEM surface images of the films (2 um thick) grown under H,O/DEZ ratios of
0.25, 1.0 and 4.0, respectively. The surface morphology changes significantly with the varying
precursor gas ratio. Fig. 5.1 (a) shows the film grown at H»O/DEZ = 0.25, which is composed of
elongated wedges on the surface. The size distribution of the wedges is wide, with many small
wedges located in the valleys between larger wedges. With an increased ratio of HoO/DEZ
= 1.0, the surface is mainly composed of large pyramidal structures (see Fig. 5.1 (b)). These
structures have been previously reported for films, such as the one in Chapter 4, which are
optimised for thin-film solar cell applications [14]. Many of these pyramidal structures are
characterised by a centre line, as indicated by arrows. Again, there is a wide distribution of
grain sizes, with small grains growing in the valleys of larger grains. Fig. 5.1 (c) shows that,
with a further increase in the precursor gas ratio to HoO/DEZ = 4.0, the surface morphology is
mainly composed of smaller, approximately three-sided pyramids, which appear more regular
in shape and have a narrower size distribution compared to the pyramids grown at HoO/DEZ
= 1. These smaller pyramids also have a centre line indicated by arrows.

5.1.2 Texture evolution evaluated with X-ray diffraction

To shed light on the morphological differences in these films, the texture evolution in function
of film thickness was measured by L. Fanni using 6 — 20 XRD scans and evaluated by TCs (as
defined in § 3.2.1) shown in Fig. 5.2.

As visible from Fig. 5.2, all films tend to develop a preferred (211 0)-texture while thickening,
although there is a strong difference in the initial texture for thinner films with thicknesses
<50nm. At HoO/DEZ = 0.25 the grains forming close to the substrate—film interface are pre-
dominantly (0002)-textured. The TC(y¢¢2) gradually decreases with increasing film thickness,
while TC , 77, gradually increases. At H;O/DEZ =1, the (0002)-texture is still most present
during initial growth, together with a weaker (1 10 0)-texture. As film thickness increases
these two TCs decrease quickly and are replaced by a dominant (2110)-texture. Already at

~200nm a cross-over towards a dominating (ZIIO)-texture occurs, and TC reaches a

~ @110

value close to 5 at a film thickness of 2 um. At HoO/DEZ = 4 a mixture of a (2110)-, (1100)- and
(0002)-texture is observed for grains close to the substrate. Again, the film becomes quickly
predominantly (2 110)-textured, with a cross-over occurring within the first 200 nm.
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a H,0/DEZ = 0.25 b H,0/DEZ = 1.0
5 5~
54 g4
L ©°
53 53
Q| 9 |
o o
o 21 ©2
2 2t
x x
OL | T Y I —4 OL,JLIIZIIIIIIIIIIIll‘v—-
0 500 1000 1500 2000 0 500 1000 1500 2000
Film thickness (nm) Film thickness (nm)
c H,O/DEZ=4.0
5_
i<
4
S ~ (1700)
":333 3_- - (0002)
o2l -~ (1701)
2t _
S 1L - (1702)
L - 2770)
0 T Tt ———
0 500 1000 1500 2000

Film thickness (nm)

Figure 5.2 — TC evolution of films grown under different H,O/DEZ precursor gas ratios. Data aqcuired
by L.Fanni

5.1.3 Microstructure and texture evolution by automated crystal orientation map-
ping

Fig. 5.3 presents ACOM cross-sections of the different films, and orientation distributions for
two different heights as obtained by the double-wedge method [51], providing a direct view
on the texture and morphology evolution.

The microstructure of each film is characterised by small grains close to the substrate—film
interface, out of which large columnar grains emerge as expected from competitive grain
overgrowth [22]. This columnar growth with elongated grains is particularly pronounced
at HoO/DEZ = 4. With a decreasing HoO/DEZ ratio, there are an increasing number of less
elongated grains visible in the cross-section.

The texture seen in Fig. 5.3 is overall in good agreement with XRD measurements (see Fig. 5.2).
The cross-section of the film grown at HoO/DEZ = 0.25 presented in Fig. 5.3 (a) shows the
predominant c-texture close to the film-substrate interface, which changes after 500 nm to
orientations that lie close to the basal plane. This is also confirmed by the corresponding
IPF density distributions, where (000 1) textured grains are still present at 100 nm film height,
but are almost absent at a film height of 1000 nm. It is interesting to note that, in Fig. 5.3 (a),
the c-texture vanishes much earlier than the expected cross-over of TC(ziIO) with TCpg02)
derived from XRD, which occurs only above 2um. To understand this difference, it has to
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Figure 5.3 - ACOM cross-sections and IPF density distributions given in multiples of a random distribu-
tion (obtained by the double-wedge method) of films grown under different H,O/DEZ precursor gas
ratios: a) 0.25, b) 1, c¢) 4. The IPF ACOM maps are given with respect to the film growth direction. Notice
that the top part of the film in (a) was removed during sample preparation and does not correspond to
the free film surface after deposition.
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be considered that X-rays interact with the entire film and diffraction may originate from
various heights within the film. If the c-axes of grains at the film-substrate interface are well
aligned with the substrate normal then the c-textured grains contribute strongly to the XRD
signal for all film thicknesses. Further, during film thickening, the a-texture develops only
slowly, with few well-aligned grains as seen in the cross-section orientation map, explaining

the slow increase of TC The combined microstructure and orientation data allow one

(2110)°
to associate the grain elongation with a certain texture. The cross-section image reveals that
the most elongated grains have a direction lying in the basal plane parallel to the film growth

direction, whereas it is the otherwise oriented grains that appear shorter.

The cross-section in Fig. 5.3 (b) shows that most grains just at the film-substrate interface
grown at HoO/DEZ = 1 have their (0001) plane parallel to the substrate (and appear red),
although not as pronounced as for the film grown at a lower H,O/DEZ ratio. This preferential
orientation switches to a (2110) fibre texture within the first 100 nm, as deduced from the IPF
density distribution, thus being in good agreement with the TC measurements. As seen in the
corresponding orientation distribution, higher in the film at 1000 nm a strong (2110) texture
has established. There is a slightly increased density in the orientation distribution for grains
with their (1013) plane parallel to the substrate normal. The corresponding grains are seen as
smaller grains in the cross-section and likely correspond to the renucleating grains suggested
in Chapter 4.

The cross-section of the film grown at HyO/DEZ = 4 presented in Fig. 5.3 (c) shows a dense
nucleation region just at the film-substrate interface with no apparent preferential orientation
—see Fig. 4.3 for a higher magnification of the substrate interface region. However, already
after the first 150 nm of film growth, a strong a-texture has established, which corresponds
well to XRD data. During film thickening, there are few small grains that indicate the presence
of a renucleation process as observed for the other two films.

Plan-view sections, together with misorientation angle distributions, were investigated to
better understand the different surface structures of the three films. The distributions and
plan-view maps are taken from double-wedge plan-view sections at a film height of ~1000 nm.
The misorientation angle distributions are shown in Fig. 5.4 (a)-(c). The uncorrelated angle
distributions are relatively flat, due to the fibre texture of the samples. The correlated angle
distributions show a strong preference for the presence of misorientation angles of ~65°. The
origin of this is attributed to (0113) twin boundaries, as observed in the boron doped film in
Chapter 4. The spatial distribution of these twin boundaries is shown in Fig. 5.4 (d)—(f) which
show the reconstructed grain maps of plan-view sections from which the angle distribution
have been obtained. Grain boundaries that are within 5° of the twin misorientation relation-
ship are marked in white and other boundaries are marked in black. The frequency of twin
boundaries clearly increases with the HoO/DEZ ratio. While at HoO/DEZ = 0.25 there are only
a few twin boundaries, at HoO/DEZ = 4 about 60 % of the grains are related to another one by a
twin. This increased frequency of twin boundaries correlates well with the increased presence
of pyramidal surface structures containing a centre line, as observed in Fig. 5.1, indicating that



69 5.1. Films grown under varying precursor gas ratio

the pyramids are composed of two grains forming a twin boundary as will be further discussed
in § 5.1.4. Further, many grains in Fig. 5.4 (d)—(f) show an in-plane elongation. To reveal the
direction of the in-plane elongation, elongated grains in each map were superimposed with
hexagonal platelets that are aligned with the lattice of their respective grain. To clarify this
alignment, the hexagonal platelets extend parallel to their basal plane and are bounded by
two large hexagonally shaped {0001} facets and six smaller rectangular {1100} facets. This
shows that, for all films, the in-plane elongation of grains is parallel to the basal plane, similar
to the observations made in Chapter 4.

Twin boundaries between grains may be present since the nucleation layer, or may form
during film thickening. For a better understanding, Fig. 5.5 thus presents the evolution of
grain boundary density, twin density, and fraction of grain boundaries that correspond to a
twin misorientation, measured from double-wedge samples. As expected, the grain boundary
density decreases monotonically with increasing film height, owing to the increasing grain size
in the films. Similarly, the twin density decreases with increasing film height, however at film
heights <100 nm there appears to be a trend for an increasing density of twin boundaries. Such
an initial increase of the twin density indicates the presence of twin formation during growth,
because if all twins originate from the substrate, the twin density would have to monotonically
decrease with film height. Furthermore, even though the grain boundary density and twin
density both decrease for film heights =100 nm, the fraction of twin boundaries increases
strongly during the first 300 nm and then reaches a plateau for film heights above.
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Figure 5.4 — a)—c) Correlated and uncorrelated misorientation angle distributions of the three films at
a film height of ~1000nm. d)-f) IPF orientation maps of a double-wedge sample at a film height of
~1000nm. The data is shown after grain reconstruction, with general grain boundaries in black and
(0113) twin boundaries in white. Hexagonal platelets indicate the orientation of elongated grains.
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Figure 5.5 — Evolution of grain boundary (GB) density, twin density and fraction of twin boundaries
with film thickness for films grown at precursor ratios of: a) 0.25, b) 1 and c) 4.

5.1.4 Discussion of films grown under varying precursor gas ratios

As presented in § 2.2.4, previous work has explained the texture evolution of LP-MOCVD ZnO
films by a competitive grain growth mechanism that is determined by the adatom mean free
path on the surface [8, 12, 120].

The preferential orientation of thin films with thicknesses <50 nm was reported to change
from a predominant (0001) texture towards a mixed texture with increasing temperature
and/or lower total gas flow, which both lead to an increased adatom mean free path [12, 120].
Here the same trend is confirmed with an increased H,O/DEZ ratio, which also has been
associated to lead to an enhanced adatom mean free path [8]. This transition in preferential
orientation is not clearly understood. In their model for LP-MOCVD ZnO growth, Nicolay
et al.[12] explained that, for the case of low adatom mobilities, most adatoms arriving on
the substrate will form new nuclei rather than being able to diffuse to an existing nuclei. A
large portion of the nuclei have a preferred (0001) orientation (i.e. MSE nuclei) in order
to minimise the surface free energy [25, 167]. Next to these preferentially oriented nuclei,
otherwise oriented nuclei (i.e. NMSE nuclei) form because the film growth conditions are far
from thermodynamic equilibrium. When the adatom mobility is increased, they have argued
that adatoms on the substrate may diffuse to attach to NMSE nuclei instead of forming new
MSE nuclei, and thus the preferred (0001) orientation tends to be reduced. While higher
adatom mobilities may indeed lead to an enhanced competition between MSE and NMSE
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nuclei, it remains unclear why adatoms favour attachment to NMSE nuclei rather than to MSE
nuclei.

Even though the initial orientation distribution of grains is different between the films, all
of them develop a (2110) texture as a result of competitive overgrowth. However the (2110)
texture in the film at HoO/DEZ = 0.25 is less sharp than for the other two films. The explanation
for this is two-fold. First, the nuclei orientations are biased away from the (2110) texture and
there are therefore fewer well-oriented grains that can establish a (2110) texture. Secondly, the
film grown at (ZITO) presents renucleation that introduce grains with orientations different
from a (2110) texture. This renucleation process during growth has previously not been
noticed for the growth of these films. Renucleation may occur during film growth when
adatoms are not able to attach epitaxially onto the pre-existing grain, which may be caused
by a reduced mean free path of adatoms or by contaminants on the growing surface [22]. A
low mean free path of adatoms caused by a low H,O/DEZ ratio [8] may hinder an adatom to
find the lowest energy position on the underlying grain (i.e. grow epitaxially). Alternatively,
contaminants may also explain the observed trend in renucleation. The increased DEZ content
produces more hydrocarbon by-products [168, 169], which may sufficiently contaminate and
change the surface during growth that renucleation events become possible. These processes
should lead to renucleating grains that have no particular orientation relationship to pre-
existing grains.

In addition to renucleation, the presence of twin boundaries has not previously been sus-
pected for these films, despite them having a significant impact on the surface morphology.
Initial reports of these LP-MOCVD ZnO films used as electrodes for thin film solar cells have
described the pyramidal structures seen on the film surface as single grains [14], rather than
two separate grains related by a twin. The fact that these pyramidal twin structures are charac-
teristic of many large grains in the films is not only in accordance with a low twin formation
energy [98], but it is likely that these twins lead to an enhanced growth of grains, making a
pair of grains related by a twin successful during the competitive overgrowth process. Indeed,
the increasing proportion of twin boundaries during film growth observed in Fig. 5.5 suggests
that such a process is taking place. A similar observation was reported for electrodeposited
Ni-Co films, where grain triplets related by low-energy grain boundaries grow in a columnar
fashion [165, 170]. The authors suggested that low-energy grain boundaries provide favourable
low-energy sites for the addition of new adatom layers, leading to an enhanced growth of these
triplets [170]. An additional cause for the enhanced growth of grains related by a twin may be
taken from the field of nanostructure synthesis, where twinning is known to cause a growth
anisotropy favouring growth parallel to planar twins in nanostructures so leading to platelet
formation [171]. For example, (111) twinning in face-centred cubic (fcc) nanoplatelettes cause
the formation of concave surfaces that show an enhanced growth [172]. As proposed by Xia et
al. [171] the fast growth on a nanostructure with concave surfaces may be explained by the
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Gibbs-Thomson formula, where the change in chemical potential with respect to a flat surface
Ap is given by:

Ap=yQ(1/Ry +1/Ry) (5.1)

where v is the surface energy, Q the atomic volume and R; & R, the principal curvatures of
the surface. For a concave surface, Ry & R, are negative and will thus minimise the chemical
potential, which favours the attachment of adatoms.

Based on this, a model to explain the fast growth of twinned grains and the morphology of the
pyramidal surface structures is suggested and illustrated in Fig. 5.6. Fig. 5.6 (a) presents the
representative surface structures of the three different films. Fig. 5.6 (b) shows a schematic
wedge-like grain shape that is elongated along its basal plane, as indicated by its principal
crystallographic directions, and corresponds to the surface wedges observed in films grown at
H,0O/DEZ=0.25. In Fig. 5.6 (c) two wedge-like grains form a twin boundary (marked in red)
that creates a concave surface between the two grains. Such a twin structure grows fast and is
successful during growth competition because the twin boundary provides low-energy sites
for the easy attachment of adatoms. The growth is further enhanced at the concave surface,
which will tend to increase the dihedral angle § between the planes of each grain, as shown
in Fig. 5.6 (d). Such a process leads to the pyramidal structures observed for films grown at

H»O/DEZ of 1 and 4, as shown in Fig. 5.6 (a).
Lc l

Figure 5.6 — a) shows some representative surface structures for each film grown at the indicated
precursor gas ratios. Scale bars are 500 nm. b) represents an elongated grain viewed from the the top
that appears as a wedge on the surface. c) Two wedges joined by a coherent twin boundary (in red)
forming a surface pyramid. The concave surface at the dihedral angle § enhances the growth, leading
to the pyramidal structures seen at precursor gas ratios of 1 and 4.

[0710]

2110] [0001]
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To consider the origin of these (0113) twins the attention shall be shifted to Fig. 5.5. Already
during the early stages of film growth (<50 nm), about 3 % of grain boundaries correspond
to twin boundaries. This is an order of magnitude higher than the probability to form a twin
(to within 5°) when joining randomly oriented pairs of nuclei, which was evaluated to be
0.27 % + 0.03 % (mean + standard deviation) using MTEX. Therefore, the random formation
of these twins during joining of nuclei cannot account for the large number of observed
twin boundaries. An increased amount of twins may form during the coalescence if small
nuclei can undergo small rotations as a whole in order to minimise interfacial energy, which
was suggested in the past to explain the twin formation in fcc metallic films [173]. However,
given the low growth temperature, this explanation seems unlikely as the mobility of ZnO
islands is likely limited [174]. Even though many twins already seem present shortly after the
nucleation and coalescence stage, the increasing density of twin boundaries within the first
100 nm indicates that twins are also forming during film thickening. Indeed, several of the
(1013) textured grains that appear rose-coloured in the IPF maps in Fig. 5.4 (d)—(f), that were
associated with renucleation, are related by a twin orientation relationship to (2110) textured
grains. To explain the resulting (1013) texture, one may consider Fig. 5.7 which shows {2110}
pole figures for all the {1013} twin variants' starting from an initially a-textured grain whose
{ZIIO} pole figure is shown in Fig. 5.7 (a). The twin variants are generated by +63.3° rotations
around one of the axes A; = [151 0], Ay = [ZIIO] or A3=1[1 150] shown in Fig. 5.7 (b), (c) and
(d), respectively. The two twin variants in Fig. 5.7 (c) keep the [ZTIO] axis aligned with the
substrate normal. The four twin variants shown in Fig. 5.7 (b) and (d) result in grains with their
(1013) plane (or a symmetrically equivalent plane) close to parallel to the substrate plane.
The change in colour in an IPF colour map resulting from a rotation around A; or As is shown
in Fig. 5.7 (e). Twinning therefore appears to be related to some of the observed renucleation,
in particular in films grown at HyO/DEZ ratios of 1 and 4 where most of the renucleating
grains are (1013) textured. The data presented so far, however does not allow to deduce a
microscopic mechanism for the renucleation or formation of these twins — a question that will
be further explored in Chapter 6.

TOnly twin variants based on crystal lattice have been considered, i.e. the polarity of the crystal is neglected.
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Figure 5.7 - Illustration of twin variants for an initially (2110) textured grain, whose {2110} pole figure
is shown in a). The possible misorientation axes for twinning are marked with small black circles
and are denoted by A;, Ay and Az. The great circles running through the poles in each pole figure
correspond to the basal planes. b)-d) show the {ZTIO} pole figures of each twin variant when the
misorientation axis corresponds to Aj, A and A3 respectively. e) illustrates how the crystal direction
parallel to the substrate normal changes when rotating the initial crystal in (a) around A; or As.

5.2 Grain size evolution in ZnO films

The application of the methodology presented in Chapter 4 to different films in § 5.1 has
allowed light to be shed on the differences in texture formation, renucleation and twinning
behaviour. This section follows the avenue of using the extensive quantitative data obtained
by the combination of the double-wedge method [51] and ACOM to compare them with
predictions from simulations, in order to validate growth models that are thought to govern
the microstructure evolution of these ZnO films [12].

5.2.1 Grain size evolution investigated by the double-wedge method and ACOM

The standard growth model of LP-MOCVD ZnO films explains the growth and the texture
evolution with a competitive grain growth according to the van der Drift model [12]. Here,
quantitative data from the double-wedge method and ACOM will be compared to predictions
from this model in order to discuss the observed differences in grain sizes of the investigated
films.

The variation of the grain diameter d, 4y with film height is shown in Fig. 5.8. d 4 is the equiva-
lent circle grain diameter of the average grain area. Each plot was fitted with Mathematica
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using the power law in Eq. 2.1 including only data points higher or equal than 100 nm film
height, since the grain size determination at the lowest film height is likely inaccurate (see
§ 4.3.4). The choice of not including the lowest film height for the fitting is further justified by
the fact that the power-law scaling of the average grain size is expected for late-stage growth,
i.e. film heights several times larger than the initial grain spacing [36, 37, 40]. The power
laws fit the data reasonably well and every grain size diameter evolution is characterised by a
growth exponent of @ = ~0.4. The values of the fitting parameters are given within each plot.
It may be striking that the difference in average grain size is not very pronounced between the
three films, considering the large difference seen in SEM (see Fig. 5.1). This is explained by
differences in the grain size distributions, which have already been visible in SEM (cf. Fig. 5.1).
The films grown under H,O/DEZ=0.25 & 1 have a large number of small grains with fewer
large grains, which bias d4y towards smaller values, whereas the film grown at HoO/DEZ = 4
has a more uniform distribution of grain sizes. To emphasise this difference, Fig. 5.8 d) shows
the variation of the area-weighted mean of equivalent circle grain diameters, where the larger
grain sizes grown at lower HoO/DEZ are more obvious.

The normalised grain size distributions of the three films are shown in Fig. 5.9%. The normalisa-
tion is done to test for the self-similarity of grain size distributions, which had been predicted
from simulations in two [35] and three dimensions [36] and was experimentally confirmed
for SiC films [50]. All grain size distributions of the films show a similar trend for the change
in distribution shape with film height. The distributions change their shape from a narrow
distribution towards a wider right-skewed distribution with longer right-hand tails as film
height increases. This change occurs mainly for film heights up to 100 nm, above which the
distributions start to become self-similar as indicated by the black line, which will be called
late-stage distribution. This change in the distribution can be explained by the cut-off of small
grains during data treatment, which affects distributions lower in the film more strongly, as
already mentioned in § 4.3.4. The current procedure cuts off grains with a size <10 nm. This
represents a significant number of grains at film heights below <100 nm and thus strongly
affects the distribution measurement lower in the film. The distributions taken from a film
height >100 nm are still affected by this, although not as strongly. This is seen in the first
histogram bin from the left which, for all films, increases with film height or equally with
average grain size. The late-stage distributions of the films grown at a precursor gas ratio of
0.25 to 1 are very similar to each other and resemble log-normal distributions. They have a
maximum value at about 0.4 of the normalised grain diameter and are more right-skewed
than the late-stage distribution of the film grown at HoO/DEZ = 4, which has a maximum
closer to 1.0. This difference in the grain size distribution is in agreement with the wider grain
size variation observed with SEM in Fig. 5.1.

1t is noted that the grain size distributions shown correspond to a reliability filtering where grains satisfy
Q2(Rel.) = 0.15; see § 4.3.4. This is done in order to reduce peaks in the distribution present at low grain sizes
that are likely due to artifacts discussed in § 4.3.4. The equivalent distributions with instead a reliability filtering
keeping grains which satify Q; (Rel.) = 0.15 are shown in Appendix C.
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Figure 5.8 — a)—c) show the grain diameter d(4y in function of film height determined by the double-
wedge method for films grown at three different precursor gas ratios. (Plots with linear axes are given in
Appendix C). d) Area-weighted equivalent circle (by area) grain diameter for all three films. The data
were fitted by a power law given in Eq. 2.1. The fitting parameters d., and a are given in each plot. The
errors on the fitting parameters correspond to the 95 % confidence interval. The grain size ranges in
(a)—(c) correspond to £10 % (see § 4.3.4). The ranges in height are the estimated precision of the height
measurement (see § 3.2.8). In (d), the grain size ranges correspond to the 95 % confidence interval.

5.2.2 Discussion of experimental grain size evolution in ZnO films

The growth exponent values of the fits in Fig. 5.8 (a)—(c) are in good agreement with the
prediction of a = 0.4 obtained from facetted film growth simulations in 3D using shapes with a
cubic symmetry and conical shapes [36, 37, 46]. Within the specified error ranges, the variation
in the growth exponent «a is expected to fall within a range of 0.32 to 0.48. It is however pointed
out that the data of the films grown at HoO/DEZ=0.25 and 1 contained some regions of low
reliability and the average grain size was thus significantly affected by applying reliability
filtering. The exponent values obtained for these films are thus to be taken with some care
(see Appendix C.3).

An additional remarkable point is that the grain size distributions appear to be in agreement
with the prediction of self-similarity. While self-similarity has been predicted from simulations
in 2D and 3D, the shape of the distributions has not been systematically investigated and it
is unknown what growth mechanisms may cause a specific shape of grain size distribution.
For the films grown at HoO/DEZ ratios of 0.25 and 1, it is therefore hypothesised that the
long tail on the right of the late-stage distributions is related to the elongated wedge-shape of
grains, as now explained. Imagining the view from the highest point of a wedge, the downward
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Figure 5.9 — Normalized equivalent circle (by area) grain diameter probability distributions at given
film heights for the three films grown at H,O/DEZ ratios of a) 0.25, b) 1.0 and c) 4.0, respectively. The
black line in each distribution serves as guide to the eye and is a kernel density estimation from all
grain size data above a film height of 100 nm.

slope is steep moving perpendicular to the ridge, but parallel to the ridge the slope is not
very pronounced. Therefore, a favourably oriented wedge (i.e. a-axis parallel to the substrate
normal) may overgrow many grains lying in the horizontal line parallel to the ridge of the
wedge and thus grow very large. Further, an initial (0001) texture, as observed for both of
the films, will lead to less favourably oriented wedges, which will cause the few well oriented
ones to grow even larger. In addition to the effect of an in-plane elongated grain shape on
the form of the grain size distribution, it is expected that these two late-stage distributions
are influenced by the renucleation of grains, which will cause an increased probability to find
small grains in the film. For the film grown at a higher H,O/DEZ ratio of 4 both of these effects
are negligible, since it shows only little renucleation and the shape of the two grains related by
twinning consistently resembles a uniform three-sided pyramid, which may thus explain the
reduced asymmetry in its grain size distributions.

This is the first time that growth exponent values consistent with model predictions have
been found experimentally. As described in § 2.1.2, previous studies, mainly on SiC [48-50],
have found growth exponents larger than a = 0.4. In some of those studies it has been argued
that the crystal symmetry and the idiomorphic growth shape may be a determining factor
for an increased growth exponent [49, 50]. Further, by a theoretical study using simulations
with conical growth shapes [38], it has been suggested that the initial orientation distribution
may significantly affect the grain size scaling, which was argued to explain growth exponent
measurements made for 3C-SiC that change their texture from (1 0 0) to (1 1 1). Both of these
arguments may play a role for the investigated ZnO films. Therefore simulations based on the
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code from Ophus et al. [156] (described in § 3.2.9) were performed to investigate these aspects
and used to further assess the experimental results.

5.2.3 Competitive film growth simulations using hexagonal shapes

The simulation methodology used here (explained in § 3.2.9) allows one to perform simulations
on any facetted (i.e. piece-wise flat) convex idiomorphic growth shape. Here, centrosymmetric
hexagonal dipyramids (HDs) with {110x} & {110x} facets forming various angles with the
basal plane were introduced for the simulations and are shown in Fig. 5.10. The angle between
facets and the basal plane depends on the positive variable x. This choice for the growth
shape is convenient as it allows one to switch the fastest growth direction from the c-axis
to the a-axis by changing only the angle that the facets form with the basal plane. In HD1
or HD3 the fastest growth direction corresponds to the c-axis or a-axis respectively. And by
construction, in HD2 the growth speed is the same and fastest along both the c-axis and a-axis.
The chosen speed ratios between the fastest growth directions v./ v, are somewhat arbitrary; it
is further pointed out that the facets of the shapes in Fig. 5.10 do not specifically correspond to
low-energy crystal facets. However, it is noted that the facet inclinations of the shapes HD1 and
HD3 differ only a few degrees from cases where x = 1 or x = 3 respectively. Nonetheless, this
choice results in a surface morphology that resembles rather well experimental observations
in films, as illustrated in Fig. 5.11. Due to geometric considerations, it is predicted that the
surface of simulations will be composed of crystal tops corresponding to the corners of the
fastest growth direction of the kinetic Wulff shape [37]. Fig. 5.11 shows the expected surface
features for the used kinetic Wulff shapes used here. For shapes that grow fastest along their
c-axis, the tops are six-sided pyramids, while for shapes that grow fastest along their a-axis,
the tops are four-sided pyramids that are elongated parallel to the basal plane. This compares
well to experimental observations of the surfaces of c-textured LP-MOCVD ZnO films, which
are composed of small rounded caps [89], and the surfaces of a-textured films, which are
composed of wedge-like grains with an in-plane elongation along the basal plane as previously
described in § 5.1.4.

HD1 HD2 HD3
Ve/va= V3 Ve/Va=1 Ve/Va=V3/3

Figure 5.10 — Idiomorphic growth shapes bounded by {110x} & {110x} facets, where x > 0. The shapes
are ordered by the growth speed ratio of the two fastest growth directions v./v,.

A fully appropriate choice of growth shapes would include the determination of facets visible
on the free surface of the film by measuring angles between facets, for example by SEM or
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Crystal tops of simulations

a-axis c-axis

Figure 5.11 — Expected crystal tops for simulations using a shape with a fast growth along the a-axis to
the left or along the c-axis to the right. For comparison, surface morphology of a- & c-textured films
are shown below. SEM images acquired by L. Fanni

AFM, and correlating this to the orientation of grains. Further, the surface morphology of
a-textured films in fact shows curved surfaces and edges, which are strictly speaking non-
facetted. However the observed surface morphology of grains is still related to the underlying
crystal structure and the grains appear to have a common growth shape, which in this case
is simply approximated by a facetted shape. Also, for the c-textured film shown in Fig. 5.11,
the hexagonal caps are to be considered as an approximation of the observed pointed grains
at the films’ surface — although later in Chapter 6/Fig. 6.1, these grains are shown to have a
tendency towards facetting into a six-fold shape.

The first set of simulations was carried out with different HD shapes and random nuclei
orientations. The cross-sections of the simulations are shown in Fig. 5.12. The grains are
coloured according to an IPF colouring scheme with respect to the substrate normal (and
the colour map shown in Fig. 5.3) to evidence the development of film texture. All films
begin with small nuclei at the substrate, which are quickly overgrown by favourably oriented
neighbouring grains and the typical columnar grain structure is clearly observed. It has to be
noted that grains which seem to appear in the middle of the cross-section are not renucleating
grains, which are not included in these simulations, but are due to the sectioning of a 3D
dataset. The simulations show the expected self-texturing of the films: HD1 develops a c-
texture, HD3 develops an a-texture and HD2 presents a mixed texture. The a-texture with
the growth shape HD2 is more pronounced than the c-texture, since the a-axis has a higher
number of crystallographically equivalent directions compared to the c-axis.



Chapter 5. Competitive grain overgrowth in ZnO films 80

HD1:ve/va = V3 HD2:Ve/Va =1 HD3: ve/Va = V3/3

Figure 5.12 — Cross-section of 3D simulations with uniform orientation distribution using three different
idiomorphic growth shapes HD1, HD2 and HD3. The scale bars are given in terms of the initial grain
spacing dj as defined in § 3.2.9.

In Fig. 5.13 it is shown that the average grain diameter for all chosen growth shapes asymptotes
towards a power-law according to Eq. 2.1, since the data points lie on a straight line on the
log-log plot after an initial transient. The drop in grain size higher in the film corresponds to
the transition between the film and the empty space above and is not of particular interest
for this study. The black solid lines are the the power law fits (using data points between
20dy to 170 dy) with the values for the fitting parameters @ and dy, given within the graph.
Here in this section, the tilde accent mark is used to designate the fitting parameters obtained
from simulated data and to distinguish them from the experimentally obtained parameters.
The slope of the fits, i.e. the growth exponent &, is roughly the same for all simulations and
corresponds to a value close to & = 0.4. The height of the different fits is given by the pre-factor
dso. The shape HD1 has the largest pre-factor value, and the pre-factors of HD2 and HD3 are
very close to each other with a slightly higher value for HD3.
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Figure 5.13 — Average equivalent circle grain diameter in function of film thickness for simulations with
random initial orientation distribution using shapes shown in Fig. 5.10. All the data are dimensionless
and scaled by the initial grain spacing dj, as defined in § 3.2.9. The best power-law fits for each data set
are shown as black solid lines. For comparison, a power law with a growth exponent & = 0.4 is drawn as
a dotted black line.

5.2.4 Simulations with varying nuclei orientation distributions

The previous simulations on facetted film growth have used a uniform orientation distribution
of nucleating grains, however in ZnO films as for many other polycrystalline films it is common
that the nuclei on the substrate have a preferential orientation that depends on the deposition
conditions, as observed in § 5.1. Therefore, additional orientation distributions differing from
a uniform initial orientation distribution were introduced. These orientation distributions are
shown in Fig. 3.14 and have a fibre texture component of either an a-fibre or a c-fibre texture
that are parallel to the substrate normal.

The effect of biasing the initial grain orientations towards one of the two fastest growth
directions is shown in Fig. 5.14. For the shape HD3, all films develop an a-texture, whose
strength becomes less pronounced as the initial number of grains with their a-axis close to
the substrate normal decreases. The situation is analogous for HD1, where the films evolve to
a c-texture that is sharper if the nuclei orientation distribution is biased such that most nuclei
form small angles between the c-axis and the substrate normal. This difference in texture
development can also be understood from the film thickness. All shapes have been scaled
such that the magnitudes of their fastest growth direction are the same. Thus a film where the
fastest growth direction of many grains is well aligned with the substrate normal will be thicker
on average than for films where the fastest growth direction of many grains is inclined with
respect to the substrate normal. In addition to the texture development, the cross-sections
show clearly how the grain sizes are larger in the cases where the initial orientation distribution
is biased away from the final film texture imposed by the growth shape.

The quantitative development of the grain size in function of the film thickness is shown in
Fig. 5.15. Each data set has been fitted according to the power law in Eq. 2.1 between heights of
20dy to 170 dy with fitting parameters given in the plot. The qualitative difference in grain size
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Figure 5.14 — Cross-section of 3D simulations of facetted film growth using from left to right a-fibre
textured, uniform and c-fibre textured orientation distributions for the nuclei orientations. The scale
bars are given in terms of the initial grain spacing dj as defined in § 3.2.9. The orientation distributions
used are given in Fig. 3.14. Simulations have been performed with either growth shape HD3 (top row)
or HD1 (bottom row).

seen in the cross-sections is confirmed. From the power-law fits, it appears on the one hand
that the growth exponent is not strongly affected if the initial distribution is biased towards
the fastest growth direction of the growth shape, however d,, is lowered. On the other hand,
when the orientation distribution is biased away from the fast growth direction, there is a
significant increase in the growth exponent to a value of @ = 0.47 and @ = 0.59 for HD3 and
HD1 respectively.
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Figure 5.15 — Average equivalent circle grain diameter evolution for different nuclei orientation dis-
tributions/preferential orientations (PO) using either growth shape HD3 or HD1. All the data are
dimensionless and scaled by the initial grain spacing dp, as defined in § 3.2.9. The nuclei orientation
distributions used are given in Fig. 3.14.

5.2.5 Discussion of competitive grain growth simulations

The simulation results with random nuclei orientations are in good agreement with previous
simulations on polycrystalline facetted film growth according to the van der Drift model. The
late-stage texture corresponds to the geometrical selection process and is thus determined
by the chosen idiomorphic growth shape. The often observed power law for the grain size
evolution, is similarly confirmed for shapes with a hexagonal symmetry. In the case of uniform
nuclei orientation distribution, the same growth exponent value of @ = 0.4 is found as for
other 3D simulations, that have used cubic and conical growth shapes [36, 37, 46, 175]. This
shows that the growth exponent appears to be insensitive to the particular choice of growth
shape.

Since in Fig. 5.13 all simulated films show a growth exponent of & = 0.4, the late-stage average
grain size with the various growth shapes HD1, HD2 and HD3 can be described by a difference
in the prefactor do, only. Ophus et al. [37] have performed a systematic study of dy, in
simulated films with various cubic idiomorphic growth shapes that all exhibited @ = 0.4 and
found values of d, that were all within the same order of magnitude of each other. They
established trends in how d,, varies with the chosen growth shape. They found that d,
decreases with the number of equivalent fastest growth directions N. This dependence of do,
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on Ny is also observed in the present simulations, where the shape HD1 has N; =2, HD2 has
N4 =8 and HD3 has N; = 6. This dependence can be intuitively understood if one considers
that an increased N, will increase the probability that a randomly oriented grain will have
one of its fastest growth direction close parallel to the growth direction. Therefore a higher N,
will lead to larger number of grains surviving during growth competition, which will in turn
decrease the average grain size. While the herein observed variation of d, may be explained
by a change in N, there is no known analytic model that provides a link between de, and
physical properties of the growth system. Such a link is likely not trivial since, in the previously
mentioned simulations by Ophus et al. [37], d;o was not only dependent on N, but also on
other characteristics of the growth shape. Further, d is intrinsically linked to the value of &,
which adds to the difficulty in finding a clear physical understanding of this variable, although
it appears to contain some growth shape related information in the specific case of van der
Drift growth with random nuclei orientations. It also needs to be considered that the absolute
value of d,, will depend on the definition of the average grain size and and initial grain size,
and a consistent definition is required to compare different experiments.

The simulations with biased nuclei orientations are consistent with simulations on conical
growth shapes performed by Ophus et al. [38]. Indeed, similarly to their results, biasing the
initial distribution away from the late-stage texture can increase the growth exponent and
may thus be a possible explanation for growth exponents a above 0.4, as commonly measured
in experimental results on SiC [38, 48, 50]. This is a conceptually interesting finding, since
this may allow to tailor the grain size of films by controlling the nuclei distribution as will be
shownin § 5.3.

Comparing these simulation results to the experimental data it appears surprising that the
differences in the nuclei orientations of the three experimentally-studied films have only little
impact on the average grain size scaling. The films grown at HoO/DEZ = 0.25 and 1 both
have nuclei orientations that are biased towards a c-texture, that differs from the a-texture
which develops during film thickening. Therefore an increased growth exponent could be
expected. However, as pointed out before, these films show renucleation, which will tend to
decrease the measured average grain size by the formation of new smaller grains, and this may
counterbalance the effect of the biased nuclei orientation distribution. The area-weighted
grain size evolutions in Fig. 5.8 (d), which are less influenced by small renucleating grains,
appear at least to follow the trend predicted by the simulations with biased nuclei orientations.

To improve understanding of the growth in these two films, renucleation should be imple-
mented into simulations. However this is not straightforward as the exact mechanisms and
driving forces for renucleation are not well understood. Important questions to answer re-
garding this include the rate of renucleation, the orientation of new nuclei, their location
and their shape. Furthermore, it would also be interesting to investigate simulated grain
size distributions to confirm the hypothesis that the preferential orientation of nuclei and
wedge-like grain shapes are responsible for the skewed distributions observed in Fig. 5.9.
However, as pointed outin § 3.2.9, the herein used simulation methodology is not suited to
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investigate grain size distributions and one should turn towards a level-set methodology, such
as developed by Smereka et al. [36].

In contrast to the two films grown at lower HoO/DEZ precursor gas ratios, the renucleation
and biasing of the nuclei orientations are not pronounced in films grown at HoO/DEZ = 4.
Therefore it is suggested that only this film is appropriately described by the van der Drift
model, verifying predictions on the growth exponent, i.e. @ = 0.4, and the self-similarity of the
grain size distribution.

Further to verify the consistency between simulations and experiment, the pre-factor value dy,
of the film grown at HoO/DEZ = 4 (given in Fig. 5.8 (c)) is compared to the dm obtained from
simulations with random nuclei orientation distributions (given in Fig. 5.13); it is checked if
both are in the same order of magnitude. Before comparing the values, however, d, needs to
be rescaled by the initial average grain spacing dy in order to obtain a dimensionless quantity
comparable to that of the film growth simulations. The rescaled pre-factor d/, is obtained
from Eq. 2.1 by:

d = dooh®
(d - do) = doo (' - d)“
d' = (dood* )N
d'=d. (h)"
= dl = dood|* " (5.2)

where all primed variables are rescaled. To calculate d’, an estimate of the experimental
initial grain spacing d is needed. Here, this value is estimated to be 10 nm to 20 nm, following
an inspection of the graph in Fig. 5.8 (c) and the cross-section in Fig. 4.3. Using the measured
a = 0.40 and d, = 5.2, d/_ becomes 1.3 to 0.9 respectively, which is comparable to the doo
of the simulations ranging between 0.6 to 1.0. A precise matching should however not be
considered, since the dihexagonal growth shapes are not representative of the experimentally
observed pyramidal structures, and the factors that affect d., are not well known.

5.3 Biasing of nuclei orientations to increase grain size

Based on results from simulations in § 5.2.4, films were deposited by L. Fanni to bias nuclei
orientations away from the preferred late-stage grain orientation, in order to deposit films
with an increased grain size [120]. To achieve this, a two-step deposition was devised for
films ultimetely to grow with an a-texture and a surface morphology similar to what has
been observed in Fig. 5.1 for the film grown at HoO/DEZ = 4. The two step growth begins
with the deposition of a ~50 nm thick seed layer under conditions that leads to nuclei with a
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strong c-texture (i.e. conditions with low adatom mobility), then the deposition conditions are
changed to the conditions for an a-textured film. As a reference for comparison, another film
was deposited, where no seed layer was introduced. SEM surface imaging of the two films with
a thickness of 2 um is shown in Fig. 5.16. A clear difference in grain size is observed between
the single- and two-step depositions.

To quantify the average grain size of the two films at the surface, a watershed segmentation as
well as a line intercept method was used on these SEM images. To simplify the measurements,
each pyramid is considered to be a grain. Fig. 5.16 (c) & (d) show the result of the watershed
segmentation done with Mathematica. Since the grains in these films have a relatively uniform
shape and a suitable contrast, the automated segmentation of the SEM images appears to work
well, apart from some over- and undersegmentations. The grain/pyramid area distributions
obtained from the segmentation are used to calculate the mean and 95 % confidence intervals
of the area, which are recalculated in terms of the equivalent circle (by area) grain diameter
day. d(ay increases by 24 % + 5 % from 205 nm + 3 nm to 254 nm + 7 nm with the introduction
of a seed layer. The mean line intercept length, which is proportional to the average grain size,
has been measured by L. Fanni, who used 14 different lines for each SEM image in Fig. 5.16.
These measurements yielded an average line intercept length of 175 nm for the film without a
seed layer to 220 nm for the film with a seed layer, giving a percentage increase in grain size of
26 %. The two methods therefore prove the significant increase in grain size, visible from the
film surface morphology. However, it is not fully clear if the increase in grain size is indeed
due to a biasing of the initial grain orientations, as intended. For example, if the seeding layer
leads to a reduced nuclei density at the beginning of film growth, an increased grain size will
result independent of grain orientations, since the average grain area is inversely proportional
to the grain density.

To directly observe the influence of the seed layer on the subsequent film growth, both films
have been further analysed in cross-section by ACOM, see Fig. 5.17. Both cross-sections show
the typical microstructure of competitive grain growth, with columnar grains growing from
aregion of small grains close to the substrate, and the establishment of a pronounced fibre
a-texture with increasing film thickness. In the case of the unseeded film, the crystal directions
parallel to the substrate normal of grains close to the substrate appear rather random, whereas
in the seeded film the c-texture of the initial deposition appears clearly visible as red in the
IPF map.

The average grain sizes at different heights, here considered to be equal to the average line
intercept length, have been measured by L. Fanni and are shown in the white boxes of Fig. 5.17.
At 0.5pum & 1 um the difference in grain size between the two films is small, becoming more
pronounced at higher thicknesses. This shows that the seed layer does not significantly affect
the grain density at the beginning of the film growth, which could have been a possible reason
for the increased grain size. In contrast to these measurements lower in the film, at a film
height of 2 um the average grain size of the seeded film increases by 23 % compared to the
unseeded film. The percentage increase is thus comparable to measurements from SEM
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Figure 5.16 — Increased grain size with seed layer. SEM surface images of a) film without a seed layer
and b) a film with a seed layer. SEM images were taken by L. Fanni. ¢) & d) shows the result of a
watershed segmentation done with Mathematica of (a) & (b) respectively, where each segment is
coloured differently.

images. However, the absolute values of 105 nm and 129 nm respectively are much smaller
than the measurements from SEM. This is expected, since twin boundaries have been counted
as an intercept on the ACOM map, whereas in the SEM images the twin boundaries have not
been counted. As discussed in § 5.1.4, each pyramid corresponds to two grains related by a
(0] 1I3) twin, which explains the factor of ~2 between the absolute grain size measurements
from SEM and ACOM.

To verify a successful biasing of the nuclei orientations, the distribution of crystal axes parallel
to the growth direction for the two films are compared in Fig. 5.18. In Fig. 5.18 (a) & (b) only
grains located between film heights of 100 nm and 200 nm were considered. This range of
film heights is chosen intentionally to be above the seed layer thickness of ~50 nm. This
is done because the film on top of the seed layer may only partially adopt the orientations
imposed by the seed layer. Due to the small sizes of grains and the limited 2D information
from a cross-section, the fraction of grains that continue the growth of grains in the seed layer
is difficult to evaluate. Rather than continuing the growth of already existing grains in the
seed layer, the second deposition step may also nucleate some newly oriented grains at the
interface to the seed layer. Therefore, a measurement of the axis distribution of grains located
within the seed layer is not necessarily representative of the subsequent growth. Fig. 5.18
(@) & (b) shows that the seed layer clearly reduces the number of grains that have an axis in
proximity of the a-axis parallel to the substrate normal, which confirms the intended biasing
of grain orientations.
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Figure 5.17 - ACOM of cross-sections of a) a film without a seed layer and b) a film with a seed layer. The
average intercept lengths at 0.5 um, 1.0 um, 1.5 pym and 2 um film height are given in the white boxes.
The IPF map colouring is given with respect to the substrate normal and the usual colour map, given in
Fig. 5.12. The orientation data were overlaid with the reliability index to reveal grain boundaries.

In Fig. 5.18 (c) & (d) shows the influence of the seed layer on the axis distribution for the
late-stage film growth. Both axis distributions from grains between 1800 nm and 1900 nm
film height show the a-texture formation. The film without a seed layer has a slightly higher
density of points close to the a-axis.

5.3.1 Discussion of biasing nuclei orientations by a two-step deposition

These results in § 5.3 confirm, on a qualitative level, results predicted from the simulations
with biased nuclei orientations. It has also been confirmed that the two-step method is able
to bias the initial orientation distribution, which leads to the observed increase in grain size.
The increase in grain size is significant, with a relative grain size difference of 25 % at a 2pum
film thickness. However, this value seems rather low compared to what is predicted in the
simulations in § 5.2.4, even though the seed layer is strongly (000 1) textured. As mentioned
before, this is attributed to the possibility that the film on top of the seed layer only partially
adopts the grain orientations in the seed layer and that many new grains nucleate on top of
the seed layer. To take this into account, additional simulations have been performed (and
are shown in Appendix D), which have been initialised with ODFs estimated from the grain
orientations measured from the cross-sections at film heights between 100 nm to 200 nm, as
shown in Fig. 5.18 (a) and (b). These simulations predict an increase in average grain size by
~45 % with the introduction of a seed layer, which is indeed close to the the experimental
observations.

Here it is mentioned that the same method of biasing has also been tried for a film that presents
a surface morphology corresponding to the film grown at a precursor ratio of HoO/DEZ =1,
but no difference has been found between the film with a seed layer and without a seed layer.
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a without seed layer b with seed layer
100 nm-200nm 100 nm—-200nm

C without seed layer d with seed layer
1800 nm—-1900nm 1800 nm—1900nm

Figure 5.18 — Distribution of crystal axes parallel to the substrate normal in equal-area projections of
an IPF. a) & b) give the axis distributions of grains located at film heights between 100 nm and 200 nm
for the film without and with seed layer respectively. c) & d) give the distributions for grains between
1800 nm and 1900 nm. Each point on the IPF is calculated from the mean orientation of a grain.

Presumably this is because the film on top of the seed layer entirely preferred to form new
nuclei, rather than continue the growth of the (000 1) textured in the seed layer. This is likely
due to the increased tendency of renucleation for this HoO/DEZ ration as previously discussed
in§5.14.

To obtain an improved quantitative analysis of the grain size evolution, a double-wedge
methodology could be applied, but there are some issues that may make this problematic. The
difference in grain size between the two films becomes more pronounced only at a thickness
=>1.5um, however the preparation of a double wedge sample that goes up to these film heights
is challenging. As comparison the so far presented double-wedge samples evaluated the grain
size variation up to heights of about 1000 nm, where the difference in grain size may be too
small to be identified reliably. Creating a dimple with a steeper slope for the double-wedge
sample preparation (cf. § 4.2) may help to access higher film heights, but this will reduce the
area suited for ACOM at a given film height, that will in turn lead to a reduced precision for
grain size measurements. Furthermore, a new method to measure the dimpling profile during
the double-wedge sample preparation would be needed, since the white light interference
fringes start to fade out for film thicknesses above 1000 nm.

The main technological interest of controlling the grain size by such a method is the enhance-
ment of charge carrier mobility. As explained in § 2.2.3, grain boundaries are detrimental to the
charge carrier mobility since they act as charge carrier traps that create potential barriers for
the electron transport [14]. Therefore, a reduced grain boundary density should significantly
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change the charge carrier mobility. Indeed, the charge carrier mobility significantly increases

with the two-step deposition from 6 cm?/(V-s) to 18 cm?/(V - s), while charge carrier densities

change only slightly from 8 x 10’ cm™! to 1 x 10!% cm™!.
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5.4 Summary and Conclusion

Three (2 11 0) textured films grown under different HoO/DEZ precursor gas ratios (0.25, 1 & 4)
were studied in this chapter, to investigate differences in their general microstructure which
were not understood from current LP-MOCVD ZnO film growth models that so far have only
explained the texture development.

By ACOM it is revealed that these films often show renucleation and/or a pronounced presence
of (0113) twins. Renucleation occurs more often at lower precursor gas ratios, which is
associated with lowered adatom mobilities and an increased contamination by hydrocarbon
by-products from the CVD reaction. At higher precursor gas ratios, the renucleating grains are
observed to have a (1 OTS) texture. This preferential orientation is explained by establishing a
link between renucleation and twinning that shows how {0 113} twin variants, starting from a
(2110) textured grain, can lead to the texture of the renucleating grains. The high frequency of
twins stems not only from the renucleating grains with a (1013) texture, but mainly from pairs
of (2110) textured grains that form a coherent twin boundary. In particular, this is the case at
higher precursor gas ratios. A correlation to the surface morphology provides strong evidence
that these twins cause the formation of pyramidal surface structures by joining two grains. It
is proposed that these pyramidal structures are successful during growth competition since
their growth is enhanced by the coherent twin boundary that forms concave surfaces with
low-energy sites for the easy attachment of adatoms.

The quantitative data of the three films obtained by the combination of the double-wedge
method and ACOM were compared to predictions from competitive grain growth following
the van der Drift model [16]. For all films it is found that the average grain size in function of
film height is described by a power law of the form d 4y ox h* with a growth exponent value of
a =~ 0.4. Furthermore the measured grain size distributions adopt a previously predicted [36]
self-similar shape for measurements higher in the film.

Simulations based on the van der Drift model were performed with hexagonal idiomorphic
growth shapes and different nuclei orientation distributions to model ZnO film growth. The
simulation results agree well with previous simulations [36-38, 40] showing that the different
hexagonal growth shapes lead to the same growth exponent value, @ = 0.4. This reinforces the
previously suggested insensitivity of the growth exponent to the choice of growth shape [36].
Additionally, it is found that nuclei orientation distributions with a fibre texture differing
from the expected texture developing during grain growth competition, i.e. the fastest growth
direction of the idiomorphic growth shape, leads to increased grain sizes with a > 0.4. This is
similar to what has been reported for simulations using conic growth shapes [38].

The two films grown at the lower precursor gas ratios of 0.25 and 1 both have mainly (0001)
textured grains close to the substrate, as determined by XRD as well as ACOM. Therefore these
films begin their growth with nuclei orientations that are biased away from the late-stage
(ZTIO) texture. In contrast to the present simulations, they do however not have growth
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exponents significantly larger than @ = 0.4. This discrepancy is mainly attributed to the
renucleation present in these films that tends to reduce the average grain size. However, it is
noted that these films contain a smaller number fraction of grains that may grow very large
indeed. It is suggested that improved simulations including some form of renucleation and
adopting a simulation methodology that allows the study of grain size distributions [36], may
help to better understand the grain size evolution in these films. In comparison to the two
films grown at precursor gas ratios of 0.25 and 1, the film grown at a precursor gas ratio of 4
shows only very little renucleation, and grains at the film-substrate interface do not have a
strong preferential orientation. Therefore the measured growth exponent is considered to
be in good agreement with the van der Drift model. This is the first time that experiments
confirm both the power law dependence of grain sizes with a growth exponent value of @ = 0.4
and the self-similarity of the grain size distribution, as predicted from simulations.

Finally, it is shown that, in a film growing according to the van der Drift model (e.g. a film
grown at a high precursor gas ratio), the nuclei orientation distribution close to the substrate
can be modified by introducing a seed layer. This causes an increase in grain size, as predicted
from simulations. This produced an improvement of the electrical conductivity in these films.
Such a strategy to increase grain sizes is not limited to these ZnO films, but may be applicable
to other films whose growth is characterised by a van der Drift growth model.



Zinc blende-wurtzite polytypism in
nanocrystalline ZnO films

This Chapter focuses on the elucidation of a microscopic mechanism that leads to the renu-
cleation and twinning observed in Chapters 4 and 5.

However, before turning the discussion towards a-textured films as in the previous two Chap-
ters, I will first focus on c-textured films. These films also show renucleation but, in contrast
to the a-textured films, their morphology makes the origin of renucleation events traceable, as
presented in § 6.1.1-§ 6.1.3. Specifically, these c-textured films are characterised by colum-
nar grains that are distinctly interrupted by renucleation events. This allows for a targeted
investigation of the renucleation by ACOM and HRTEM, showing that ZnO films do not only
crystallise in a WZ phase as commonly thought [8, 12, 62, 120], but also contain nanometer
sized regions of ZB as shown in § 6.1.4. These regions in turn provide surfaces for the het-
eroepitaxial renucleation of newly oriented WZ grains. In § 6.1.5 it is shown that, in contrast to
the columnar grains, which grow fastest along their c-axis, the new grains grow fastest along
their basal plane, which correlates with the grain morphology observed at the film surface.
It is suggested that this difference is related to a polarity reversal of exposed facets, which is
confirmed by means of CBED. In § 6.1.6 a renucleation model is proposed that is based on a
ZB-WZ polytypism consistent with the observations, and possible reasons for the formation
of ZB are discussed.

In § 6.2 the ZB-WZ polytypism and the proposed renucleation model established for c-textured
films are used to understand the renucleation in a-textured films. The presence of ZB is equally
confirmed for these films, and explains the observed misorientation relationships between
renucleating grains and their parent grains. Further, it is shown how the ZB-WZ polytypism
can lead to the commonly observed low-index (0 ITS) twins in these films.

93
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6.1 Renucleation in c-textured films

6.1.1 Surface morphology of c-textured films

Fig. 6.1 shows a SEM image of the herein investigated ZnO film’s surface. The surface mor-
phology of polycrystalline films is closely related to their texture [12]. As known from previous
work, this film has a strong c-fibre texture that is first established by an energy-minimizing
preferential orientation of nuclei forming on the substrate and then persists during the subse-
quent film thickening [89, 120]. The surface is mostly composed of small, cone-shaped grains
with diameters below 100 nm. Being the major surface feature, these grains correspond to
those responsible for the c-fiber texture [89]. The inset of Fig. 6.1 shows one of these grains
at a higher magnification, revealing the tendency of the grain tops to facet into a shape with
a six-fold symmetry, confirming the correlation of the surface morphology of the film to the
symmetry of the c-axis. While the conical grains are in good agreement to the c-texture of the
film that has been measured by XRD [89], there are also features on the surface that resemble
wedges, whose shapes are incommensurate with grains that have their six-fold c-axis normal
to the film substrate. They resemble the wedges of the a-textured film surface. Therefore the
wedges are likely to correspond to grains which have an orientation different to that of the
conical grains, even though no major second texture component was previously identified by
XRD [89]. Further, the competitive grain growth model of these films predicts only a single
type of surface morphology and film texture, rather than a mixture.

Figure 6.1 — Plan-view SEM image of the film surface showing that it is composed of cones and wedges.
The inset shows a cone at a higher magnification, revealing a tendency towards faceting with a six-fold
symmetry. Images taken by Duncan Alexander.
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To shed more light on the origin of the wedge-like surface features, TEM-based orientation
mapping is employed to correlate the microstructure and texture of these films at the relevant
nanometer length scale.

6.1.2 Columnar growth of c-textured films

Fig. 6.2 (a) shows a bright-field cross-section scanning transmission electron microscopy
(STEM) image of the ZnO film. The image shows a columnar grain microstructure, that has
formed by a competitive grain overgrowth mechanism [16, 22]. During film thickening, grains
with a favourable growth orientation (i.e. in this particular case the c-axis/[0001] parallel to
the film growth direction [89]) overgrow otherwise oriented neighbouring grains, resulting in
the (0001) fibre textured film with columnar grains that increase their diameter as the film
thickens. The diameters of the largest columnar grains reach sizes of up to ~100 nm higher
in the film. A closer observation of the defect contrast within these columnar grains using
dark-field STEM (inset of Fig. 6.2 (a) ) shows a high density of planar defects perpendicular
to the fast growing c-axis, which are basal plane stacking faults common to polycrystalline
ZnO [86, 89].

Figure 6.2 — Cross-section STEM and ACOM images of c-textured film with interrupted columnar
growth and renucleation. (a) BF STEM image of a c-textured film viewed in cross-section. The inset
shows a more magnified region taken with the DF STEM detector in which stacking faults are well
visible. Some interrupted columnar grains are marked with dotted circles. (b) IPF orientation map with
respect to the substrate normal (white arrow) of the same region as shown in (a). The colour code is
shown to the right of the figure. (c) Higher magnification of a columnar grain with interrupted growth.
(d) {2110} pole figure of the three numerated grains WZ1, WZ2 and WZ3.

6.1.3 Interruption of columnar growth in c-textured film

The microstructural features described above are well expected for polycrystalline ZnO film
growth. However, many of the large columnar grains do not appear to continue their growth
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up to the free surface of the film in the way that would be anticipated for classical competitive
grain growth [16]. Instead, often the columnar grain growth is interrupted and followed by the
nucleation of a few smaller grains on top of the column, as shown within the dotted circles
of Fig. 6.2 (a). To shed more light on this growth mechanism a crystal orientation map of the
same region is shown in Fig. 6.2 (b). The orientation map clearly puts to evidence both the
columnar grain microstructure with a dominant c-texture and the unexpected renucleation of
new grains on top of their columnar parent grains. The colouring of the map reveals that the
renucleating grains forming on top of their parent grains are preferentially oriented with their
(1011) plane close to parallel to the substrate plane. This preferred orientation is likely due to
a crystallographic relationship between the newly forming grains and their respective parent
grains. Indeed, the analysis of the relative orientation between 31 grain pairs, each consisting
of a renucleating grain and its corresponding parent grain, shows that each pair consistently
shares a common (2110)-type axis and is on average related by a misorientation angle of 68°
with a standard deviation of 3°. This orientation relationship is illustrated in the pole figure of
Fig. 6.2 (d) obtained from the grains WZ1, WZ2 & WZ3 shown in the higher magnified region
of the orientation map Fig. 6.2 (c). The measured misorientation angles between grains WZ1
& WZ2, WZ2 & WZ3 and WZ1 & WZ3 are 68° + 2°, 73° + 2° and 70° + 2° respectively, where the
error range corresponds to the precision of the orientation mapping method [133].

6.1.4 Evidence of zinc blende ZnO phase

To gain further insights into a possible crystallographic orientation relationship, HRTEM was
performed at the triple junction of the grains, as shown in Fig. 6.2 (c). As two of the grains
have their common [ZIIO] zone axis orientation close to parallel to the electron beam, this
axis is used for imaging (c.f. centre of pole figure shown in Fig. 6.2 (d) ). The HRTEM image in
Fig. 6.3 (a) shows the grains WZ1 & WZ2 along their common [ZITO] zone axis and WZ3 along
some ill-defined higher index zone axis. The fast Fourier transformation (FFT) diffractograms
of the regions marked within the WZ1 and WZ2 grains confirm that both correspond to the
WZ phase imaged along the [2110] axis, and their relative misorientation of 68° + 2° around
the common axis consistent with the orientation map measurements. The HRTEM image
shows that there is a fourth region located at the junction of the three grains. This fourth
region is clearly identified as being the ZB ZnO phase, not WZ. This existence of ZB is proven
both by the HRTEM image contrast (see Appendix E) and by its FFT, which shows periodicities
consistent with the expected plane spacings for a ZB phase imaged along the [110] zone axis,
see Table 6.1.
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Figure 6.3 — (a) HRTEM image of a columnar grain in red (WZ1) with renucleating grains in blue (WZ2)
and gray (WZ3) and a yellow (ZB) phase relating the different wurtzite regions. (b—d) FFT diffractograms
of the three square regions indicated in (a). (e) Structural model showing the suggested relation between
WZ1, ZB and WZ2.

Table 6.1 — Measured and theoretical inverse plane spacings for ZB phase. A theoretical lattice parameter
a=4.60A of ZB for the theoretical values is taken from Ref. [62]

Theoretical values = Measured values

d(*m) 3.76nm™! 3.8nm~'+0.1nm™!
d(*izo) 6.14nm™! 6.2nm ' +0.1nm™!
Ao 4.34nm™! 43nm~'+0.1nm™!
£(111),(111) 70.54° 70°+1°

By comparing the diffractograms of these neighbouring grains, an orientation relationship
between the ZB and WZ phases is established. It corresponds to (110)||(2 IIO) & (1 IT) [[(0002)
(or (1 1 D0 OE) respectively). A structural model giving rise to this orientation relationship is
shown in Fig. 6.3 (e), illustrating that the boundary between the two phases corresponds to a
simple change in the stacking sequence of close-packed layers along the [000 1] axis, which in
turn gives a boundary with a low interfacial energy. From the pole figure and misorientation
data of the region in Fig. 6.2 (c), an equivalent orientation relationship between WZ1, ZB and
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WZ3 and WZ2, ZB and WZ3 is expected. Based on this, it is hypothesised that the growth
of the initial WZ1 grain has been interrupted by the formation of a ZB seed. The ZB seed is
terminated by {11 1}-type facets that provide the nucleating surfaces of the new WZ phase
grains WZ2 and WZ3.

6.1.5 Fast growth direction of renucleating grains

The proposition that the wedges seen on the film surface in Fig. 6.1 correspond to renucleating
grains, whose growth is initiated by the formation of a ZB seed, implies that the newly formed
grains grow with a different shape compared to their parent grains. Specifically, it is conceived
that the wedge shaped morphology is the result of a fast grain growth parallel to the c-plane.
This aspect is studied in Fig. 6.4, where a stereological analysis of an orientation map confirms
that, unlike the columnar grains, the renucleating grains do not grow fastest along their
c-axis, but rather perpendicular to it. The direction of grain elongations measured on the
orientation map and pole figures, as exemplified in Fig. 6.4 (a) & (b), is used to determine
the crystallographic axis along which the fast growth occurs. If, for example, the fast growth
direction is perpendicular to the crystallographic plane (hk jI), a line running parallel to
the projected grain elongation has to run through the pole of (hk j[), which is shown in
Fig. 6.4 (b), where (hk j 1)=(1010). The smallest angular deviation from such a condition is
calculated for planes of the three low-index plane families {1010}, {2110} & {0001}. This
was done for 24 grains in the orientation map; the results are presented in the histogram in
Fig. 6.4 (c). For interpretation, the measured deviation angle distributions are compared to
distributions which would be expected in the case of randomly oriented grains with random
grain elongation directions. The latter are plotted as lines in Fig. 6.4 (c), and differ markedly
from the measured distributions. The measured deviation angles show that the direction of
the grain elongation is most of the time in good agreement with a fast growth perpendicular to
the {1010} or {2110} planes. Indeed, low deviation angles are particularly abundant compared
to a random distribution, especially for the {1010} planes. In contrast, only rarely could a fast
growth perpendicular to {0001} be considered the cause of the observed grain elongation,
since the measured deviation angles are often very large. To clarify, it is noted that this analysis
is based on renucleating grains that appear elongated, which is the case for a large portion of
such grains. For the other grains with no or only little apparent elongation, it is suggested: that
the fastest growth direction is not contained within the plane of the cross-section, so causing
the grain to quickly move out of the volume of the thin TEM specimen and thus to appear
shorter; or that their growth has been encumbered by a neighbouring grain.

To understand this difference identified between the fast growth direction of the columnar
grains and that of the renucleating ones, it is important to notice that [0001] is a polar axis in
the non-centrosymmetric WZ phase, where the unreconstructed (000 1) facet is Zn-terminated
and the (0001) facet is O-terminated. As mentioned in § 2.2.1, ZnO usually grows faster along
the [0001] direction than in the opposite direction [64-68]. Therefore, a switch from exposing
a (0001)Zn facet before renucleation to an (0001)O facet after the ZB-induced renucleation
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Figure 6.4 — Fast growth direction of renucleating grains. (a) Magnified view of an elongated renucleating
grain with a manually drawn white line parallel to the grain elongation. (b) {1010} Pole figure of the
grain in question with a line marked parallel to the projection of the grain elongation. (c) Histogram
of deviation angle from projected grain elongation and a {k k j [}-type plane normal, calculated for 24
grains. Lines show the expected deviation angle distributions in the case of completely random grain
orientations and elongation directions. Note that the deviation angles for {2110} and {1010} have a
theoretical upper limit of 30°, due to crystal symmetry.

could be responsible for the observed change in fast growth direction. To confirm this hy-
pothesis, the polarity of the grains WZ1 and WZ2 is determined by taking CBED patterns. The
patterns were taken along the [2110] zone axis from regions with the minimum identifiable
density of basal plane stacking faults, since such faults produce streaking parallel to the diffrac-
tion vector g(0 0 0 1), that is detrimental for the contrast interpretation. The absolute polarity
of the crystal was identified by comparison to simulated diffraction patterns, as shown in
Fig. 6.5. The patterns taken from WZ1 and WZ2 shown in Fig. 6.5 show a significant intensity
asymmetry in the reflection pairs +{0111} and +{0112} respectively, allowing determina-
tion of the crystal polarity of the grains. The results are in accordance with the proposed
change from an exposed (0001)Zn facet in the parent columnar grain to a (0001)O facet in
the renucleated grain.
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Figure 6.5 — Polarity determination of columnar and renucleating grains. CBED patterns from the
positions indicated by the lines were recorded along the zone axis [2110]. The best matching simulated
CBED patterns with indicated sample thickness are shown next to the experimental ones. The observed
thickness difference between the two positions is expected to be a result of uneven thinning during the
TEM sample preparation.

6.1.6 Growth model for the renucleation in c-textured films

Based on these results a growth model is proposed for the formation of new grains shown in
Fig. 6.6. The growth begins with columnar grains (e.g. WZ1) which grow quickly along the
[0001] direction (Fig. 6.6 (a) ). In a next step, (Fig. 6.6 (b) ), an extended change in stacking
sequence of the close packed planes along the [0001] axis leads to the formation of ZB, which
has its (T 11) plane parallel to the (0001) plane, as previously illustrated in Fig. 6.3 (e). Here,
itis assumed that the ZB phase exposes its close-packed {111} planes, similarly to what has
been suggested for the nucleation of tetrapod nanostructures in II-VI semiconductors [61,
80, 81] and so taking a shape as shown in Fig. 6.6 (b), as now explained. ZB has two sets of
{111}-type facets. The (111), (TI 1), (1 II), (IIT) are Zn-terminated and (ITI), (1 IT), (Il 1),
(111) are O-terminated. As the atomic structure of the {111} facets are locally the same as
the {0001} facets in WZ, fast growth equally occurs along the Zn terminated facets. Therefore
the slow growing O-terminated facets will dominate the shape of the ZB phase, as presented
in Fig. 6.6 (b). It is on these facets that new wedge-shaped WZ grains (i.e. WZ2, WZ3 & WZ4)
renucleate, as illustrated in Fig. 6.6 (c). These renucleating grains grow such that they do not
have their Zn-terminated (000 1) facets exposed to newly arriving adatoms, which leads to a
strong reduction in growth speed parallel to the [0001] direction relative to the growth of the
initial grain WZ1. Therefore, the fast growth direction changes towards directions lying within
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Figure 6.6 — Model for the renucleation on top of a parent columnar grain via the formation of a ZB
phase seed. (a) The film grows in a columnar fashion with a fast growth on the Zn-terminated (0001)
facet, here shown by the grain WZ1. (b) A ZB phase forms on top of WZ1, exposing its O-terminated

{111} facets. (c) Renucleation of new WZ grains on top of ZB. The new WZ grains grow fastest along their
(2110) axes which lie in the basal plane. The grain coloring has been chosen for easier comparison
with Fig. 6.2.

the basal plane, as was identified by the stereological analysis of orientation map data. This
is accounted for in Fig. 6.6 (c) by choosing a shape for WZ2, WZ3 & WZ4 which grows fastest
along its (2110) axes, as can be seen from the explicitly denoted axes of WZ2. This also shows
that WZ2 shares a common [2110] direction with WZ1 - and by symmetry WZ3 and WZ4 share
a common [1210] or [1120] direction with WZ1 respectively. Further, it is pointed out that
these common axes are parallel to the long edges of the truncated tetrahedron, which are
parallel to the (110) directions of the zinc blende phase. While only two renucleating grains
are observed in the orientation map of Fig. 6.2 (c) (namely WZ2 & WZ3), it is well possible that
a third grain WZ4 was not contained within the thin cross-section specimen. Alternatively,
its growth may have been blocked by neighbouring grains, such as by WZ2 & WZ3 if they had
started their growth earlier than WZ4, as illustrated in Fig. 6.6 (c). It is pointed out that the
grain shapes in Fig. 6.6 are chosen to illustrate the orientation relationship between grains
and to emphasise their fast growth parallel to the basal plane, rather than to represent the true
grain morphology, which is not necessarily facetted and likely takes complex shapes due to
the interactions with neighbouring growing grains in the film.

To further verify this polytypism induced tetrahedral coordination of renucleating grains, a
large-area plan-view sample was analysed by ACOM and triplets corresponding to WZ2, WZ3 &
WZ4 of the model in Fig. 6.6 were identified. Fig. 6.7 (a) shows such a triplet of grains, with the
corresponding {2110} pole figure of each grain in Fig. 6.7 (b). It is evident that each grain pair
shares a {2110} pole. To clarify the correlation to the proposed renucleation model in Fig. 6.6,
black and red open circles are added to the pole figure. They correspond to the {110} poles of
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Figure 6.7 — a) Plan-view IPF map of a tetrahedrally coordinated triplet. b) 2110} pole figure of the
orientations of each grain in the triplet (taken at the black dots in (a) ). The model in Fig. 6.6 involves
two more grains (ZB and WZ1) which are not within in the plan-view map. For interpretation, open
circles in black and red have been added, which would correspond to the {110} poles of ZB and {2110}
poles of WZ1, respectively.

a ZB phase (black) and the {2110} poles of the initial columnar grain (red) respectively. The
positions of the measured poles are in good agreement with the suggested model. It is pointed
out, though, that most renucleating grains seen in plan-view do not appear as triplets, since
the probability that a plan-view sample is at the correct height (i.e. just above the renucleation
event) to run through a triplet is rather low.

The model in Fig. 6.6 assumes grains to nucleate on the O-terminated {111} ZB planes, however
itis not fully excluded that WZ grains may also form on the Zn-terminated {111} planes. In
ACOM, the orientation of such grains would be indistinguishable from WZ1, WZ2, WZ3 or
WZ4. However, such grains would also grow fastest along their Zn-terminated [0001] axis,
as did the initial WZ1 grain. Grains forming on the facets (111), (TT 1), (I 1T) will therefore
grow fastest along a downward direction (see small downward pointing arrows in Fig. 6.6 (b)),
hence their growth is likely to be quickly hindered by other neighbouring grains of the film. A
grain forming on the (111) facet, though, could successfully grow larger. This possibility is
examined in Fig. 6.8, which shows the growth above the mapped region of Fig. 6.2 (c). Each
{2110} pole figure shows grain orientations at locations where renucleation from a columnar
grain is observed (denoted as al-a4).

The columnar grain in red above al has the same orientation as WZ1, as can be deduced
from the four pole figures in Fig. 6.8. It is therefore possible that a new grain with the same
orientation and polarity as WZ1 has nucleated on the top (111) facet of the ZB seed, as shown
in Fig. 6.8 (b). Another possibility to explain this observation is depicted in Fig. 6.8 (c). If the
formation of new grains according to the proposed renucleation mechanism interrupts only
a part of the of the growing surface of WZ1, then WZ1 can continue its growth next to these
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Figure 6.8 — Repeated sprouting of new grains from WZ1. (a) {2110} pole figures of grains involved in
each renucleation event marked in the orientation map (al-a4). Circles in the pole figures mark the
shared poles between neighbouring grains. (b) Renucleation on the Zn-terminated ZB facet leading
to the continued growth of WZ1. (c) Alternatively the continued growth of WZ1 is possible if the
renucleation mechanism in Fig. 6.6 only blocks WZ1 partially.

newly sprouting grains. This possibility is actually observed for the renucleation events (a2, a3
and a4).

In this figure, each experimentally-observed renucleation event leads to new grains with
orientations that are in accordance with the model in Fig. 6.6, where pole figure al includes
two renucleating grains, pole figures a2 & a3 include one renucleating grain each, and pole
figure a4 includes 3 renucleating grains. As done for Fig. 6.2 (d) (i.e. pole figure al), circles in
the pole figures denote the shared {2110} poles between two grains. Interestingly, for pole
figure a4 there are 6 shared poles in the pole figure corresponding to all the unsigned {110}
poles of the ZB phase, or all of the axes parallel to the edges of the truncated tetrahedron in
the renucleation model, respectively.

Overall, the presented results provide evidence that the surface wedges seen in Fig. 6.1 result
from a basal plane growth, angled relative to the primary film growth direction, that in turn
derives from a ZB-WZ polytypism driven renucleation. Such renucleation events are not part
of the classical competitive overgrowth model that has been used to explain the growth in
LP-MOCVD ZnO films [12]. Further, the formation of ZB on top of WZ that initiates the renu-
cleation is unexpected, as among binary octet semiconductor compounds, ZnO is considered
to be among those that favour WZ most strongly over the ZB phase [54], with a total free energy
difference of the two structures that has been calculated to be ~50 meV/ZnO unit [54, 73].
There should thus be some driving force that leads to the formation of ZB. A hint towards such
a driving force may be taken from Fig. 6.2 (b), which appears to show an increasing density of
renucleation events higher in the film. Specifically, during polycrystalline film growth, stresses
commonly build up, which may lead to phase transformations and texture transitions in order
to minimise the strain energy in the film [22].
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Also, with respect to the origin of ZB, the observed high density of stacking faults is noteworthy:.
Since a stacking fault represents a local unit cell thick region of ZB, their high density indicates
some propensity towards the formation of ZB. Indeed, in a previous study on branched
nanostructures, ZB has been described as the result of an accumulation of stacking faults [83].
If a high density of stacking faults, forming by some growth accident, is indeed at the origin of
the ZB formation, it is likely that small regions of ZB also form and impact the growth of other
7ZnO films that commonly contain stacking faults [86, 87].

6.2 Renucleation and (0113) twinning in a-textured films

In both Chapters 4 and 5, a large number of (0 IIS) twins — and also stacking faults — have been
found in a-textured ZnO films. It has previously been hypothesised that the origin of (0113)
twin boundaries found in other ZnO nanostructures could be due to a ZB-WZ polytypism [61,
88]. Indeed, the misorientation relationship between two WZ grains induced by the ZB-WZ
polytypism corresponds to a 70.5° rotation around the [2110] axis, hence one of these two
WZ grains needs to rotate by only 7.2° for a low-index (0113) twin misorientation relationship
to be established. This section focuses on investigating such a possibility by analysing the
renucleation events of the ZnO films in Chapters 4 & 5 grown at a HoO/DEZ precursor gas
ratio of 1.0, and relates them to the observed twinning.

6.2.1 Observation and description of grain triplets

Fig. 6.9 (a) shows an ACOM cross-section of such a film with renucleating grains marked
by circles. The renucleating grains mostly appear non-columnar. However, in this cross-
section, there is also a case where a long narrow grain of (1 013) texture has grown vertically
between two columnar (2 11 0) textured grains which themselves were verified to bein a (0 113)
twin orientation relationship with each other, as marked by an ellipse. As discussed next,
together the three grains are considered to constitute a triplet. Further to this, Fig. 6.9 (b) & (c)
are plan-view maps taken from a double-wedge sample at ~60 nm and ~850 nm above the
film-substrate interface respectively, where renucleating grains have been circled. In these
plan-view maps the renucleating grains generally have triangular grain shapes, and typically
make a triple point between two larger grains who in turn share a twin boundary, as marked
with the white lines in Fig. 6.9 (c). Here again the renucleating grains can be considered to
form a triplet with two other larger, twinned (2 110) textured grains.

For an improved understanding of these triplets, the orientation configuration of a represen-
tative triplet of grains is shown in Fig. 6.10 (a) together with its pole figures in Fig. 6.10 (b) &
(c). Qualitatively, the {ZIIO} pole figure (Fig. 6.10 (b) ) shows a strong resemblance to what
has been observed for the renucleation in the c-textured film in Fig. 6.2 (d), with mutually
shared poles between pairs of grains. The misorientation angles at the triple junction were
measured to be 63° + 2° between the two large grains and 71° + 2° & 73° + 2° between the small
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Figure 6.9 — Orientation maps of an a-textured film. Each map gives the crystal direction parallel to the
substrate normal (i.e. white arrows at bottom right) using the colour triangle shown in Fig. 6.2. a) Cross-
section orientation map showing columnar film growth of an a-textured film. Some renucleating
grains with (1013) orientations can be observed and are encircled. b) Plan-view IPF map at 220 nm
film height. c) Plan-view orientation map at 850 nm film height. Grain boundaries corresponding to a
{0113} twin boundary orientation relationship (with a tolerance of 3°) have been marked in white.

rose-coloured grain and the grains at the top (T) and the bottom (B) in Fig. 6.10 (a) respectively.
As evidenced by the {0113} pole figure shown in Fig. 6.10 (c), a twin orientation relation
between the two larger grains is evident from the shared twinning plane parallel to their grain
boundary, whereas the smaller grain is some degrees off from sharing a {0113} plane with
either of its larger neighbouring grains. Remarkably, Fig. 6.10 (d) shows that the small grain
itself does not have a constant orientation across its volume, but is strongly distorted and
rotates by several degrees. This grain rotation is further visualised by taking line profiles across
the grain further away from the triple junction and plotting the corresponding {2110} and
{0113} pole figures (c.f. Fig. 6.10 (e)—(h) ). The grain rotation along these lines is measured
to be as large as ~10° within a distance of ~75nm across the grain. Interestingly, the pole
figures show that the grain is deformed such that it rotates towards a {0113} twin orientation
relationship with shared {0113} twin planes and (2110) axes with either neighbouring grain.
Indeed, by comparing the location of the shared {0113} poles marked in Fig. 6.10 (f) & (h) and
the corresponding grain boundary’s trace direction, coherent twins could actually form at the
interfaces.
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Figure 6.10 — Grain orientation relationship at twin boundary triple junction. a) Orientation map of
arepresentative twin boundary triple junction. The letters ‘T’ and ‘B’ designate the top and bottom
grain respectively. The arrows indicate the lines along which the pole figures (b) & (c) and (e)-(h)
have been plotted; the arrows for (e)-(h) start from the centre of the grain. b) {2110} pole figure
for orientations close to the triple junction. The black circles mark the shared poles. c) {0113} pole
figure for orientations close to the triple junction. The circled planes correspond to the shared twin
boundary between 'T” and 'B’. d) same region as in (a) coloured by the misorientation angle that the
local orientation forms with respect to the orientation at the triple junction. e)-h) 2110} & {0113}
pole figures for orientations along the corresponding arrows in (a) and (d). The rotation of the rose
coloured grain towards a twin orientation relationship is indicated by small arrows. The black circles
mark the twinning plane and twin misorientation axis.
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6.2.2 Evidence of zinc-blende in a-textured films

Given the similarities of these renucleation events to those observed in the c-textured film,
i.e. the measured misorientation angles of ~71° and the shared poles in Fig. 6.10 (b), HRTEM
on such a grain triplet was performed to evidence the possible existence of a ZB phase. Due
to the a-fibre texture of the film, in plan-view orientation it is relatively easy to find a grain
triplet such that the two larger grains can be viewed along their common [2110] direction,
analogous to the HRTEM imaging condition previously used for the c-textured film in Fig. 6.3.
Fig. 6.11 shows a HRTEM image taken from an example triple junction region. The two
grains (highlighted in blue and red) imaged along the a-axis are related by a twin orientation
relationship, with their c-planes forming a 63° angle with each other. There is again a small
region (highlighted in yellow) located at the triple junction, which due to its appearance and
periodicity is identified as a ZB phase. While the measured lattice fringe spacings correspond
well to the theoretical {111} d-spacing value of 0.266 nm [62], it has to be noted that the
measured angle between the lattice fringes associated with (111) and (111) planes is 68°,
rather than the ideal 70.5°. This is attributed to stress present at the triple junction, where the
adjacent twin boundary with a misorientation angle of 63° deforms the ZB region.

Figure 6.11 - HRTEM image from a twin boundary triple junction with a small region of ZB located at
the junction.

6.2.3 Role of zinc-blende for renucleation and the formation of (1 OT?)) twins

From these data it appears that ZB is forming preferentially between two grains that share
(1013) twin boundaries, both decorating their junction and most likely facilitating the creation
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of renucleating grains. It is in fact likely that ZB forms continuously between two twinned
grains, since it is consistently observed by similar HRTEM observations made at various (1013)
twin boundaries. By considering a similar geometric arrangement as in the previously pro-
posed renucleation model in Fig. 6.6, the presence of ZB explains the measured misorientation
of ~70.5° between the renucleating grain and each of its neighbours right at the triple junction.
This misorientation with the neighbouring grains changes with increasing distance away from
the triple junction, as the renucleating grain acquires a rotational deformation from one large
neighbor to the other. It is suggested that this rotation is driven by a tendency to minimise
interfacial energy by forming coherent (0 113) twin boundaries with each neighbouring grain,
which are in turn predicted to have a low energy in the wurtzite structure [98]. With increasing
size of the renucleating grain its grain boundary area and hence driving force for rotation
increases. Equally, due to the triangular shape of a renucleating grain (as seen in plan view),
the distance between its two possible twin interfaces increases. This should in turn reduce
the rotational strain energy within its volume necessary to accommodate the grain rotation
needed to form the twin boundaries. For the first time, these observations provide experi-
mental evidence of a direct link between ZB-WZ polytypism and (0 113) twin boundaries
in ZnO, as previously hypothesised for the growth of twinned ZnO nanorods [61]. This twin
boundary formation mechanism by orientational coordination of WZ grains by a ZB core,
followed by a rotation towards a (0 113) twin boundary, can also explain the high fraction
of twins observed at the initial stages of growth, that were discussed in § 5.1.4. Indeed, this
mechanism is not only present higher in the film but already early on during film growth, as
evidenced by the triplets seen in the plan-view map shown in Fig. 6.9 (b) taken close to the
substrate. Considering this, it is suggested that ZB is already forming during or just after initial
nucleation on the substrate and tetrahedrally coordinates WZ grains, such that a few tens of
nanometers above the nucleation region a large fraction of (0 113) twin boundaries are already
created by an appropriate rotation of WZ grains.

These results show how ZB is associated not only with the formation of (0 113) twin boundaries
but also with the renucleation seen in a-textured films. Focusing now on the formation of the
(1013) textured grains, the results suggest that there are two distinct cases for their growth.
Either they can grow as a long narrow columnar grain in between two (2110) textured grains
related by a twin, such as identified in Fig. 6.9 (a). This case may actually be more common
than this singular observation suggests, since the likelihood of sectioning such a narrow grain
nicely along its major axis is rather small. In this case the phrase "renucleating grain" is
probably a misnomer, since the three grains together appear to represent a stable triplet
growth throughout much of the film thickness. In contrast, in the second possibility the
(1013) textured grains do not grow very long, but instead repeatedly renucleate between
the two a-textured grains, as can be observed just above the long narrow grain in Fig. 6.9
(a). This region is shown at a higher magnification in Fig. 6.12 (a). To understand how these
repeatedly renucleating grains are oriented, one can use the proposed model for c-textured
grains. Assuming that a tetrahedrally shaped ZB phase leads to renucleation, two facets of
the tetrahedron are connected to the (ZTIO) textured grains, leaving two other facets on
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which new grains may renucleate and therefore resulting in two possible orientations for
renucleating grains. The pole figure in Fig. 6.12 (b) confirms that renucleating grains with
either of these possible orientations are forming, and that overall the orientation relationships
between the two (2110) textured grains and the renucleating grains are in good agreement
with a tetrahedral coordination by a ZB phase, as illustrated by the {110} poles (in black circles)
of an appropriately oriented ZB crystal.

Figure 6.12 — Renucleation between two (2110) textured grains related by twinning. a) Shows a cross-
section IPF map with dots marking the locations used to create the {2110} pole figure shown in b). The
black open circles in b) are the {110} poles of a ZB phase that initiates the renucleation.

6.2.4 Relation between surface morphology and renucleation

As with the c-textured films, the renucleation model can be related to the surface morphology
of these films. For this purpose SEM imaging of an a-textured film grown at HoO/DEZ=1
was performed to reveal the renucleation appearing between twinned grains that form a
pyramidal surface structure, as shown in 6.13 (a). This renucleation takes the form of small
surface features occuring between the two grains of a pyramid. While such structures are very
commonly observed, they are not consistently, so as seen in the SEM image of a similar film
that is shown in Chapter 2, Fig. 5.1 (b), where only the pyramid on the lower right appears
to show similar renucleating grains. Nonetheless, focusing on pyramids such as those found
in 6.13 (a), the renucleating grains are often either pointed caps or form a ridge, as indicated
by the two arrows. To explain this observation it is considered that a ZB phase tetrahedrally
coordinates four WZ grains such that each WZ grain has their {0001} plane parallel to an
oxygen terminated {111} plane, as shown in 6.13 (b)—(d). In 6.13 (e) these four grains have
been scaled, while keeping their relative orientation relationship to each other, such that they
represent the situation in 6.13 (a). The two grains in green form the surface pyramid, while
the pink-coloured grains represent two forms of renucleating grains. One of them appears as
a hexagonal cap, while the other appears as a sideways tilted wedge, which may explain the
SEM observations. Further it is pointed out that the two variants of the renucleating grains
correspond to the two variants of renucleating grains that have been observed in Fig. 6.12.
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Figure 6.13 — Relation of surface morphology and tetrahedral coordination of grains in a-textured films.
a) SEM image showing renucleating grains between two large grains that form a pyramidal surface
structure. The renucleating grains either appear as small pointed caps or ridges, as marked by arrows.
Image taken by Duncan Alexander. b) represents a ZB tetrahedron that coordinates WZ grains as shown
in (c) & (d). ¢) & d) show the tetrahedral coordination from two different views, as indicated by the
coordinate axes (X,Y,Z) shown at the bottom left. The images show two green WZ grains that correspond
to the two grains that form a surface pyramid and have their [211 0] direction parallel to the substrate
normal (Z-axis). The grey ZB tetrahedron in the centre has two facets that each face those two grains,
leaving two other facets on which two differently oriented WZ grains in pink may renucleate. d) shows
the four WZ grains in (c) after adjusting their size and position to form a pyramid-like structure with
the two green grains, and two smaller rose grains in between them that either appear as a ridge or a
pointed cap, resembling what is seen in (a). The view is approximately along the [2110] direction of
the two green grains.
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6.3 Summary and Conclusions

It is revealed that nanostructured polycrystalline LP-MOCVD ZnO, which commonly is as-
sumed to grow only in a stable WZ phase, contains small nanometer sized regions of metastable
7B phase, which strongly affect the texture and morphology of the films.

In c-textured films the formation of ZB at the top of growing grains stops their classical
columnar grain growth and leads to the formation of new, tetrahedrally coordinated WZ grains
with a heteroepitaxial relationship to the ZB phase. This coordination arises from a change
in stacking sequence along the (0001) or (111) directions in WZ and ZB respectively. By a
stereological analysis it is shown how these renucleating WZ grains grow fastest along their
basal plane, unlike the initial columnar grains with a fast growth direction along their c-axis. As
aresult, in contrast to the initial columnar grains, these renucleating grains appear as wedges
on the free film surface, rather than being conical. The difference in fast growth direction is
explained by the reversal of the polarity of facets being exposed to arriving adatoms, which is
confirmed by CBED. Based on these observations, a model consistent with the orientation
relationship and elongation of the renucleating grains is proposed.

This renucleation mechanism and the presence of ZB is not limited to these c-textured films,
as proven by investigating renucleation events in a-textured films. In these, it is shown that
renucleation occurs between two (0113) twinned grains, resulting in a grain triplet. Few
nanometer sized regions of ZB are consistently observed at the triple junctions of the grain
triplets. It is suggested that these ZB cores initiate renucleation and thus coordinate the
renucleating grains in a tetrahedral fashion, as observed in the c-textured films. Remarkably,
away from the triple junction, the renucleating grains are found to distort rotationally in order
to form (0113) twin boundaries with both larger neighbouring grains (which themselves
adhere to a perfect twin relationship), in order to minimise interfacial energy. The results
therefore prove that ZB can be directly related to the formation of (0113) twins, as has been
previously hypothesised for the formation of (0113) twins in nanostructures [61]. The ZB-WZ
polytypism can therefore account for the high number of twins observed in a-textured ZnO
films, which was noticed in the previous Chapters 4 and 5. It is also potentially relevant to
other thin films of polycrystalline ZnO or binary octet semiconductors forming preferentially
in a WZ phase.
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In the present work, ACOM by TEM is demonstrated to be a powerful technique for studying
growth mechanisms in polycrystalline ZnO films. This technique has enabled the collection of
large sets of quantitative data that allowed validating predictions on grain size evolution from
simulations based on competitive grain overgrowth. Further, it helped to uncover previously
unnoticed growth mechanisms such as oriented renucleation and frequent (01 13) twinning.
By using ACOM to guide targeted HRTEM, both of these mechanisms could be shown to
directly relate to a ZB-WZ polytypism which was unexpected for ZnO.

TEM orientation mapping for the quantitative characterisation of polycrystalline ZnO films

The first goal of the present work was to optimise TEM-based ACOM for the qualitative and
quantitative characterisation of ZnO film growth. To establish a methodology towards this
goal, LP-MOCVD ZnO films grown under conditions typically used for solar cell applications
have been investigated. Initially, ACOM was applied to standard TEM sample geometries for
thin films, i.e. cross-section and plan-view samples. A comparison of the orientation mapping
results on both sample geometries showed a generally better quality of orientation maps for
plan-view samples with a viewing direction parallel to the substrate plane. This higher quality
was explained by a minimisation of the grain overlap in the projection of the TEM specimen.
In other words, the electron beam in plan-view samples runs parallel to the major axis of
columnar grains, which relaxes the constraints on sample thickness to avoid grain overlap.
Furthermore, plan-view samples give the possibility to analyse a large number of grains unlike
cross-section samples. However, the main drawback of a standard plan-view TEM sample is
that it characterises the film only for a single, ill-defined film height. For this reason, a so-called
double-wedge sample preparation method was used, as developed by Spiecker et al. [50]. This
method creates a large-area plan-view sample, which along its electron transparent edge
slowly traverses the film thickness. Furthermore specific positions along the sample edge
can be correlated to the height within the film. Therefore, the combination of ACOM with a

113
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double-wedge sample allows the measurement of height-resolved distributions of grain size,
grain orientation and misorientations, which was previously not possible at the present length
scales. This was demonstrated on a film typically used in photovoltaic devices by collecting
data of several thousand grains from many film heights between 60 nm to 850 nm. An analysis
of the data revealed a statistically significant amount of renucleating grains with a preferred
orientation of ((1013) || substrate) and the frequent presence of (0113) twin boundaries.

For future experiments, the double-wedge sample preparation method could be further opti-
mised by additional thinning using ion-beam milling after wedge polishing [50]. This would
permit a reduction in grain overlap and the collection of even better data, in particular from
lower film heights. Another approach to better deal with overlapping grains would be the use
of 3D orientation mapping approaches [176, 177]. This, however, would significantly increase
data collection time, because the data would need to be recorded for multiple specimen tilts.
A better alternative may thus be the ability to extract separate diffraction components within
regions of overlapping grains, where each component belongs to one grain [146, 176, 178].
This additional information can then help to improve the grain reconstruction in overlapped
regions. In addition to these approaches for dealing with grain overlap, it is expected that the
use of precession enhanced electron diffraction on another microscope with less aberrations
than the one used for this work should improve the overall quality of the orientation maps.
Finally, it is remarked that the double-wedge method and ACOM are both applicable to a
wider class of materials, making this methodology also relevant for other polycrystalline films.

Comparison of quantitative grain size data with polycrystalline film growth simulations

ACOM has been used to quantitatively characterise the grain size evolution in undoped [2110]
fibre-textured films grown under different HoO/DEZ precursor gas ratios. The resulting data
have been compared with simulations of polycrystalline film growth based on the van der
Drift model. Previous 3D simulations based on the van der Drift model showed that the
average grain size d4 in function of film height & varies as a power-law given by d) < h*
(see also Eq. 2.1), with @ = 0.4, and that the grain size distributions at different film heights
are self-similar [36, 37]. These predictions have been confirmed for the herein investigated
films. However, it is suggested that only films with few renucleation events grown at higher
H,O/DEZ precursor gas ratios are appropriately described by the van der Drift model, which
assumes that all crystallites begin their growth from the substrate. This is the first time that
experimental data show a growth exponent in agreement with predictions from simulations.
Previous studies, mainly on SiC [48-50], found larger a values than the predicted ones. It was
suggested that this may be due to growth shapes of grains that differed from the assumptions
of previous simulation studies [49, 50], and a non-uniform orientation distribution of nuclei
forming on the substrate [38]. Since these arguments are also relevant to ZnO film growth,
the herein performed simulations were adapted to include growth shapes with a hexagonal
symmetry and biased nuclei orientation distributions. The distributions were biased such
that either more or fewer grains were oriented with their fast growth direction parallel to
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the substrate normal. It was found that the film growth behaviour with hexagonal growth
shapes and random unbiased nuclei orientations was described by the same a-value as in
previous simulations. In contrast to this, the biasing of nuclei orientations was observed
to have a significant effect on «, similarly to what had been previously found with conical
growth shapes [38]. Significantly larger a were observed, when less nuclei were oriented with
their fast growth direction parallel to the film growth direction. This gave the motivation to
modify the nuclei orientation distribution experimentally, since an increase of the grain size
reduces the grain boundary density and in turn improves the conductivity of the film. This
was successfully achieved by introducing a seed layer with a strong [000 1] fibre texture, before
the growth of the [2110] textured film. The comparison to a film grown without a seed layer
confirmed that the seed layer led to grain sizes increased by ~25 % at a film thickness of 2 um.

To obtain an improved description of the present film growth by simulations, the growth
shapes could be further refined. In the present study, only simple centrosymmetric growth
shapes with a hexagonal symmetry have been used for simulations. However, for example,
shapes consistent with the 6/mm point group symmetry of wurtzite could be used to account
for polarity-dependent growth speed in ZnO, or shapes that are better able to model the growth
of twinned columnar grains that form pyramidal surface structures as observed for the film
identified to follow a van der Drift growth behaviour.

Another point of uncertainty for the simulations was the choice of the nuclei orientation
distribution. To improve upon this, measured nuclei orientation distributions could be used
as input for the simulations. This however requires a suited method to determine the nuclei
orientation distribution. The double-wedge method is not well-suited for this purpose, since
samples cannot be made sufficiently thin for a reliable characterisation of the small grains
located at the film-substrate interface. A possible solution to obtain good data with ACOM
could be the deposition of very thin layers of ZnO (<30 nm) on TEM-ready wafer grids [179].
This would allow for a relatively straight-forward sample preparation. However, it should
be noted that verification studies would be required to check that the change in substrate
does not significantly alter the film deposition. If such an approach proves successful, it will
further allow the identification of the size distribution of nuclei and the presence of preferred
misorientations just after the coalescence stage.

It is further noted that the presently used simulation methodology [37, 156] does not allow
one to investigate the grain size distribution. Systematic studies on the influence of the
idiomorphic growth shape on the grain size distribution have so far not been performed. This
would be possible by adopting a level-set methodology, as for instance presented by Smereka
et al. [36], which may help to better interpret the grain size distributions measured by ACOM.

Identification of ZB-WZ polytypism and its role for polycrystalline ZnO film growth

The application of ACOM not only enabled the presence of renucleation and (0113) twinning
to be revealed, but it was also shown to be useful for guiding complementary techniques such
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as HRTEM. This way HRTEM could be performed at the specific locations where renculeation
occurred and, in addition, grains were chosen to be close to a suitable low-index zone axis.
This approach led to the identification of nanometre sized regions with a ZB phase, which
initiate the renucleation and coordinate their surrounding grains in a tetrahedral fashion.
This coordination arises from the heteroepitaxial relationship between WZ and ZB, which
is characterised by a change in stacking sequence of close-packed planes along [0001] and
[111], respectively. It is found that these ZB regions can form on top of columnar grains for
[0001] fibre-textured films or in between two columnar grains related by a coherent (01 13)
twin boundary for [2 11 0] fibre-textured films.

A closer analysis of renucleating grains forming in between two (0113) twinned columnar
grains has shown that the renucleating grains are rotationally distorted. Away from the triple
junction, they are rotated such that they are able to form (0113) twin boundaries with both
neighbouring columnar grains, which minimises the interfacial energy between the grains.
This shows that the ZB-WZ polytypism is directly related to the formation of the frequent
(0113) twins in these films.

This mechanism for the formation of (0113) twin boundaries is considered important for the
growth of (2110) textured films. A correlation of results from SEM surface imaging and ACOM
has shown that many grains at the film surface are related by such (0 113) twin boundaries and
appear as pyramidal surface structures. This indicates that twinning is related to the successful
growth of these grains during competitive overgrowth. To explain this, it is suggested that a
pair of twinned grains grows faster than untwinned grains. It is hypothesised that the coherent
twinning creates a concave surface at the junction of the twinned grains, which is thought to
provide low-energy sites for the fast attachment of adatoms [165, 171].

The presented growth mechanism is also possibly relevant for other polycrystalline ZnO films,
as well as for various octet binary semiconductor compounds potentially exhibiting a ZB-WZ
polytypism [54]. But even already for LP-MOCVD ZnO, this mechanism will be of further
interest, since only a small range of the available deposition parameter space has been covered
within this work. For example, at higher temperature growth of >200 °C, no well defined fibre
texture was observed in the films [12]. A possible explanation may be the repeated twinning
of grains, which could strongly affect the texture evolution in the films, similar to what has
been observed for CVD diamond films [164]. Further, it is expected that the application of
TEM-based ACOM guiding complementary TEM studies such as HRTEM, as presented here,
will gain in importance for the nanoscale characterisation of the complex microstructure of
polycrystalline films, where the localisation of an appropriate region for characterisation may
otherwise be difficult.



.\ Choice of mapping region on double-
wedge sample

The electron transparent region of a double-wedge specimen extends over several 100 pm. It
is thus important to choose the mapping region in such a way that it can be easily located
in order to carry out the film height determination and also for making further complemen-
tary investigations. Furthermore the region must be chosen from the thinnest parts of the
specimen in order to avoid grain overlap. Together these goals were achieved by taking the
orientation maps at the sample edge. Each edge segment has a unique and recognisable
shape that facilitates locating the scanned region, and proximity to an edge also ensures that
the orientation map is taken at the thinnest region of the sample. Indeed the thickness map
acquired by energy-filtered TEM, Fig. A.1 (c), shows a continuous increase in thickness when
moving in from the specimen edge. The initial map intensity, corresponding to /A, was cali-
brated in thickness #(nm) by estimating the inelastic scattering mean free path A(nm) using
the parameters Z =19, = 10mrad, Ey = 200keV, where Z is the average atomic number for
ZnO, f the collection semi-angle of the spectrometer and Ej the incident electron energy [180].
The average sample thickness close to the edge of the double-wedge specimen is just ~40 nm.
In addition to the orientation mapping, each mapped region was also imaged by BF TEM. By
comparing the BF TEM image (e.g. Fig. A.1 (a) to the virtual bright-field (VBF) image generated
by the ASTAR software (e.g. Fig. A.1 (b), made by integrating intensity in the direct beam of
each scanning diffraction pattern [181]), step size can be corrected if necessary, and strong
distortions i.e. from sample drift identified, in which case the data should be discarded. Fig. A.1
(d) shows the IPF map overlaid with indexing reliability. The figure shows that the reliability
remains good even further from the sample edge where thickness increases.
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Figure A.1 - Typical region for orientation mapping. a) TEM BF image of the mapped region containing
the sample edge. b) VBF image of the region shown in a). ¢) Thickness map of the same region with the
inset showing the profile obtained along the white rectangle. (d) IPF orientation map with respect to
the arrow, overlaid with reliability. See colorcode in Fig. 4.4 for reference. The vacuum region has been
manually colored black.



Error analysis for average grain size
calculation

Due to randomly formed low-angle boundaries the number of grains measured in a map may
be artificially reduced, leading to the measured average grain size being greater than reality.
The average grain size d4) is calculated as:

ZAi Atotal
[aay  [aEd  [afea
doay = ﬂ>=\/ ;V =¢ ]IIV (B.1)

where (A) is the number averaged grain area, A; the area of grain i, Ay the total area of all

grains and N the total number of grains.
If, for example, unrecognised boundaries lead to grain merging, then the number of grains N

is reduced by m and the modified average grain size dé 4y becomes:

4 Atotal

N-—
dip = || 2 (B.2)

The ratio of the true grain size d4y and the modified grain size d<’ 4y becomes:

d N-m m m 1

&:\/—: l-—=1l-—=1--f (B.3)
dy s N N 2N 2

where f = m/N is the number fraction of grains merged to other grains. Therefore, as long as
f remains small (i.e. <10 %), the average grain size should not be significantly increased.
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8] Additional data for grain size evolu-
tion in films with varying H,O/DEZ

C.1 Linear scale plots

Fig. C.1 shows the plots of Fig. 5.8 with linear axes.

a 1407 H,0/DEZ = 0.25 b 140 H,0/DEZ = 1.0
120F 120+
€100 ¢ =0.38+0.05 €100 ¢ =0.39+0.06
c r _ =y r _
= go[ 4.=59%20 = go[ 4.=49%20
S g 8
c 60 < 60F
[ r =] L
5 40 5 40
20 20
0 1 1 | 1 L | I | 1 | 1 | Il 0 1 | | ] 1 | 1 | 1 1 1 | |
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Film height (nm) Film height (nm)
H,O/DEZ =025 ¢ =0.57 d_=3.5
C 140 = d 2 -
[ H,0/DEZ=4.0 300rH,0/DEZ=1.0 « =057 d,=30
1201 __250.H,0/DEZ=40 a =051 d =37
£ £ 200}
< gol «=040+0.08 T
& L a =52+25 5150
< 60 o
& 4l E 100_
20_ a2 £ 50
0 L | 1 1 1 | 1 | 1 | 1 | ] O L 1 L 1 L 1 L 1 L 1 ! 1 i
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Film height (nm) Film height (nm)

Figure C.1 — a)—c) show the grain diameter d (4 in function of film height determined by the double-
wedge method for films grown at three different precursor gas ratios. d) Area-weighted equivalent circle
(by area) grain diameter for all three films. The data were fitted by a power law given in Eq.2.1. The fitting
parameters dy, and a are given in each plot. The errors on the fitting parameters correspond to the 95 %
confidence interval. The ranges in height are the estimated precision of the height measurement (see
§ 3.2.8). The grain size ranges in (a)—(c) correspond to +10 %. In (d), the grain size ranges correspond to
the 95 % confidence interval.

121



Appendix C. Additional data for grain size evolution in films with varying H,O/DEZ 122

C.2 Grain size distributions

Fig. C.2 shows the grain size distributions of the films in Chapter 5 & 4 using a reliability filtering
where grains with Q; (Rel.) < 0.15 have been removed. The presence of the sharp peaks at low
grain sizes is attributed to artefacts arising from overlapped grain regions. Interestingly, the
shape of the grain size distributions of (a),(b) & (d) are very similar. This similarity is expected
for (b) & (d), since both films were grown at the same conditions except for the addition of
boron doping and appear to have a very similar microstructure.
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Figure C.2 — Normalised equivalent circle (by area) grain diameter probability distributions at given
film heights for the three films of Chapter 5 grown at HoO/DEZ ratios of a) 0.25, b) 1.0 and ¢) 4.0,
respectively. d) shows the normalised grain size distribution of the film in Chapter 4. The black line in
each distribution serves as a guide to the eye and is a kernel density estimation from all grain size data
above a film height of 100 nm.

C.3 Power-law fitting for different reliability filtering

The power-law fitting of the average grain size in function of film height has been performed
with no reliability filtering and for two different settings for reliability filtering, with the results
summarised in Table C.1 (see § 4.3.4 for further information on the filtering). The middle
columns (Q; (Rel.) < 0.15) correspond to what has been reported in § 5.2.1. On the one hand, a
more restrictive filtering (Q2(Rel.) < 0.15) than what has been applied in § 5.2.1 only weakly
affects the power-law growth exponent of all films, likely by removing small grains due to their
small grain area to grain boundary ratio. On the other hand, applying no reliability filtering
reduces the growth exponent strongly for films grown at HoO/DEZ of 0.25 & 1 with respect
to the filtering applied in § 5.2.1. This is associated to small artificial grains arising from
grain overlap, as discussed in § 4.3.4. This shows that measurements in these two films are
significantly affected by regions with a low reliability. Nonetheless, it should be noted that the
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grain size distributions after moderate reliability filtering (i.e. Q1(Rel.) < 0.15) bear a strong
resemblance with the film presented in Chapter 4, that showed good reliabilities (see Fig.C.2).
This indicates that reliability filtering appears appropriate to obtain reasonable grain size data
from these films.

Table C.1 — Power-law fitting of § 5.2.1 with three different grain reliability filtering methods.

No filtering Q;(Rel.) <0.15 Q2 (Rel.) <0.15

a dso a Adso a dso

H,O/DEZ=0.25 0.31 7.7 0.39 5.9 0.42 5.3
H>O/DEZ =1 029 76 039 4.9 0.43 4.3
H,O/DEZ =4 0.41 4.13 0.40 5.2 0.39 5.9







Facetted film growth simulations for
depositions with a seed layer

Simulations using the growth shape HD3 (see Fig. 5.10) have been performed by using ODFs
estimated from cross-sections of a-textured films grown with and without a seed layer, as
described in § 5.3.

The ODF estimation procedure is shown in Fig. D.1. In Fig. D.1 (a) & (b), each point corresponds
to an individual grain orientation measured at film heights between 100 nm to 200 nm for
a film without and with a seed layer respectively (cf. Fig. 5.18). This is used to create the
continuous representations shown in Fig. D.1 (¢) & (d), which were obtained by a kernel
density estimation performed by MTEX (using a de la Vallée-Poussin kernel with a halfwidth of
5°). Based on these two continuous representations, ODFs have then been manually modelled
in MTEX by combining three [2110]-, [1100]- and [0001]-fibre textures parallel to the growth
axis, which are shown in Fig. D.1 (e) & (f) respectively.

The cross-sections of simulations initiated with the ODFs of Fig. D.1 (e) & (f) are shown in
Fig. D.2 (a) & (b) respectively. Comparing the two cross-sections at the virtual substrate
(which in fact correspond to a film height of 100 nm to 200 nm), a reduced a-texture is clearly
observed for the simulation shown in Fig. D.2 (b) in comparison to the simulation shown in
Fig. D.2 (a). Towards the top of the cross-sections an increased average grain size is visible for
the simulations in Fig. D.2 (b), which is expected from the reduced number of nuclei which
have a favourable orientation, i.e. nuclei with their a-axis parallel to the substrate normal.
The increase in average grain size is represented in the graph shown in Fig. D.2 (c). The graph
shows the ratio of the average grain sizes between the simulations shown in (b) and (a). After a
film height of 50 dj, the ratio reaches a plateau at a value of ~1.45.
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Figure D.1 — ODF estimation from cross-section orientation maps. The ODFs are estimated from the
distribution of crystal axes parallel to the substrate normal in equal-area projections of an IPE a) & b)
give the axis distributions of grains located at film heights between 100 nm and 200 nm for the film
without and with seed layer respectively. ¢) & d) are continuous representations of (a) & (b) respectively
obtained by a kernel density estimation performed by MTEX. e) & f) are manually modelled ODFs using
[2110]-,[1100]- and [0001]-fibre textures parallel to the substrate normal. The densities in (c)-(f) are
given in multiples of a random distribution.
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Figure D.2 — Cross-sections of 3D facetted film growth simulations initiated with ODFs estimated from
cross-section orientation maps of a-textured films grown a) without a seed layer and b) with a seed
layer. c) Average grain size ratio of the simulations shown in (a) & (b) as a function of film height. The

scales are given in terms of the initial grain spacing dy as defined in § 3.2.9.






A HRTEM simulations of zinc blende
Zn0

Simulated HRTEM table of 3 x 3 unit cells of ZB along [1 1 O]

Projected structure (3 x 3 unit cells) Experimental HRTEM contrast (12 x 12 unit cells)
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Figure E.1 - HRTEM image simulations of ZB imaged along [11 0] for various thickness and defocus
settings. Each tile in the table corresponds to 3 x 3 unit cells. The projected structure of 3 x 3 unit cells
is shown at the top, with Zn atoms in violet and O atoms in light blue. To the right of the structure is a
crop of the experimental HRTEM image contrast shown in Fig. 6.3. The simulations were performed
using JEMS [130, 131] using an acceleration voltage of 200kV and a spherical aberration of C;=1.2 mm
corresponding to the imaging conditions of the FEI Tecnai Osiris used to acquire the experimental data.
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