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Abstract

The work presented here details the structuralacharization of Ge-Sb-Te (GST) thin
films by aberration-corrected scanning transmissactron microscopy (STEM). GST
materials are of eminent technological interestpasse change materials for their
application in optical data storage and resistivemmory devices. Despite the past and
recent successes in translating empirical obsensinf the unique phase change material
behaviour into useful concepts for applicationg tinderlying atomistic origin of the
structural changes between amorphous glass, drecrdeetastable lattice and highly-
ordered layered stable crystalline lattice anda@beompanying property changes are not
yet fully explored.

GST thin films produced by pulsed laser depositi®bD) are subjected to a range of post-
deposition annealing temperatures. The resultingrgphous, metastable crystalline and
stable crystalline thin films are prepared for ttensmission electron microscopy (TEM)
cross-section study by focused ion beam methods; M ion-beam polishing energies

under liquid nitrogen stage-cooling conditions tesn excellent specimen quality and

lamella thickness control, as was verified by elattenergy-loss filtered imaging, high-

resolution TEM imaging and Monte-Carlo simulatidrtfte ion-beam induced effects. The
resulting specimens are investigated using a rafigeEM techniques, including nano-

beam diffraction, STEM X-ray analysis, TEM difframt contrast imaging and aberration-
corrected high-angle annular dark-field (HAADF-)EBW imaging.

The experimental data is evaluated using imagegssiaeg techniques as well as advanced
methods, comparing individual atomic column scatterintensities with absorptive-
potential multi-slice image simulations. Resultgea distorted octahedral motifs in the
amorphous phase, pm-scale sublattice distortiorss sublattice pre-ordering in the
metastable crystalline phase, a distinct orderihgntiinsic vacancies into layers in a
transition state to the stable crystalline phaseyeall as chemical and structural disorder in
the stable layered arrangement.

In addition, the PLD thin-film growth of GST layeas elevated substrate temperatures is
investigated. The growth behaviour reveals a stramglency towards (0001) texturing
even on disordered interfaces, a distinct Te-rigtfase passivation layer formation on
Si(111) substrates, as well as the formation ofaa-Wler-Waals interface arrangement in
the epitaxial growth regime at high deposition tenagures. Lastly 60° rotation twin
domains, 3° rotation coincidence lattice domaind kcalized stacking transition defects
are observed and characterized. The observatiodetdct structures and structural
disorder in the layered phase in particular promise be a valuable contribution,
especially in the development of multi-layered ghelsange concepts.



List of abbreviations

Some common, recurring abbreviations are introddieeduick reference below:

PCM/IPCM Phase Change Material / interfacial Pl@isange Memory

GST

GST124

GST225

GST326

Ge-Sb-Te chalcogenide compounds
GeSh,Te, composition
GeShyTes composition

GeSh,Tes composition

Experimentally determined GST compositions are siones subsequently referred to by
the nearest stoichiometric (GeTg)ShTes;)x composition even if a previously noted
deviation remains.

PLD
XRD
MBE
STEM
HAADF-
BF-

ADF-

FT/FFT

NBD

SAED

Vdw

Pulsed Laser Deposition

X-Ray Diffraction

Molecular Beam Epitaxy

Scanning Transmission Electron Microscopy

High Angle Annular Dark-Field (-STEM)

Bright-Field; can refer to bright-field imagr{-TEM) or scanning (-STEM)

Annular Dark-Field; refers to Low- or Mediumngle Annular Dark-Field
depending on the detector (DF2 or DF4) and colecsemi-angle given.

Fourier Transformed / Fast Fourier Transtedm Fourier Transformed
refers to spatial frequency space in general and d#actogram in
particular, while FFT refers to the specific Fastufier Transformation
algorithm.

Nano-Beam Diffraction; scanning probe diffractiwith very small beam
convergence semi-angle (0.16 mrad).

Selected Area Electron Diffraction

Van-der-Waals; often used to denote the inicimacancy gap in the
trigonal phase, alternatively denoted VL (vacarayel).
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1. Introduction

1.1 Preface

All current studies on phase-change materials a@nrdced back to the description of
novel material properties in chalcogenide matehglss. Ovshinsky in 1968, While this
initial work was already built around the ultratfgas-) electrical switching of telluride
compounds, characterising the distinct materialestan terms of electrical resistance
states, the topic lay somewhat dormant, with sponaew results on the optical switching
properties of amorphous semiconducford. In 1987, N. Yamada and colleagues
published work on thin Telluride layers for opticklta storadd, which evolved to reveal
the prominence of the (Gelg)— (SkTes)x pseudobinary material system for optical data
storage applicatiof due to its large optical reflectivity contrast aegcellent optical
switching properties.

The rapid reversible switching behaviour betweencstirally and functionally distinct
states in chalcogenide tellurides has since leats tase as the active layer material in re-
writable optical disks (DVD-RY. In addition, since approximately the turn of the
millennium, the electronic properties of these male have found renewed interest. As
the scaling requirements of electronic memory camepts increase in order to achieve
ever higher information densities, electronic cleastprage devices such as NAND-Flash
and dynamic random access memory approach thesigahylimitations. A number of
potential technologies are being developed to oeplaurrent-generation solid-state
memory devices, of which phase change materiald/jP&e among the most mattfte
Prominent advantages of PCM are the non-volatdityhe information storage and the
scaling potential, while challenges include powemsumption and access latency.
Although some application-level products using ghabange technology have already
been realized by the large semiconductor manufactuthe final market breakthrough still
remains.

While the application of phase change materialsthas steadily advanced, the atomic
origin of the fast switching mechanism and the prorted property contrast has not been
conclusively solved. Some selection criteria fax ttevelopment of new PCMs have been
proposeff!, however a better understanding of the structuopgrty relationship is
required in order to improve the design of new malg The following chapter will first
establish what the characteristic phase changeteiifie Ge-Sb-Te based materials is,
followed by an overview of relevant structural pb&sAs the investigation is centred on
the experimental determination of structural feaguin thin films, the various classes of
structural defects and their relevance to the natgystem are also shortly summarized.



1.2 The phase change effect

While the term “phase change material behavious faund its way into the standard
repertoire of scientific literature, it may seemfiast reading rather confusingly chosen.
Any material can be regarded to undergo phase elsafigm one local minimum in the
Gibbs free energy to another when acted upon blgamge in temperature or pressure.
Similarly, changes in the phase state of a matefiah bring with them drastic changes in
properties. A liquid will usually act radically d#rent from a solid or a gas. A mixture, in
any phase state, may separate into constituentsnutiple mixtures of different
compositions and structures, each with its ownaodgbhysical properties. Furthermore
many materials display metastable equilibria thaty possess different properties than
their absolute minimum energy configurations. Idesrfor a material to be regarded as
exhibiting phase change material behaviour, a gpecific set of circumstances has to be
observeff*°,

The material needs to possess at least two solidtstal phases at room temperature that
are stable over intermediate timeframes. In orddxet useful for phase change applications
this timeframe is typically required to cover mplé years. The solid structural phases
referred to are often an amorphous state with fradisorder in the distribution of the
constituent atoms and an ordered crystalline matacrangement. As such, the glass
forming properties of the material are of criticaportancé* 2

It also is required to exhibit a large contrastainleast one functional property upon
transition from one solid phase state to anothiee. fost common functional properties of
interest are the optical behaviour as determinedthey dielectric functioh® and the
electrical conduction properties as dependent erctiarge carrier density and density of
states often described as an electronic band stauist the solit*. Increasingly attention
is also being directed towards other physical priogee such as changes in ferroelectric
polarizability*® ! multiferroic behaviodt” and anisotropic thermal conductiin'®.

Finally, it must be possible to induce the traositifrom one intermediate room
temperature state to another on a nanosecond tieestherefore at least one state is
constrained to a metastable equilibrium, while kingetics of the phase transformation
remain extraordinarily fast. In practice, many coomphase change compounds display
this fast transformation mechanism between thelyidisordered amorphous state and an
intermediate metastable phase, possessing anamdittable equilibrium structure that is
only reached after extended annealing times athiggmperatures.

From these necessary characteristics, metastalite pb@se, large property contrast and
fast phase transformation, it becomes apparentsirae extraordinary requirements are
laid upon any phase change compdtitfd.. In particular, for the transformation process to
be as fast as observed, only short-range movenfeatbmic positions can be required to
dramatically change the electronic structure. Mudk has been put into identifying the



specific material characteristics that would heledict phase change behaviéu/®. The
most concrete evidence for a systematic composiiphase change property correlation,
as well as the vast majority of known phase changeerials themselves, was found in
tellurium-rich chalcogenide compounds.

A schematic illustration of the phase change p®deghe example of Ge-Sb-Te (GST)
compounds is shown in Figure 1.1 Starting from anomphous disordered atomic
arrangement; energy is supplied to the system tha®asing the temperature in the
material. This energy transfer usually takes plageeither supplying additional heat
directly, via photon energy transfer to excitecclanic states and subsequent relaxation in
the case of optical switchiffig, or by Joule heating through an electrical cul®aAf. It is
readily apparent that, rather elegantly, the enénagysfer mechanism can be equally useful
for a determination of the structural state thatokthe property contrast. Coherent light is
used in optical switching to both induce the phimaasformation and measure its optical
reflectivity. A voltage can also be applied in efexal switching in order to measure the
resistivity. In practice, due to geometrical coastts such as thermal cross-influence of
cell elements and uneven crystallization in thé aetive layer during direct Joule heating
leading to the formation of crystalline filamentsiyrent electrical memory designs favour
a scheme wherein an additional bottom heating piitig low thermal conductivity is used
to heat the active phase change 1&5er

During the initial short pulse of energy input, ttemperature in the material remains

below the melting point yet is sufficient to intiéathe fast phase transformation process,
I.e. surpasses the glass transition temperatuthéaimeframe of the pulse. Thus, after the
SET pulse, the material has changed from a lovecetflity high resistance amorphous

state to the high reflectivity low resistance mtthke crystalline state. By applying an

additional short pulse that is sufficient to hda¢ material above the melting point, and
minimizing the time spent in the intermediate aajlstation regime, the material can be

brought back into the amorphous state in what atsaiera RESET action.

The particulars of the re-amorphization processethir long-range order is completely
broken or alternatively one sublattice is prefaediyt disordered, are still somewhat
contentious and may depend on the specific prafilehe power pulse used. Further
background regarding the switching process and-shnge order in the amorphous phase
Is given in section 1.3.4. In order to crystallibe stable configuration of the material, a
much more prolonged annealing step has to be applige transition from metastable to
stable crystalline configuration is accompanied dy additional smaller step in the
reflectivity and conductivity. Simultaneously tHeetmal conductivity gradually increases,
with larger jumps at the phase transformation stdpe to a further decrease in disorder-
induced anharmoniciy’! and an increase of the electronic contributiorhvifitcreasing
conductivity consistent with the Wiedemann-FranwLa
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Fig. 1.1: Schematic phase change process in GSTaamis, adapted from Réef%.
Tm denotes the melting point.

It can be readily seen that the local atomic areamgnts in the lattice play a central part in
the operation of a phase-change device. Howeveonigt are the functional properties
coupled to the abrupt changes during fast phaseftranation, but also influenced by
further gradual changes in structural and chendisrder in the lattid&”. The following
section thus introduces the current, continuousiylvng knowledge about the distinct
structural states.

1.3 Structure and properties

1.3.1 Ternary telluride chalcogenides: historicaview

All phase change compounds are thought to sharenconstructural features that enable
their functional phase-change behaviour. Howeveacesthe subject matter of this work
are Ge-Sb-Te based chalcogenides which act as nmodgéms for phase change
behaviour, and as such have attracted a largeiteposf literature, this section will also

focus on structure and properties of aforementio@8T compounds. It would

nevertheless be neglectful not to mention competiagerial systems at least in passing.
Figure 1.2 gives an overview of the most importenbwn phase change compound



compositions as well as some historical milestandseir applications. As indicated, the
vast majority of compounds are based on tellurimmmorachalcogenides, while the cations
most commonly are comprised of group XIV and groXp elements. Further
complicating is the fact that the phase change \netacan be tuned by doping of a
known phase change compound, most prominently mittogen or carbon up to single
digit atomic percefi®’ *¥. The most prominent phase change compositionsGafEe,
ShyoTeso, GasShys, AginSbTe (AIST) and the wide range of Ge-Sb-Tmpositions from
the GeTe — Sffe; pseudobinary tieline.

Ge (In,Ag,Sn)

1990 First product

1994 Phase-change disk
1998 DVD-RAM v.1

2000 DVD-RAM v.2
2004 Single layer Blu-ray

Stoichiometries with
|:] PCM behaviour and

some resulting

applications

1997 CD-RW
1999 DVD-RW
2003 Single/dual layer Blu-ray

GeTe

1987
GeTe-szTe3

2005
GeSbMnSn

Lc;e Sb
15 85

Te’ 7 sbye,”  sbTe  Sb(BiAuAs)

1991
AgInSbTe

Fig.1.2: Phase change compounds in ternary tefiuriinpounds, adapted from R&t.

A literature-sourced® summary of stable phase compositions in the G&eShernary
system is shown in Table I, accompanied by theughsi@nary phase diagram of the GeTe
— ShTe; tieline shown in Figure 1.3 as well as the phasesformation temperatures from
the as-prepared amorphous state during differensigdnning calorimetry (DSC)
measurements at 10 °C/min heating fatés Figure 1.4. Both Sfie; and GeTe occur in
stable polytypes at different temperatures, howevdy the -GeTe and -GeTe phases
possess a solubility of Sb significant enough tayph minor role in the pseudo-binary
GeTe — Spre; system. Furthermore this literature source listed stoichiometric phases
of (GeTe)x— (ShTes),, namely GeSHe;, GeShTe, and GeShyTes. These are depicted
as coexisting in mixed phases over wide compositarges. Interestingly, more recent
studies have found additional stoichiometric conifpwss of the (GeTe)x — (SkhTes)x
type, most prominently G8h,Tes*® located in the A+ area of the phase diagram shown.
The pseudobinary phase diagram in Figure 1.3 thexefs of rather historical value,
however as a conclusive summary of all known stasld metastable phases is still
somewhat lacking, it is sufficient to give a firshpression of the complexity of the
material system. Especially when regarding the plie@sformation temperature diagram
as measured during DSC in Figure 1.4, it becom@mrapt that metastability plays a
prominent role in the phase change behaviour ofSG8-e alloys. All stoichiometric



compositions display an intermediate metastablstalization from the frozen liquid into

a cubic F m m phase as well as a crystalline solid-solid phiasesformation to the stable
trigonal P m 1 (denoted hexagonal in Figure 1.4) phase. Thseltransition temperature
rises with increasing GeTe content, as does thestadility range of the cubic phase.
Thus, identifying what is and is not a stable ogufation or mixture of stoichiometric

phases has long posed a significant challenge.
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Fig. 1.3: Historical pseudobinary phase diagrarsele — Spre;, accompanying Table I,
from Ref.!¢.
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Tab. I: Stable phases in the ternary Ge-Sh-Te sys&produced from Ref.

Designation Phase Molar percent
Genin Gena) Sbnin Sbna) Temin Te"nay

L Liquid solution 0 100 0 100 0 100
L' " 0 50 0 40 50 100

L" " 0 100 0 100 0 60

Ge Ge 99.65 100 0 0.03b 0 0.015
Sb Sb 0 2.5 97.5 100 0 1.3
Te Te 0 0.01 0 0.014 99.986 1

a ShTe; 0 3.6 40.0 40.4 59.6 61.0
g Sh4Te, 0 8.0 40.4 51.0 41.1 49.0
d Sh4Te, 0 11.0 63.3 83.6 16.4 36.7
b* b-GeTe 39.5 49.8 0 11.5 50.2 53.3
a* a-GeTe 47.47| 49.71 0 0.5 50.29 51.15
o gGeTe 47.52| 49.12 0 0.5 50.88 51.24
A GeShTe 27.27| 27.27| 18.1§ 18.18 54.55 5455
B GeShTe, 1428 | 14.28| 2856 2856 57.16 57.16
C GeShTe, 7.8 8.4 33.3 33.8 58.3 58.4

1.3.2 Structure of GeTe — Jle; compounds

In order to understand this crystallization behavia is useful to first regard the edge
cases Sfie; and GeTe. Sfie; crystallizes into the rhombohedral Rn (H) phase that is
strongly related to the trigonal symmetry of thab¢ GST configuratiof€). This phase
displays some extraordinary properties. Due tanitsnsic weakly bonded Van-der-Waals
(VdW) gap in the crystal structure, it is the siegil three-dimensional topological
insulator known so f&f. It also possesses excellent thermoelectric ptiegd?. At
increased pressures Jb; undergoes two phase transformations into mono€lide2/m 1
phases, thus losing its VdW-layered character, anm$equently into a highly disordered
body-centred cubic | m m phasB”. The authors of the study even went so far as to
speculate that Sbe; may undergo a pressure transformation to topaddgic
superconducting akin to Bies®. While this pressure-induced phase transformation
behaviour may seem unrelated at first glance gih@se change material experiments and
applications usually take place at ambient pressheepressure for the first rhrombohedral
— monocline transformation step at 9.3 GPa mayufcently low to allow pressure-
induced phase transformations of local latticerfragts within strain fields of defects and
interfaces in thin films.

GeTe possesses a metastable and a stable crystalist, the transition between which is
fluid®!. At low temperatures it will crystalize into therhombohedral
(R 3 m) structure, with three long and three sfB®iTe bonds.



As the temperature increases this rhombohedral aglitwill be distorted in the cubic
<111> direction until the crystal forms the NaCb¢yF m m lattice, in which the two
cubic sublattices are fully occupied by Ge and dspectively. One would therefore, in a
naive first assumption, expect a mixture of the tamponents to exhibit crystal structures
that are characterized by competition of the twarexhentioned structural patterns. On the
one hand VdW layering, and on the other a metaststiable transition from rhombohedral
to cubic symmetry. However in reality, while VdWy&ing plays a prominent role in the
stable structures of stoichiometric compositiof® metastable structure in (Gelg)
(SkeTes)x compounds is generally described as a cubic Ngd&-structure with systematic
distortion of the Ge/Sb octahedral sites similathe off-centre shifts in rhombohedral
GeTé*. Thus, the amorphous — metastable — stable timmgiath moves from disordered
amorphous, to distorted cubic, to rhombohedral dy¢red (trigonal). Schematic models
of crystalline SbTe; and GeTe are shown in Figure 1.5.

In order to construct an ideal filled NaCl-typeustiure, exactly 50% anionic species (Te)
and 50% cationic species (Ge,Sb) are requiredoirast, moving along the quasibinary
tieline, replacing x amount of GeTe with $b;, only 2/3rds of every Ge cation are
replaced by a Sb cation. The question arises howSBGend vacancies are distributed on
the sublattice, and many resources have been eggeéadind a conclusive answer.
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Fig. 1.5: Layered structure of Jte; (left) in [110] = [ projection, cubic high-

temperature structure of GeTe (centre) and rombahddstortion of the cubic structure of
GeTe at low crystallization temperatures (right) [in ] projection. Te atoms are
represented by yellow spheres, Ge by red spheesShrby blue spheres. The central Ge
atom in the rhombohedral GeTe structure is displdoem the (1/2,1/2,1/2) position in
[111] direction.



Most prominently, neutron diffraction and extendéday absorption fine structure are
able to yield information on local arrangementdatiices. Based on such findings, the
distorted nature of the octrahedral arrangementkéncubic lattice has been propdé&d
(see Figure 1.6). However, investigative methoddate have been unable to discern any
chemical ordering on the sublattice, and thus tbmmon structure model assumes
uniform mixing according to stoichiometric concextions. Theoretical studies on this
matter are often based on density functional theang thus attempt to determine energy
minima for specific short-range order configuraioBased on such models, ordering of
the Ge, Sb and vacancy components into layers é¢es firedictéd”. Such studies need to
be approached with a certain amount of scepticsinge naturally the lowest energy
configuration of the metastable phase is the stlice configuration. Thus, reports on
systematic ordering in the metastable phase can die interpreted as describing the
transformation path to the layered trigonal arramget*> “®. The sublattice disorder
represents a thermodynamic degree of freedom imtterial system, and partial ordering
can be used to explain the gradual property changes further phase transformatfSh

as will also become apparent during the discussitine experimental results section.

The ideal concentration of the intrinsic vacancoas be predicted depending on the
relative concentration x of $be; according to Ref*®!:

(1.1)

The lattice models of common metastable and s{@x@de) . — (SkTe;3)x compounds are
illustrated in Figure 1.7. As the vacancy concedmdrachanges in the metastable cubic
phase, so too does the spacing of the intrinsic \@Afs in the stable structures. When
comparing vacancy concentration and trigonal stinectt becomes apparent that one can
be related to the other by moving all vacanciehenmetastable state into a single Ge/Sh
layer. The resulting unit cell after energy miniation is generally described as a i 1
trigonal lattic&®. In further discussions of these structures, aisece of Te and Ge/Sb
layers bordered on both sides by a VdW gap willdferred to as a “building block” of the
trigonal lattice due to the weak VdW interactiorraas the vacancy gap. The specific
stacking order in stable trigonal lattices has badrject of much discussion, with various
authors proposing e.g. for the S&Tes composition sequences such as Ge-Te-Sh-Te-v-
Te-Sb-Te-Ge-Te-P%  or the inverse  Sb-Te-Ge-Te-v-Te-Ge-Te-Sb-T&!..
(with v denoting a VdW vacancy gap). The best medchetween experimental data and
stacking models so far are those shown in Figure dnd these share some common
features for different compositions.

Most prominently, the layers retain some degreeaotlom mixing on the Ge/Sb sites.
The mixed Ge/Sb layer closest to the vacancy gamyal exhibits the highest Sb
concentration, e.g. Ge33:Sb66 for ,SlTe*?, Ge25:Sb75 for GeSbe*®! and
Ge36:Sb64 for GShyTe™. Conversely, the Ge/Sb positions on the insidéebuilding
blocks are rich in Ge, with concentrations randgnogn Ge50:Sb50 to Ge77:Sb33.



Fig. 1.6: Schematic model of cubic metastable (Ggfe
(ShTes)x 0.1 < x < 1 compounds. Yellow spheres indicate
Te, while red, blue and magenta indicate the random
distribution of Ge, Sb and intrinsic vacancies (not
necessarily in the concentrations shown), respagtiv
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Fig. 1.7: Unit cell models of various stoichiomet@ST compounds in the stable trigonal
stacking, [ projection. Left to right: GSbTe,, GeShTe, GeShTe; and
GeShyTe;. Yellow spheres indicate Te positions, while rethgenta and blue spheres
indicate Ge/Sb positions of various mixed conceiuing (see Table A.l for details).
Dashed lines mark VdW gaps.

Meanwhile the positions of the individual Sb-ricbluunns are shifted towards the VdwW
gap, resulting in 3 long and 3 short bonds, whike Ge-rich positions are situated around
the octahedral sites (centred if the unit cell isron symmetric at the Ge-rich plane,
slightly off-centre if the mirror plane lies in aemral pure Te plane). Purely
phenomenologically, the Sb-Te-v-Te-Sb layer segeetierefore resembles a partial



ShyTe; building unit, and the Te-Ge-Te sequence resemthlescubic symmetry of a
partial GeTe lattice fragment, all the while retagsignificant amounts of “wrong” Ge
and Sb content and pm-scale octahedral distortMfisle this is surprising for a lowest-
energy configuration of the lattice, no model tdaedaas been able to propose an ordered
arrangement of Ge and Sb within the same individlagr that sufficiently matches the
experimental evidence. One of the greatest diffiesiffor atomistic simulations in Ge-Sb-
Te phase change materials is a reliable expressiothe sublattice disorder in the
underlying model structures. Reported structurabipeters from literature for various
(GeTe).x — (SBTesz)x compounds have been compiled in Appendix Table While the
single-digit precision in concentrations on the $ekites suggested therein may imply
confidence in the idealized structural models, wealth of literature studies shows the
difficulty in determining exact distributions inastle configurations. One of the central
questions discussed in this work was whether strelctares could also be resolved and
identified experimentally by electron microscopythwels in real crystal latticEd.

Thus in summary, for e.g. G&yTes (x=0.333..) the expected intrinsic vacancy
concentration in a NaCl-type structure is 20% amenvreplacing 20% of all Ge/Sb (111)
layers in a cubic cell by regularly spaced vacdaggrs, one arrives at a structure that is
very similar to the trigonal stacking of ¢pTes. Three further differences remain,
namely a small expansion of the lattice into theavey layer gap, a small off-centre shift
of some Ge/Sb positions, and a preferential chdnoickering of Sb into the first Ge/Sb
layers adjacent the vacancy gap. The lattice expansan be viewed as an elastic
relaxation into the vacancy gap. The Ge/Sb off$eisn octahedral sites have been
interpreted as a Peierls distortion of a linearchomai®® (see also section 1.3.5) resulting
in 3+3 long and short bonds both in the metastahldc arrangement and the Sb-rich
layers of the trigonal structure, while the lashag fully explored yet, but possibly may be
rooted in the electronic configuration at the Vd@pg

1.3.3 Glass formation in undercooled liquids

One complicating factor in the operation of a phelsange device is that the amorphous
structure as-deposited by the thin film depositmocess may possess a characteristic
short-range order selective to the deposition patars, which in turn may differ from the
configuration after re-amorphizatidfl. In physical vapour deposition processes in
particular, the target material may be depositednrall clusters mixed into the particle
stream. A mass spectrometry study of the plasmaposition in GST laser ablation
plumes reported up to m/z = 629 mass over chargje ciusters at very high laser
fluence§®. While not immediately comparable to the depositimnditions used for the
thin films investigated in this work, this doeaugtrate that cluster ablation can play a role
in the pulsed laser deposition of Ge-Sb-Te materi®depending on the energetic
conditions on the surface and the deposition tthiese clusters may get dissociated or



rapidly buried beneath new impinging material, #mel as-deposited structure can on the
one hand possess crystalline seeds, or on the lodinelr be even more disordered than the
re-amorphized structure (since depending on theepgnofile of the switching process
cubic fragments may be retained). Thus, in realiegipon scenarios, it is important to
condition the material by applying multiple SET-REScycles before first application of
the device. Similarly, for experimental and theimadt observations of the amorphous
structure and fast amorphous to metastable transiinder device conditions, the re-
amorphized state usually described as a melt-qeenhgtass is predominantly taken into
consideration.

In general, amorphous structures of phase chahggsare described in glass formation
theory®?. Glass formation is inherently kinetically drivemeaning that the observed
timeframe and rates of structural changes in whichaterial presents glassy structure and
behaviour is central to its classification as anogyhous glass. The most useful
macroscopic property in this regard is the visgosit of the material, relating the rate of
deformation response dx/dt to a constant extertnats at a given temperature T. For
GST phase change compounds, the reduced glasstibinemperature JTnm, the
temperature at which the viscosity surpasses 1 X P@s in a second order phase
transformation during cooling, typically lies ar@u@.5 — 0.55.

Glass forming materials are empirically classifiggl either strong or fragile liquids. In
strong glass forming liquids, the viscosity folloAshenius behaviour, i.e.:

(1.2)

where E denotes an activation energy angltke Boltzmann constant. In such liquids,
overcoming the activation barrier for viscous defation is thus purely driven by the
Boltzmann statistic of thermal energies. This ressinl a high T (reduced T, close to 1)
and rigid glasses. In contrast, fragile liquids described by a Tamann-Vogel-Fulcher
(TVF) behaviouf®:

! ; $ (1.3)

with o denoting the saturation viscosity in the liquiddaA, T, denoting constants.
Another way to classify glass formers is by definthe fragility m of the undercooled
liquid. Formally this is commonly introduced as ttede of change in the temperature
dependence of the viscosity at the glass transiéoperaturé”:
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Experimentally, fragilities have been observed aoge from 20 for strong Arrhenius
behaviour in classical glass formers like S0 150 in fragile glass formers with TVF



behaviour such as weakly VdW bonded organic liquaitstrans transitions and materials
with large anharmonicit{?’. GeSh,Tes and GeTe reportedly possess a fragility of m = 100
and 90, respectiveij %, and are thus classified as fragile glasses.

Radiation damage by knock-on displacement is ugahlaracterized by the displacement
energy threshold £which in a disordered amorphous structure iseiagily accessible but
should be low in p-bond covalent networks of higagflity. Threshold values of the
incident beam energy for knock-on displacement.gf earbon in graphite and diamond
structure are 140 keV and 330 keV, respectlf®lyThe maximum energy transfer to Ge
(the lightest species present in the materialllis.8 eV at 300 keV, and pure Ge possess a
sputtering threshold energy between 115 and 181dted/sublimation energy of 3.86 eV,
while Ref.!® estimated that Ge in GST225 possesses a displatemergy (often used
interchangeable with the sublimation energy) betweéeand 17.2 eV and a corresponding
threshold energy between 200 and 400 keV. Moretesedges for the displacement energy
in the specific phase and composition are not alk| yet this does illustrate that under
prolonged electron beam exposure at 300 keV amogpl@®ST can be able to form
crystalline seeds. As the crystal growth of GS@aminated by the nucleation and growth
in the bulk materi&l” (Volmer-Weber model), these seeds can lead tal rpstallization

of amorphous samples if insufficient care is takelmiting the electron beam dose.

1.3.4 Structural features of the amorphous-metbestatitching

One of the major challenges in understanding thas@hchange mechanism is the
experimental inaccessibility of local arrangementamorphous structures. While coherent
diffraction in crystalline solids allows fine proig of the average crystallographic
symmetries, disordered amorphous structures by vieey nature impede, but not entirely
prohibit, this. Experimental studies therefore haygically relied on X-ray absorption
effectd®® and vibrational properti®& " (Raman spectroscopy), while theoretical
approaches make use of computationally very intensiensity functional (DFT) and
molecular dynamics (MD) simulatiofis "*. Both approaches have in common that they
aim to characterize the structure primarily by nseahinteratomic distances and angles
between the various atomic species.

Since the radial distribution is also accessibteugh TEM method§? (see experimental
section 3.2), its basic concepts shall be shonigoduced. The pair distribution function
(PDF) g(r) in a model structure is the spherically averadesdribution of interatomic

vectors ; with  denoting the density:
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This can be restricted to specific atomic speciaadb, e.g. Ge-Te or Sb-Te thus yielding
the partial radial distribution function,g (RDF), from which the average local
coordination between elements a andJlp aan be extracted:

) <=>
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Note that the cutoff radiusyf can be critical. In the distorted rombohedral e of
GeTe for example, with short (2.8 A) and long (8)2onds around the Ge positions, any
cutoff below 3.2 A will result in a tetrahedral edmation and layered structure while in
practice this configuration is interpreted as atabedral distorted arrangement in the cubic
(rombohedrally distorted) framewdfk ““. In amorphous structures this aspect is
exacerbated since the RDF will possess less praeoupeaks at larger radii. The pair
distribution function can be compared with diffiact experiments by Fourier-
transformation of g, weighted by the relative concentration fractioml acattering form
factor or coherent scattering length for X-ray ahetctron scattering or neutron scattering,
respectively. This yields the structure fact@@) in reciprocal (spatial frequency) space.
Based on such investigations, some central feamfresnorphous phase change glasses
have been identified. The most prominent aspetieidocal octahedral coordination of Ge,
Sb and Te.

The electron configuration of Ge, Sb and Te inghmund state is 3d10 4s2 4p2, 4d10 5s2
5p3 and 4d10 5s2 5p4, respectively. In the cagaudly covalent bonding, the 8-N rule
(“octet rule™) aims to predict the expected cooadion, where N is the number of valence
(outer shell) electrons. According to this simméation, Ge, Sb and Te would be expected
to be 4-fold, 3-fold and 2-fold coordinated, redpasty. In reality, aforementioned studies
have determined coordination numbers e.g. foiSB&e; of Ge 4.3, Sb 3.7 and Te 2.9 in
the amorphous structufé$ and thus overcoordinated for a purely covalenssylzetwork.
Furthermore a significant amount of homopolar “wgbnGe-Ge bonds has been
discovereff®. The tendency to form octahedral (3+3) coordinaiedses appears to be a
central motif of phase change materials, with atesgatic order parameter being the
average number of valence electrons per atom whighuld not exceed 4.88. As
mentioned above, the differences between as-depofD) and melt-quenched (MQ)
amorphous GST can be significant, thus confoundingealistic description of the
amorphous — metastable reversible phase transition.

The most notable difference between AD and MQ #sines can be found in the reported
fraction of homopolar pairs and tetrahedral cocatéd GE”. In AD-GST, 10% or more
Ge-Ge pairs and up to 30% tetrahedral Ge (or {®% in GeTe) have been found by MD
studie€” "8 The large scattering of reported values may hmerb in the different
deposition methods used in experimental observatiasm well as the large parameter space
for MD calculations. The possible presence of laageunts of tetrahedral Ge has led to
speculations about the so called umbrella-flip nhadethe phase change mechariiSh
(see Figure 1.8). In this hypothetical process, Teesublattice of the cubic phase is



essentially preserved in the amorphous phase baitl sandom distortions, while a
significant portion of the Ge atoms on distortethbedral sites break the 3 longer bonds
and are thus displaced into tetrahedral positi@sh a process could occur without
melting (extended bond-breaking) of the latticewdwaer, further corroborating evidence
for this process is somewhat inconclusive, andidea has subsequently fallen out of
favour. In particular, the symmetric framework b&tTe sublattice has not been identified
elsewhere to the degree predicted outside the tabtascubic phase. The PDF of Te-Te
distances in MQ-GST has been found to peak at ¢éxémearest neighbour around 4.16
A3 and rapidly diminishes until no further maxima dound above 10 A. However it
has also been noted that in the presence of imriecancies in the amorphous (long-
range disordered) phase, distorted octahedral emdhedral sites may exhibit similar
peaks in the RD®. It may be possible that multiple phase transfdionapaths are valid
depending on the initial structure and the therprafile of the process i.e. the umbrella-
flip model, the MQ approach with ring motifs, arieetinterfacial switching Ge layer-flip
model in superlattices (see section 1.3.6).
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Fig. 1.8: The umbrella-flip process as proposed Raf. [, Distorted octahedral
Ge coordination (left) and tetrahedral coordinatioght)

In the MQ approach, the central structural featimemmorphous GST are alternating ring
structures. Studies on the pair distribution fumttand bond angles in the MQ state of
GeShTes have determined up to 80% of all Ge content sdiah 4-member rings
alternating A (Ge,Sb) and B (Te) species with clos@0° bond anglé€!. Such a “square”
ring essentially resembles a fragment of the cuiétastable phase. The coordination of
each member is then determined by the inclinatiothe fragment against its surrounding
and the concentration of adjacent vacancies, bathithind angle implies a generally
octahedral arrangement as expected. Larger ringsaod 8 members can be described as
lattice fragments enclosing a substitutional vagamdile the disordered arrangement of
the fragments against each other can be regardedcissing interstitial sites. Thus, the
reorientation of square ring fragments against eastbler to form the cubic lattice with
intrinsic vacancies only requires movement overtstiistances. The central question then
arises why the optical and electronic propertieange so drastically with a small



structural rearrangement. While this topic regylaparks new discussion, the currently
prevalent model is that of a resonant bonding netwothe metastable pha%e

1.3.5 Origin of the property contrast

The resonant bonding effect is described as praremlirdelocalization of bonding p-
electrons along a chain of octahedral coordinatesitipns along the three axegyp of
nearest-neighbour orientatfof It thus favours a high-symmetry linear arrangetmen
within the lattice. This linearity is counteractby the Peierls instability efféét!, which
posits that an alternating arrangement of longsdradt bonds is overall energetically more
favourable than an equal charge delocalization Esgere 1.9), and the resulting structure
resembles a compromise between the two effects.eldatrons in a resonant bonding
chain possess a high polarizability due to the puoced delocalization, resulting in the
large optical contrast to the amorphous phase. iftliwidual Peierls-distortion of the
Ge/Sb sublattice positions is sufficient to haveyatematic effect in e.g. the metastable
rhombohedral distortion of the GeTe lattice. It ¢t@nseen that small rearrangements due
to amorphization as well as intrinsic vacancies &adancy clusters can break such a
distorted linear chain, and the amorphous structaverts to a predominantly covalent
network. Defect disorder thus plays a significaié in the functional behaviour of PCMs.

Recently, a somewhat competing model of the switghirocess has been proposed that
argues the partial sp3 hybridization of Ge atomscdahedral sites creating Ge sp? lone-
pair (LP) nonbonding electrofid. It aims to explain the significant number of &btedral
coordinations in the amorphous phase with the LEiated formation of transient three-
centre bonds of the homopolar Ge-Ge pairs duringrphization creating valence
alternation paif€®. While the physics of this model are certainly fmatore involved than
can be presented here, one aspect that desenrespnd mention is the importance of LP
electrons in both the dynamics of the phase chamgeess as well as their functional
properties through the contribution of dative bowgdLPs to the valence band near the
edge of the band g&fl. If this model can be refined and further experitaly tested, it
may ultimately open up the possibility of designipigase change materials for specific
applications from first principles.

Although the abrupt changes in properties at tresehransformation points are central to
the functional characteristics of phase change ma#ethese also change gradually with
continuously increasing temperature. In the amauphghase, an increase in temperature
also increases the free carrier concentration coraance with the Fermi statistics in a p-
type (hole) semiconductd?. The Fermi level is pinned by defect states (amrep
vacancies) inside the band gap, with a reportettalgbandgap of about 0.6 — 0.9 eV for
GST225. The continuous increase in conductivityhie cubic phase was attributed to an
increase in free carrier mobility.
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Fig. 1.9: Resonant bonding along one p-orbital ehvaia 3D crystal (top) and splitting into
long and short bonds due to Peierls instabilitytt(ia).

Due to the high hole concentration of about’1n3, the Fermi level was interpreted to lie
at the edge of the valence band in a degeneratpepsemiconductor with a direct band
gap of 0.5 e¥? in the metastable crystalline phase. The hole liphiaries around

1 cm?Vs depending on the micro- and nanostructdrain boundaries and defect centres
act as scattering sites for electronic conductioth @s crystallites grow and become more
uniform with crystallization time or temperaturestimpact of these on the overall mobility
decreases. Investigation of various disorderect&ires have also been interpreted to lead
to Anderson localization at vacancy sites and ehssvf vacancié¥). The layered ordering
of vacancies and the partial chemical orderinghef&e/Sb sublattice in the trigonal high-
temperature phase is accompanied by a metal-iesul@nsition (MIT) which has been
correlated to a reduction of these localized sfdtedvost notably this transition was
described as to occur after the structural trasito the trigonal symmetry, simultaneous
to the highly ordered vacancy layer formation. Enadditional property transitions have
sparked ideas of multi-level resistance state megnuesignS®. Simulations of the
electronic structure in layered GST depending aioua stacking sequences have further
indicated that an ordering of Te-Sb-Te-v-Te-Sb-Bads to topological insulating
behaviour while Te-Ge-Te-v-Te-Ge-Te leads to cotidgcinterface states in isolated
stacks of building block¥' (see also the speculation about a topologicalrsopducting
state mentioned before).

A full discussion of these phenomena goes beyoadstope of this work, in particular
since these are still subject to ongoing resedrahray radically change the interpretation
of the physical models. It is possible to specuthtd the ordered arrangement of the Te
lone-pair p-electrons at the VdW gaps, dependinghenSb concentration in the adjacent
layer, is ultimately responsible for the MIT behawi, and has strong implications for the
anisotropic characteristics both in electronic agn and thermal (phonon) scattering.
The most concrete application of the functionalperties in layered Ge-Sb-Te structures
however is the interfacial switching effect thaalstbe briefly introduced next.



1.3.6 iPCM superlattices

The interfacial switching effect in superlatticeslayered GST? is discussed separately
in this subsection for two reasons. It describ&smational transformation within the lattice
symmetry framework of the crystalline phases, arhs been first reported in the trigonal
layered arrangement of the lattice. Accordinglyreties on the pre-existing chemical
ordering of the Ge/Sb sublattice and can be exgdotde particularly sensitive to defect
structures. iIPCM thin films consist of a supertatialternatingn ShTe; andn GeTe
layers in a VdW-layered arrangem@&fit Upon performing resistive heating plug assisted
switching experiments on superlattices, similar nhmre conventional phase change
memory cells, it was found that the energetic okt for a change in resistance state was
both lower (by almost half) than in an amorphousetastable FCC cycle and more stable
over 10 cycles. In addition a number of more esoteric affesuch as multiferroic
behaviou®, giant magnetoresistadt® and magneto-optical Kerr rotatidth have been
reported when directly applying electric or magnéitlds. These mark PCM superlattices
as possible candidates for spintronic con¢&ptsThe principle behind the interfacial
switching effect is yet to be fully explored, butrent ideas favour a layer switching
model of the Ge planes, wherein a (GeTadck switches stacking order between Te-Ge-
Te-Ge and Te-Ge-Ge-f8. On the one hand, this meshes well with the foneti
significance of homopolar Ge-Ge pairs in the amoygshphase proposed elsewhere as
mentioned before, however on the other hand doleservational evidence of a metastable
Ge-Ge layered configuration still remains unsatigfa/°®. While it has been confirmed
that the superlattice orientation is conserved betwcycles, it should be exceedingly
difficult to entirely prevent intermixing of the yars during heating pulsé¥).
Furthermore the exact nature of the layer switchonmress is not clear. Some proposals
describe an abrupt flip of multiple Te and Ge posd!®Y, while alternatively one might
imagine a continuous side-to-side movement of ekstg boundary within the affected
layer (see experimental results sections 3.3.33ahdor such localized stacking defects in
layered GST). It thus becomes clear that imagirg dtomic structure by TEM and
correlating the observed structures with the chahudering is exceedingly useful to gain
further insight into such superlatti€®8.

1.4 The role of structural defects in phase changeerials

The prominent influence of lattice disorder on thactional properties of phase change
materials has already been introduced above. Shisework deals with the structural
features of real PCM lattices as observed by THid Marious observable defect structures
in crystalline lattices shall be briefly summarized



1.4.1 Point defects

The smallest defect structures are those that dedy with displacements of single atoms
from their expected positions in the lattice. Spcint defects are generally classified as
intrinsic or extrinsic, and can consist of intdrati atoms, additional vacancies or
substitution of one atomic species with anothdririsic defects are those that arise from
random thermal displacements of lattice constisiémeémselves in thermal equilibrium at
non-zero temperatures. GST PCMs can possess aoehtrary large amount of intrinsic
vacancies in the amorphous and metastable PffhsS&ince these are not related to
interstitial atoms as in the generation of Frenpairs, and thus cannot recombine but
rather aggregate to form the VdW gap in the trijaraangement, it is most useful to
interpret them as an additional “virtual” componehtthe material system. Nevertheless,
intrinsic vacancies break the resonant chains hus increase anharmonicity, but also
facilitate the fast amorphization cycle. The dimition of all three sublattice components
Ge, Sb and vacancies falls under the heading ahica¢ disorder, and is thus not an
exclusively statistical process but is mediatedhgychemical environment of the sites.

While the concentration of intrinsic point defecjs is governed by a thermal equilibrium,
a more detailed description of the formation endegy;, i.e. d(G)/d(ges) Of intrinsic point
defect pairs depends on the chemical and electmnjerties of the displaced atof:
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Here, Eo defect denotes the total energy of the environment ofeted (i.e. a supercell
containing the defect), (&phuk the total energy of an equivalent volume from the
undisturbed lattice, inthe change in number of i-th atomic specikesg,its associated
chemical potential, Q the charge statefie Fermi energy, s buk the energy at the top of
the valence band in the undisturbed lattice R an electrostatic correction term for the
distribution of charged defects in the periodidi¢tat It can thus be seen that the chemical
potential, the charge state and the band strualumnpact the intrinsic formation, as well
as the exact arrangement in the chosen superogildrpartially disordered lattice.

Intrinsic interstitials are generated by displacetma& constituent species into interstitial
lattice sites. In a FCC framework of octahedrahagements, the preferred interstitial sites
are the tetrahedral positions at (1/4,1/4,1/4). e\mv, in a lattice with intrinsic distortions,
the distinction between tetrahedral interstitiatl adistorted octahedral arrangement near
one or more vacancy becomes imprecise, and didtdetigahedral sites near vacancy
clusters may exhibit the same bond lengths as edtahsites.

Extrinsic point defects can be generated through idiffusion of contaminants,
predominantly oxygen from open surfaces. In addjtithe energetic ion bombardment
necessary to create sufficiently thin and uniforamples leads to ion implantation and
defect generatidlf®. These practical aspects are further discussagpendix B.



1.4.2 Line defects

Dislocations in crystals are grouped under thesdiaation of line defects. Very generally
speaking, they are introduced into the lattice tuadditional lattice half-planes at the
dislocation core. Arbitrary dislocations are ddsed by the line vector L of the dislocation
core, i.e. the view direction along the dislocatoame, and the Burgers vector b that can be
constructed by completing one circuit around th&lodation core, i.e. the amount and
direction of deformation of the perfect lattice uregd by the presence of the dislocation.
The plane that is spanned by b and L is then tite gllane in which the dislocation can
move without requiring interstitials or vacanciddeal dislocations possess Burgers
vectors that are purely translation vectors of thgice. The extreme case wherein
dislocation line and Burgers vector are paralledatibes a screw-type dislocation, while
pure edge-type dislocations possess orthogonal #ind Burgers vector. Real structures
will often possess dislocations that are mixed ey screw type, or dislocation loops of
edge and screw components that terminate on theesseDislocations necessarily
terminate at defects, such as surfaces and ingsfée.g. grain boundaries) or other
dislocations, and can interact with each other bdhthe strain field in the lattice and by
getting pinned in defect centres when crossing eattier. The plastic deformation
properties of materials are chiefly governed by tmevement and interaction of
dislocations. They can however also dissociate datial dislocations with Burgers
vectors that are not lattice translation vectorghsthat the sum of partial dislocations
results in an ideal dislocation. This is particlyjamportant in crystals with a base of more
than one component such as GST, since these aanctamplex stacking faults which are
bordered by partial dislocations. If the Burgerstoe of the partial dislocations is not
parallel to the plane of the stacking fault it caihglide along the planar defect unless
diffusive motion of atoms is involved. In such aedhe partial dislocations are effectively
pinned unless they can interact with another setefécts. Such cases are also referred to
as Frank partials or Frank dislocations. One releexample of Frank partials in GST is
the common case of a stacking fault by the additiba close packed {111} layer of a
FCC lattice. The most simple way to terminate saictextrinsic stacking fault within the
bulk lattice is the formation of a partial edgegygislocation with Burgers vector of the
type a/3 <111> perpendicular to the plane of tlaekihg fault. An example of such a
defect in GST can be seen in experimental reseittson 3.2.2.

Alternatively, partial dislocations can be mobile.ipossess a burgers vector within the
defect plane. Such partial pairs are commonly daB@ockley partial dislocation pairs.
Again describing the simple example of the FCC caseintrinsic stacking fault can be
formed by the displacement of a {111} layer alohg tasy slip direction <110>. Thus, a
perfect edge-type dislocation with Burgers vect@r<dl 10> (i.e. a lattice translation vector
in the slip plane) can dissociate into a pair ob&ey partials by the formation of an
intrinsic stacking fault that is bordered on boithes by partial dislocations with Burgers
vector of the type a/6 <112> which still lie withthe {111} defect plane. According to



Franks rule the elastic energy Bf a dislocation is proportional to the squarettod
magnitude of its Burgers vector, where G is theashsodulus:

25 CFRETU (1.8)

Thus, the formation of Shockley pairs is energéficéavourable, and the resulting

repellent interaction scales with the inverse @ thstance i.e. the width of the stacking
fault. A wealth of literature deals with the deption of defects in solids, in general and
for specific material systedi®'% TEM is a favoured method for dislocation
analysi§*, since in e.g. the two-beam case they can resstrong contrast features.

1.4.3 Planar defects

Defects that describe the border between two é&ttmlumes of different orientation are
regarded as planar defects. The most obvious ptiefacts are grain boundaries between
similar grains and at interfaces. Between randowrgnted grains, grain boundary
interfaces can contain amorphous disordered conmperes well as precipitates from
extrinsic effects. In highly textured growth, nedigluring grains possess a preferential
orientation that can result in energetically faahle coincidence site lattice (CSL)
boundaries. The symmetry of the interface is dbedriby the number of lattice points of
the crystal lattice contained within the (two dirgmal) unit cell of the coincidence
lattice, . A special case of coincidence lattice interfagestwin boundaries, which in a
FCC symmetry possess a CSL of 3. Rotation twins describe grain boundaries with
lattice plane across which the lattice is displdoga fixed translation and rotation around
the plane normal, but otherwise remains unchangedwill be seen in results and
discussion sections 3.3 and 3.4, the weak VdWagtem across the vacancy layer gaps in
trigonal GST leads to an easy formation of rotatiwm variants (see Figure 1.10). Twin
variants often form when the grain is strained miyigrowth, such as when the material
undergoes a volume change during phase transfamdtip to 7% in GST upon
amorphous — metastable transition, but <2% durietpstable — stable transformation) or
due to small misorientations between neighbouraggtied grains energetically favouring
small-angle grain boundaries. Twin planes can acteasy glide planes for partial
dislocations and as scattering centres for phonons.

Stacking faults describe a defect in the stackimtgioe.g. the ABCABC... stacking of
close packed {111} planes in FCC can contain eithenissing layer (intrinsic stacking
fault) resulting in an ABCAB_ABC... stacking, or additional layer (extrinsic stacking
fault) resulting in ABCAB_A_CABC... stacking. Suchasking faults are necessarily
bordered by a dislocation or an interface. Simylarh close-packed hexagonal HCP
structures stacking faults can be intrinsic ABABACA. (I;) and ABABCACA... (b) or

extrinsic as in ABABACBABA... stacking. In latticesithh a complex multicomponent
base such as GST however, lattice planes of eitiidlattice are not equivalent.



Consequently, a missing {111} layer of the Ge/S&hblattice will be associated with an
additional lattice distortion in the widening ofetiTe-Te faulty stacking distance. As
introduced in section 1.3.2, the close stackinge{Te in e.g. SiTe; only occurs in high-
pressure modifications. A missing Te {111} planeulbresult in a close stacking of
Ge/Sb-Ge/Sh, which appears not to be chemicallyiestae. neither a close stacking of
Ge/Sb-Ge/Sb nor a vacancy gap between two Ge/8bslégs/experimentally observed.
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Fig. 1.10: 60° rotation twin boundary across a @0&acancy gap in trigonal GST, with a
translation of <1/2,1/2,0,0>, seen\in projection of the lower half of the model (left),
and in a three layer thick cut-out of thle projection (right). Dashed lines mark unit
cells of the two twin variants, while filled, empayd dashed spheres correspond to Te, Sb-
rich and Ge-rich sites, respectively.

1.4.4 Epitaxial interfaces

Epitaxial interfaces deserve special consideragione the final experimental subchapter
of this work deals with the observation of orienggdwth of GST on Si(111). An epitaxial
interface describes a planar defect between arstbsnaterial of fixed crystallographic
orientation and another single-crystalline layetterial above with a specific orientation
relation. Homoepitaxy occurs if both materials arfethe same composition, while
heteroepitaxy describes the case wherein substnatéayer are of different compositions.
Analogous to small angle grain boundaries and twingan be readily seen that two
adjacent crystal planes of different compositiond(@otentially different symmetry) can
form a CSL. The CSL is determined by the surfacemstruction of the substrate lattice.
Often in material pairings of identical interfacgrsnetry, the favoured configuration is a
direct continuation of the substrate lattice. Ithei case, the layer material is affected by



the misfit strain due to differences in lattice Gpg. The accommodation of this strain in
the thin film leads to the formation of misfit chshtions.

Epitaxial thin film growth can be divided into tlreategories. 2D Layer-by-layer growth
of closed films (Frank-van der Merwe), layer-bydaygrowth of separated crystallites and
subsequent coalescence (Volmer-Weber) and islaodtigron top of a wetting layer
(Stransky-Krastanov). While in-situ electron difftan experiments (RHEED) can yield
information on the growth behaviour close to inl teme***, each growth mode also leads
to characteristic grain structures and strain &fegsible in TEM. Frank-van-der-Merwe
growth typically results in very uniform strainedyérs with misfit dislocations, while
Volmer-Weber and Stransky-Krastanov growth are @ased with multiple domain walls,
oriented facets resulting in increased surface hnags, and strained or relaxed substrate
interfaces, respectively. The peculiarity of theWdayering in stable GST leads to a
situation wherein the favourable interface confadion is that of a VdW gap close to the
substrate. Due to the weak coupling across the tip CSL formation has a weaker
impact on the lattice orientation in the layer miale and a 10% lattice mismatch
Si(111)||GST(0001) of a straight continuation ag¢ tinterface possesses & CSL.
Domains in Volmer-Weber and Stransky-Krastanov ghowstructures can however
possess in-plane misorientations of multiple degré@e resulting epitaxial interfaces are
classed as Van-der-Waals or quasi Van-der-Waalsugpiwhen the layer material is
either a purely 2D-layered structure such as gneghé or a quasi-2D layered structure
such as Sies™¥ respectively. In contrast, the surface topograpsulting in misfit
strain parallel to the surface normal possessésoagsinfluence on defect formation (see
experimental results section 3.4). Epitaxial growtithe metastable phase is particularly
difficult. In order to increase surface mobilitypiexial thin film growth is enhanced by
elevated substrate temperatures. The material ftherecan often reach the stable
configuration or an intermediate defect-rich statthin the timeframe of the deposition
process. Nevertheless, for a set of parametergmisition temperatures close to 300 K,
epitaxial growth of cubic GST is possibté’

1.4.4 Voids and inclusions:

Lastly, clusters of vacancies or of foreign inatuss can be regarded as volumetric defects,
whose border is described by planar defects. Thacpkar relevance for GST can be
found when regarding phase mixtures. A ready examslthe volume fraction of
unmodified amorphous GST in a direct Joule heately Since the phase transformation
occurs along the current path, typically only arfilent of crystalline GST is formed within
the matrix. Thus, when attempting to reset thetoethe entirely amorphous state, both the
heat distribution in the conductive filament and gurrounding matrix has to be taken into
account. However, the only role volumetric defgatsy in this work can be found in the
formation of microvoids at the substrate interfafter extended annealing times, foreign
contaminants at grain boundaries, or phase mixtures



2. Instrumentation and methods

2.1 Preface

The following chapter deals with a description lod £xperimental methods used to obtain
the results of the electron microscopy study. Ashsit is prefaced with a short description
of the pulsed laser deposition (PLD) setup usdtienthin film production. Since the thin-
film characterization by X-ray diffraction (XRD) rtiedods and scanning electron
microscopy (SEM) formed the basis for a recentaitasion on the thin film deposition of
GST that accompanied the TEM atomic structure itiyatort*'®, these aspects can be
referred to therein for further details.

The cross-section lamella preparation by focusadomams is central to the acquisition of
high quality TEM data. While the ion-beam method T&M specimen preparation is in
widespread use, the inherent instability of thespghehange materials poses particular
challenges for the specimen preparation procedgv&# textbooks and publications on
fundamentals of electron microscopy can be refe@mehere applicabfe®?!

The main focus of this section lies on the higlehetson STEM imaging and evaluation
techniques by comparative image simulation usetthenatomic structure investigation of
disordered metastable and stable layered GSTithia.f

2.2 Thin film deposition by pulsed laser method

The pulsed laser deposition was carried out insdoon ultra-high vacuum chamber (see
Figure 2.1), operating at a base pressure of 4%ribar and a typical Ar auxiliary gas
flow of 1 sccm resulting in a final chamber pressaf 4 x 10 mbar during deposition.
The KrF excimer laser emitted 248 nm coherent lghfi60 mJ total output in a 20 ns
pulse, which was regulated down to 0.5 — 1 J/cnthertarget at 60° angle of incidence by
defocusing the beam. The stoichiometric sinteredSG&e; target possess an optical
absorption coefficient of facm™ in the utilized wavelength regime (UV), and defiosi
rates up to 250 nm/min were possible at 100 Hzladttm?2, although deposition rates for
crystalline growth were chosen significantly lowdrhe substrate heater mount was
calibrated by thermocouple measurements on vasobstrate materials (see REF),
however the effective surface temperatures durgmpsdition can be expected to be higher
than the nominal value due to surface heating fitwarplasma plume. This aspect is further
discussed in the relevant subchapter (3.4), arailgl@n specific parameters used as well
as pre- and post-deposition treatment steps aem dor each sample series.
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Fig. 2.1: A schematic view of the PLD process chanibr deposition of GST thin films.

2.3 Specimen preparation for TEM investigation

In order to resolve atomic structures in thin filmgh the best-possible resolution, special
care must be taken in the cross-sectional lamel&pgvatiod??. In particular, the
metastability of many of the structures investigatecessitates that the sample surface be
protected from high incident Gaon currents by either depositing a surface ptaiac
layer in the PLD, or (additionally) depositing tkibuffer layers of nanocrystalline Pt from
metal-organic precursor inside the FIB, while tbevkV Ar® thinning process is carried
out under constant liquid nitrogen cooling (-185.°C

The FIB cut was carried out in a Zeiss Auriga Cbessn Workstation FIB-SEM, using a
high-current Gaion beam at 30 kV for cutting and at 5 kV for jrehary thinning at
shallow angles (= 0.5 - 1.5°) down to a foil thieks of approximately 100 nm. The low-
kV Ar” ion thinning was carried out on a Fishione Nanbreéch step consisting of 900
eV thinning and subsequently polishing at 300 — &00at 10° glancing angle from both
sides for 10 - 30 minutes each. The local thickneas then measured by energy-loss
filtered imaging (EFTEM) thickness mapping using tlog-ratio methdd®® and, if
required, the low-kV thinning repeated at adjugiachmeters.

The implantation of ions and recoil displacemendégé e summarized in the mean
displacements per atom (DPA), calculated by MoraeeC simulation (SRING®Y). In

Figure 2.2 it can be readily seen that at low emergnd glancing angles, the DPA start out
lower and rapidly fall off, with the significantlynpacted zone ranging from 20 nm for
30 keV gallium ions at 1°, and even more at 908dtiincidence, to less than 2 nm for 300
eV argon ions at 10°. At bold angles to the surfaogh-energy ions can penetrate the top



layer and recoil cascades are projected forwardhab the DPA curves, and thus the
damage to crystalline structures, peak deeperangié sample. Further details on the
preparation procedure and possible ion-beam atteéam be found in Ref?? as well as
Appendix B.
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Fig. 2.2: Displacements per atom vs. depth fromstiméace for gallium and argon ions at
various angles and energies, calculated from 50@@ident ions for each set of
parameters.

2.5 STEM imaging and simulation

When describing the signal interpretation in agraission electron microscope, the effects
to consider can be divided into two larger subaatieg, the interaction of the electron
beam with the thin sample object, and the modulasind detection of the electron beam
by the instrument. The electron — solid interaciiltermines the information encoded in
the electrons and secondary particles exiting &mepte. STEM images can be constructed
from mass-thickness, diffraction and phase contrsistilar to the image formation in
bright field (BF), diffraction contrast (DF) andghi resolution (HRTEM) imaging, when
collecting coherent directly transmitted and/or Braagle Bragg scattered electrons. A
major advantage of STEM over TEM (alternatively wemtional TEM or CTEM) is the
ability to construct images from incoherent scattginto high angles. The image contrast
in incoherent imaging largely depends on the atomimber Z, with reported ranging
from 1.5 — 2 but for the chosen experimental séyppcally lying close to 1.8. However,
for a quantitative view of the STEM information,laxge number of possible scattering
contributions have to be taken into account, angs thumerical models are used for
computational image simulations in order to compae STEM images to ideal model
configurations. Instrument factors for a precisscd@tion of the probe forming system



include the source size and energy spread inhévethe electron source, lens aberrations
and the correction thereof, as well as detectoratheristics such as linearity regime and
noise. Furthermore the variable experimental patarmenclude beam forming apertures,
lens defocus, objective aperture, parallel or cogemt illumination determined by the
condenser lenses and choice of camera length iordpection system.

The other strength of STEM lies in the ability nstruct images from analytical detector
data by sequential acquisition of EDX, EELS or $amiinformation. The drawback
however is that in order to acquire sufficient ¢pescopic data, long measurement times
can be necessary, which increase the electron bdeamge to the sample. While for pure
imaging purposes, electron beam damage in STEMgarded as equal or less than in
HRTEM, the high doses focused on a small area sapgdor analytical STEM lead to
sample heating, knock-on damage, contaminatiorebeudron beam evaporation.

It is typically assumed to be useful to relatetitkam path and subsequent image formation
in STEM to the image formation in classical TBM. The principle of reciprocity (Figure
2.3) illustrates that bright field (BF-) STEM imagi can be considered the inverse
geometry of HRTEM imaging. In the latter the comnslembeam forming apertures and
coils aim to create a coherent parallel beam fromitlealized point source so that the
electron wave exiting the sample is a plane wavechvis subsequently focused into the
diffraction plane. In this case, the objective amer determines the range of scattering
vectors that interfere to form the high-resolutiotage on the image plane of the screen or
CCD array.

In contrast, the STEM beam forming optics aim teu® the incident beam into a
demagnified image of the source onto the sample.rdhge of scattering vectors used for
image formation is then not solely determined byaparture, but by the size and position
of the detector plate (controlled by its physicahensions and the camera length of the
projection system) as well as the convergence afgiee incident probe. Effectively, one
position in the image plane of conventional TEMresponds to the demagnified electron
source on one sample position in BF-STEM, atterubtethe phase and amplitude shifts
along the beam path within the sample. The entigge plane in STEM is then formed by
scanning the electron probe over the sample aré@és @lso highlights the central
difference between the two imaging modes. While #feve described similarity is
especially useful for a detector within the beans awllecting a small range of scattering
angles around the transmitted beam that is donmdnbte coherent contributions (BF-
STEM), the introduction of annular plate detectarsSTEM also allows for image
formation only from selected higher scattering asg{annular dark field or ADF). In
HRTEM this would require a disc-shaped objectiverape excluding the zero-order Laue
zone (ZOLZ) from the image formation. The closastilsr method in TEM may be the
hollow cone illumination techniques in which aedt beam is transmitted through the
sample and the objective aperture is used to egdhel zero bea?®.



Particularly complicating factors in the descriptiof STEM image formation and TEM
analytics are the inelastic information also cd#élcby the kinetic energy-insensitive
detectors as well as the contrast reversal proleoaoherent electron interference. Since
the phase shifts that coherently scattered elextrexperience are Zperiodic, and
furthermore multiple scattering has to be takew @atcount for samples of any realistic
thickness (i.e. dynamical scattering théfy'?®), the interference in the overlap regions
of the diffraction discs in convergent illuminatiocan result in constructive or destructive
interference when measuring the complex modulusheftotal electron wave from an
atomic column, collected on the detector plate. 4@ low-angle ADF images thus can
exhibit contrast reversals with changing thickness] the total scattering intensity is an
amalgam of partial coherence effects (source simt stability, detector geometry),
crystalline symmetry, structure factor, atomic smatg amplitude and local sample
thickness as well as non-uniformity. The currenvedeoment of segmented and/or
pixelated STEM detectors promises to open up aeclasilization of the low-angle
scattering distribution. Reports on the utilizatioh azimuthal resolution in STEM
detector$®® in order to detect defect strain fields, electstfields in p-n junctions and
even atomic ionicities by means of differential haontrast STEM *? illustrate that
the development of novel STEM methods is far franatuded.

Inelastic losses are less sensitive to the calleciingle than the elastically scattered
electrons. The transfer of momentum to excitationcesses in the sample such as
phonons, plasmons, ionization events and valenod bacitations results in a continuous
distribution across the angular region of ineladlycscattered electrons, peaked in forward
direction. These form a diffuse background overtamadhe elastic Rutherford-scattered and
transmitted signal. While for low collection anglasd thin objects coherent elastic
forward single-scattering dominates the total scatty intensity, exclusion of the ZOLZ in
ADF geometry leads to a marked increase in thehemt inelastic portion of the
collected signal. In the context of the presentkyame particularly important case of
inelastic scattering is the thermal diffuse scaite(TDS) by very low energy electron -
phonon interactions. These are the main contrisutorthe Kikuchi bands formed by
diffuse multiple scattering and partial coherentevas even shown that experimentally
observed side-bands perpendicular to the main Kiklioes require correlated TDS
phonons between nearest neighbouring &GthsTDS contributions to the ADF intensity
at a given radial scattering angle are thus natedyntinsensitive to the azimuthal position
on the detector, nor completely independent oftligstalline orientation. The second point
also refers to the enhanced incoherent scatteesigitmg from the channelling of 1s Bloch
states when the electron probe is located atop tami@ column in a low-index
orientatioft3* 13

Nevertheless, when detecting the azimuthal sumDf Tontributions from a large range
of scattering vectors on a circular high-angle tecatg detector (HAADF), these are
known to scale well with the average local atomignber and, as noted before, indeed
dominate the high-angle scattering intensity sd thairect comparison between image



intensity and chemical composition becomes pod&ibIE” This is a central point for the
work presented, since it allows a comparison betwdeemical composition in the mixed
Ge/Sb/v sublattice of GST and the measured asasedimulated local image intensity in
HAADF-STEM. Before this is discussed in furtheralehowever, it is necessary to take a
step back and consider the very basic formalislSTHEM image formation, information
transfer and instrument parameters.

In the following sections, the probe-forming systamd image formation in STEM are
summarized based on the wave-optics descriptioNdlljst and Pennycodk”, followed
by an overview of the different simulation approegho annular dark field (ADF) and
high-angle annular dark field (HAADF) imaging. Tdescription of the semi-quantitative
comparison between experimental and simulated HAADEM images from FFT
multislice simulations based on the algorithm aofveare developed by Ishizuk®! is
included in the chapter discussing the experimeptallts (see section 3.4).

CTEM STEM

Collection angle of

Condenser aperture STEM detector(s)

Sample

Objective lens Objective lens

Objective aperture Probe limiting

aperture

Probe forming optics

Projection optics and screen and electron source

Fig. 2.3: The principle of reciprocity between theam path in classical TEM and STEM.

2.5.1 STEM beam optics

The first step in order to describe the image fdiomain STEM is the mathematical
construction of the probe forming optics. A coheriertident electron wave at the front
focal plane is described by the lens transmissimctfon T(K):

W XW FYZ[4\] W (2.1)



Here, the variable K is the transverse wave vedtative to the optical axis, A(K) the
aperture function of the objective aperture, i.6K)A= 1 for 0<=K<=Knax and 0 elsewhere,
and ] (K) the lens aberration function describing the gghahift induced by the lens
imperfections. Often, the transverse wave vectorisKsubstituted by the range of
convergence angles of electrons collected by thectbe lens, ="K where” is the
relativistic wavelength of the electrons:

a

N - —
" b? %a 2 (2.2)

Here, h denotes Planck’s constant, ¢ the vacuumdspklight, E the acceleration voltage
and m the resting mass of the electron. The shape ofatigssed electron probe P(R) on
the sample is then the inverse Fourier transforafel.:

cd 8 WYZ\:Wed &V (2.3)

where R is the position vector on the sample sarfabe influence of the(K) aberration
function cannot be overstated. The principles ettbn lens aberrations and theoretical
development of their correction were describedhm 1940s and 1970s, respectively, by
Scherzét*® % and Ros&*, although the technical implementation and comiakrc
availability were only achieved much more recéitfy Even modern round
electromagnetic lenses engineered specificallynrfmroscope columns invariably change
the shape of the electron beam and thus may retheeachievable resolution. The
contributions can be divided into the sphericalredi®n (Cs) and the chromatic aberration
(Cc). In the case of the spherical aberration, ¢hextron wave passing at different
distances from the optical axis is deflected byltbeentz force to varying degrees that do
not result in a perfect focal point. Rather, thtoseeling further away are deflected more
strongly than those closer to the beam axis (pes(@s), which results in optimal contrast
transfer of spatial frequencies at underfocus dandi (Scherzer focus in HRTEM?).
The chromatic aberration describes the deviatiorthef focal plane depending on the
electron wavelength, as electrons of different giesrare not deflected into a single focus
crossover. The Schottky-emitter type X-FEG usedhis work achieves a best primary
beam energy distribution of about 0.8 eV, when messfrom the primary peak width in
the post-column magnetic sector energy filter (EEL&struments equipped with
monochromators are able to reduce this value dowhit to 0.2 e#** %! Both types of
lens aberrations can be corrected by rather castlyipole correctors positioned before or
after objective lens and sample for probe and imemeection, respectively, with the
chromatic aberration correction being at the fanefiof the latest developmefit§ 247!

When only a small range of K close to the opticeils aneeds to be considered, and
assuming the probe forming lenses to be rotatipralmmetric, the aberration function
describes a phase error of the converging elesti@re in reference to the ideal focusing
wave path:



] = f (2.4)
The f in this term encompasses the absolute deviatibrtheo electron beam through
aberrations, depending on position (distance frben dptical axis) and angle. Since the
sample is situated close to the optical axis oniguéar deviations need to be considered,
andf can be expressed as an even power series of¢h@in coefficients:

] —g-h ' gh I —h "™ no (2.5)
The coefficients Care referred to as the aberration coefficientstbforder, where —C=

f is the defocus value ang; € Csthe third-order spherical aberration is often giasnan
overall indicator of the lens aberrations, sincaimtorrected instruments the lower order
aberrations dominate the contrast transfer (ScHerzheorem).

The description of the lens aberrations is furtb@mplicated by the treatment of higher-
order aberrations. In order to correct the sphkalbarration from a round lens, the beam is
deflected through a series of multipoles, whichanmably introduce aberrations that are not
ideal spherical but rather possess a rotationahsstny of a certain order, i.e. 3-fold, 4-
fold, 5-fold symmetric etc, and hence odd powers oheed to be included. Such
aberrations may also arise from non-round impadastin the lenses, commonly grouped
under condenser astigmatism. In order to deschiésetin the aberration functioncan be
rewritten as a complex angle= ( yx+i ), where , and , are karthesian directions of
angular deviation from the ideal spherical wave.e//describing an aberration of a certain
order n, " can then be expressed asHi ,)" = " exp(in), i.e. in terms of polar and
azimuthal angular deviation. The general expression of therration function is

therf*8:
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The sum and coefficients,run over n =1,2,3,... and m = 0,2,4,...,n+1 for odor m =

1,3,5,...,n+1 for even n. For ease of interpretatitwe, aberration coefficients are often

rewritten and grouped according to their axial sygtrjnas G = G, o the defocus (n=1) and

n-th order spherical aberration (n odd), A G,n+1 the (n+1)-fold astigmatism, \B=

Cn2)+1,m2) the n-th order axial coma (n even), with highetesraberrations expanding to

star-aberration, three-lobe aberration, rosetteratien and more.

While the treatment of lens aberrations may thusadgtrarily complex, in practice during
the experiments presented in this work, the Csector was used to manually correct up
to third-order aberrations until;&nd A were less than 2 nmBnd A less than 50 nm,
Sz (third-order star aberration) ands @&ss than 500 nm, while thes @arameter was
adjusted by the manufacturer to about 46@ This was done using the provided DCORR
software, which records tilt-series plateaus freemdomly oriented nanocrystalline or



amorphous structures at under- and overfocus dgondiin order to estimate the residual
aberration$*®. The ultimately achievable resolution of the STHbam optics is
determined by a trade-off between diffraction linsburce size, spherical aberration and
chromatic aberration (see Figure 2.4, from R&¥).
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Fig. 2.4: STEM resolution limits to probe size, degding on probe-forming semiangle.
Incoherent source size = 50 pm, C3 = Cc = 1 miB,= 1 eV, i = 200 kV. Figure
reproduced from Ref°.

The process of Fraunhofer diffraction at a circiperture such as the objective aperture
in STEM results in an Airy disc type focused pattesith a strong primary maximum and
multiple weaker diffraction rings. The shape of thiensity distribution is described by the
first order Bessel function of the first type, ahe radius of the central maximum can be
written as:

fyw k — (2.7)

This gives a direct measure for the Rayleigh aateri.e. the minimum separation of two
points in the focal plane that can be resolvechd tonvolution of both points with the
point spread function (PSF) results in an overlaghe peak maximum of one point with
the first minimum of the other. The source sizeergfnot to the physical size of the
luminescent tip of the electron emitter, but ratteethe effective size of said emitter on the
sample. Since scanning imaging and spectroscopyreeg certain probe current in order



to produce a signal, a limiting factor for the nmim effective source size is the gun
brightness. For a high-brightness X-FEG Schottlpetiield emitter of the kind used in the
Titan3 instrument, the gun lens and first conderagearture limit the geometrical source
spot so that only the central bright plateau isspdsnto the electron beam. The effective
source radius is thus a function of the desired@rourrent I, brightness of the source B
and probe convergence semiangie

& w2 ZW (2.8)

The microscope specifications were measured tabg 80 A/m2sradV brightness at 7.14
nA beam current and 7.8 x 1@/m2sradV at 5.48 nA, using a #m C2 aperture and
parallel illumination. At typical experimental setys the beam current was limited to 100
pA or below for high-resolution work, and a rougtimate for the brightness would be the
linear approximation 5.227 x {@/mz2sradV at 25 mrad convergence semi-angle fioen t
70 mm C2 aperture. The corresponding geometric soureecan (not very accurately) be
estimated to be small (60 pm), yet gives a lowanritlifor the ultimately attainable
resolution. The effect of the finite source sizstidbution S(RY*®! on the probe function
P(R) can be described as a convolution with thensity distribution of the electron probe
(i.e. the absolute squared of the complex eleatrave function):

cFd <d¥} ~d (2.9)

It thus results in an incoherent blurring of theatlon probe, and hence even BF-STEM
imaging of a theoretical ideal sample at OK canydm considered partially coherent.
Finally, in order to include the influence of thiereamatic aberration, the effective probe
function P*(R) needs to be further modified. Therarhatic aberration coefficient .C
indicates the defocus spreadC;o along the beam direction due to a finite energy
distribution around the acceleration voltage:
1?
1h, h o (2.10)

The energy spread of the primary beam is in a &pgiroximation Gaussian, as can be
verified by recording the zero beam through the §Edpectrometer. In practice it is
sufficient to replace the nominal defocus (Cby the incremental effective defocus
hy, fh , h , h f??, in the aberration functioh( ,E). As a result, the probe
intensity distribution can be weighted by the (Gaas) shape of the energy distribution,
D(E, Eo):

€
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#e
The integration over the entire energy range inptlesence of Cthus results in a blurring
of the electron probe both in lateral direction @Rl along the beam axis i.ez.



It has been shown that, for a fixed @&nd G, as is the case in the Titan® instrument
(Cs=0.4mm, G = 1.6 mm), the illumination semiangle and defocas be optimized for
either G or G by allowing a maximum phase shift o within the radius of the beam
forming aperture, and a minimum of 75% beam intgrisi the primary pedi® ***! and
the resulting numerical estimates are:

0oz Flwk wte ho4s Lwa kew (2.12,2.13)
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For comparison, the criteria for Scherzer condgioha G-limited probe at 500 nm {are
h 4 b*yw -1 nm and ; b9 a wk %-t&, i.e. at the recommended

corrector settingscs  cs, Yet the resolution limiting factors arg &hd E.

If one assumes aE of 1.1 eV (as is the maximal acceptable energithwior the Titan3
instrument used), the optimat. is reduced to 22 mrad. The experimentally chosen lens
settings result in a convergence angle of 25 moadhfe intermediate 70m condenser
aperture, which thus matches the optimal value&Cfaguite well. The choice of the 50n
condenser aperture then results in 20 mrad halWergence angle at the same lens
settings, reducing the diffuse contribution fromf@ther, assuming an energy distribution
slightly broader than the initially measured 0.8 @&wile sacrificing some intensity in the
primary peak. Meanwhile, the diffraction limitirig defined above measures 46 pm for 25
mrad and 60 pm for 20 mrad, and an even smallerexgence semiangle is not advisable
in order to preserve sub-angstrom resolution. laciiece, the aberrations, column
adjustments and, to a much lesser degree, souaraatéristics are not constant between
multiple days and multiple measurements, and itleasufficient to verify the resolution
of the microscope after adjustment by recordingedi-klnown single-crystalline sample.
Often, single crystal silicon substrates are rgadiVailable, and by measuring the
maximum spatial frequencies in the Fourier tramafmt image it was regularly verified
that a point resolution of at least 70 pm (i.e. Heparation of atoms in the silicon
dumbbells oV zone axis orientation) was reached.

2.5.2 STEM image formation

In order to create an image from the focused eladieam, the probe is scanned across the
sample (B R-Ry), and the detector situated in the diffractionnglaof a convergent
beam diffraction pattern records all electronstecatl into a specific range of transverse
wave vectors. In a very rough first approach ineliwith the weak phase object
approximation (WPOA), the sample can be treatedaathin (i.e. non-absorbing),



multiplicative (single-scattering) linear transmiss function (R). The wave exiting the
sample at position Rgan then be written as:

Z d d! chd4 d! e d (215)

The wave in the diffraction plane at transversaltteting vector Kis then the Fourier
transformed of above. The multiplication of transsmn function and probe in the exit
plane becomes a convolution in the diffraction plan

*K\d,C 8¢ W4 WcFd &w (2.16)

Since the effective probe function was well-defirsdabve, the further treatment of STEM
contrast formation need only be concerned withdleetron beam — sample interaction
encoded in the transmission function of the objidts, however, also important to first
highlight the distinction between coherent and herent image formation. STEM
detectors will effectively detect only the inteysdf the wave on the detector plate, the
magnitude squarelepx\We ‘*W @'U integrated over the range of the detector aperture
function (defined similarly to the objective apedw@above).

Since the detector is a physical object with imgetibns, the detector function is not a
clean top-hat function. Rather, when discussingatige-resolved distribution of scattered
electrons, it needs to be weighted by the meadod detector sensitivity vs. scattering
angle, and all experimental measurements need takiee within the linear regime of the
detector response.

If the detected wave is a coherent interferencéepatof multiple scattered waves the
image intensity will be dominated by the phase i@stf i.e. the phase relation between the
interfering waves. In order for two scattered wafresn neighbouring atoms to interfere
on the STEM detector, however, there needs to exssherent phase relationship between
the scattered waves. The interatomic spacing need® much smaller than the lateral
coherence length. For this reason, the detectortuapefunction is said to impose a
coherence envelope on the wave exiting the sampie lateral coherence length

1 xk —L 18185 4 wynical criterion for coherent or incohergnaging, where max

is the largest acceptance angle of a circular péderture, or the smallest (inner)
acceptance angle of an annular plate aperture.ighénarkably similar to the diffraction
limit given in 2.7. Both formulations describe anmerical estimate of the value of the first
order Bessel function of first kindfJat a transversal length specified by the acceptan
angle. The numerical coefficient 0.61 describespete incoherence at the first zero gf J

while the criterion for the coefficient of 0.16 artial coherence with a maximum
deviation of 0.88, meaning that the partial coheeenparameter containing; J

in Ref. "®(chapter 10) has fallen off to 88% of unity. Thiasshsome important

implications:



The finite size effect of aperture and source mehascoherent imaging is only ever
partially coherent Phase changes of waves inside the coherencehlangtadditive,
and the projected intensity at id coherent imaging is thus:

‘o \%‘L ‘o \% } CF\%IL/\(\% .C— (217)
ADF imaging with large inner collection angles isegominantlyincoherent even
though so far all electrons considered are eldbtisaattered. The projected intensity
is then the convolution of intensities of probe agect transfer function:

el e kT )RR A eV — o (2.18)

Spatial coherence depending on collection angldlates as the higher order local
maxima of J enter the aperture. The rule of thumb is thus that< 0.16 for
coherent imaging (bright field BF), omax>> 0.16 for incoherent imaging (annular
dark field ADF). At the here typically chosen expegntal parameters (camera length
CL =73 mm, =25 mrad), only the inner 4 mrad of the BF dete¢ - 43.3 mrad)
collect almost exclusively coherent information,iethwill nevertheless dominate the
total intensity. The smallest dark field detectoF2Dcovering 10.1 — 105.3 mrad
however still collects some partially coherent mifation, while the DF4 detector
(19.1 — 106.5 mrad) and the high angle annular flalt (HAADF, 80 - 200 mrad)
detectors collect mostly incoherent informatiomc®i BF, DF2 and DF4 are mounted
in series, simultaneous usage results in shadowfirige smaller outer angles by the
larger inner ones, it is possible to record imaffesn 10.1 — 19.1 mrad on DF2
(DF2 + DF4), and this range is also referred tarasular bright field (ABF), while the
DF4 detector signal results in medium-angle ADF D) imaging. MAADF allows
for enhanced image contrast of light elements, iartdus useful for the investigation
of mixed light and heavy element materials suctGasi**®. In this work, the focus
lies on the HAADF image information since with tkreowledge of the probe shape it
is directly interpretable in terms of intercolumistdnces at any sample thickness, and
scattering intensities can be correlated to chdromaposition.

2.5.3 Calculating scattering intensities in theoimerent regime

Incoherent imaging possesses some inherent adesntagr one, the attainable resolution
is doubled (Rayleigh criterion). Additionally, sexao phase reversals are present that
could result in an inversion of image contrastitesy do in BF imaging, the images are
much more readily interpretable over a range of pamnthicknesses. A popular
approximation for the image intensity dependingagarage atomic number of a column in
zone axis isdpr  Z2, which stems from the understanding that tbhenat scattering cross-
section for Rutherford scattering into a givendalngle scales with the square modulus of
the atomic scattering factor, which itself contathe atomic number Z. The commonly



used expression of the elastic atomic scatteringpfdor fast electrons at large angles is
the well-known Mott formula:
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e — 2.19
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Here, () is the elastic scattering cross-sectionthe scattering solid anglé; ) the
atomic scattering factor,,@ohr's atomic radius, Z the atomic number (the hamof
Protons in the core, since Rutherford scatterirgescwith the product :Z,e2? of the
charge of both particles, but the current constt®ra concern electron scattering =Z-1)
andfy( ) the x-ray scattering factor. In order to gainuamfitative understanding of the
scattered intensity at high angles, matters areqoié as straight-forward. For one, the
elastic scattering contribution needs to be expariden the WPOA to include dynamical
multiple scattering. The samples investigated ia Work are purposefully prepared to a
foil thickness of about 35 nm. This serves to redudluences from preparation artefacts
as well as electron beam damage, but in additiomesithe incoherent contributions into
the regime of linear thickness dependence as witlibcussed further below.

If dynamical scattering is to be taken into accouht linear approximation used in
equation 2.15 is no longer strictly valid. Elastimamical scattering from a lattice of point
scattering centres can be described in the Blochewaodel®¥. Here, the scattering
amplitude from a thick sample is given by the cdation of the instrument transmission
function with the sum over Bloch states describ&igenstates of the electron wave
function inside the sample, which themselves canspkt into individual Fourier
components. Since, as introduced above, the detiettoduces a coherence envelope the
resulting signal is still mostly incoherent, anck timcident wave excites sharply peaked
1s Bloch states when placed along the atomic catuleading to enhanced channelling
contrast.

In the next step, the idealized point lattice needse replaced by a realistic expression for
the crystal scattering potential that includes betastic and inelastic processes. The
inelastic background due to plasmon and core-eimitdosses is typically disregarded in
the calculation of high-angle scattering intensitiand the focus lies on the much larger
inelastic contributions from strongly localized plom excitations, i.e. the thermally diffuse
scattering TDS. The energy loss due to TDS phoriessin the range of 0.2 eV, and
therefore below the energy width of an un-monoclatet primary beam. As a
consequence, the inelasticity of the interactionoften disregarded, and only the
incoherence in regards to single and multiple sdaty is discussed when considering
STEM image formation. In order to do so, the tstttering potential is constructed from
a superposition of the individual atomic potentialhich themselves are split into a real
(elastic) and imaginary (absorptive) component.ddethis approach is also referred to as



the “absorptive potential approach”. An excellestiew of elastic and inelastic scattering
form factors can be found in REE?,

The method chosen for the calculation of high-arsgattering intensities in the here
presented work was the FFT multislice formalismedeped by Ishizuk&®. It follows the
absorptive potential approach, wherein the complbject scattering potential(R) in
equation 2.15 is constructed from the inverse Eoutransformation of the Fourier
components Y, with g being the reciprocal periodicities in togstal (unit cell) i.e. the
vectors of the reciprocal lattice:

+d @0 - (2.21)

Ishizuka constructs the Fourier componengsregm a summation over the complex atomic
scattering form factors in the unit cell:
L Z
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Here, m denotes the electron mass at resthe unit cell volume, the sum runs over the
atom positions i in the unit cell, Y | is the complex scattering form factor of atom i
with a real (elastic) and imaginary (absorptivejnponent’, = , \" , , s the scattering
parameter witly +¢  of the corresponding Bragg reflection, anthe mean position of
atom i in the unit cell. The expressi¥[ 4|Y / is often referred to as the Deby-Waller
factor, which with the thermal displacement fadBors central to the discussion of TDS.
The nomenclature here is often shortened to deBotw Bg, (for isotropic thermal
displacements) as the Debye-Waller factor itsaic& the real paft, is the elastic form
factor, and the summation in 2.21 runs over allg@rdbeams, with the phase factor
YZ[ 4 \+e- , this formulation thus includes the incoherencetigbution from TDS to
the elastic scattering. Ishizuka notes that his@pmation neglects spatial resolution of
further scattered TDS electrons, which accountsherformation of the Kikuchi lines, but
argues that the influence is neglible since ondyititegrated intensity of the entire detector
over a large angular range is of interest for tAeABF-STEM intensity. The temperature
factor B is calculated from the mean square (tiveraged) amplitude (displacement) of
the thermal vibrations:

| i/l (2.23)

In a first approximation these are usually assurtede isotropic and independent
(Einstein Model), which as has been already meatids not necessarily the real case. In
particular, X-ray diffraction and absorption stul{&XAFS) often fit measured data points
to numerical parameters fogdat different model symmetry sites, regardlessoolupancy

on mixed sites and nearest neighbour interactibogthermore, materials may undergo
phonon mode softening as the experiment transittbesDebye temperature, and the
temperature dependence of B is thus not straigitdia over the entire range. The mean-
square displacements can, in principle, be extiattan the phonon dispersion, which can
be measured by analytical fitting to inelastic X-ma neutron scattering data, or calculated



by ab-initio approaches. Pdh§ gives an example for an expression from isotropic
thermal vibrations in a cubic lattice:
Z ¢ % L Z¥;3¢
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Here, the double sum runs over all harmonic phorjoasd lattice sites m of atomic
species k. The;n denotes the frequency of the phonon mode, e(hietgenvector, M
the mass of atom type k and the Bose-Einstein occupation factor (i.e. the terafure
dependence). A more general way to determine aofsot thermal displacement
parameters for ADF-STEM simulation was shown by Istukt. al.** *" however it
requires prior knowledge of the full dynamical nmatnd therefore of all force constants
between neighbouring sites. As available computatigpower and model algorithms
improve, it may become desirable in the future @éofgom ab-initio DFT calculations of
dynamical lattice parameters for each individuaitida model proposed. Software
solutions such as the Greene-function based FEKe @e becoming increasingly
accessible, and are already in use as well-knowis for e.g. EELS edge and EXAFS data
simulation (and some attempts were made in theseoaf this work to calculate EELS
edges for various arrangements of GST225, althdlglpreliminary results indicated that
differences were below the energy resolution thokeBh However, the proper
representation of sublattice disorder presents gaifsiant hurdle in applying these
principles to GST alloys. Recent reports on the wfl the local chemical environment in
the phase-change mecharifh highlight the importance of the local symmetry
arrangements.

- (2.24)

While this topic certainly warrants further invegtiion, one consequence of note that was
also observed in the present work is that locéickstrain due to extended defect sites can
result in a change in TDS intenst®y % It may be possible to draw an analogy here
between strained bonds and a reduced effectivéattgsnperature, so that if one were to
resolve the temperature dependence of the Deby&eifattors for each site in the lattice
(in a first approach in the harmonic approximatjar)e could relate this to the strain field
in the lattice. This approach is however limitedtsusefulness to HAADF contrast if the
defect site additionally results in a strong tilttlee lattice columns out of zone axis for the
electron beam, and such considerations are |éfittoe research efforts.

For the purposes of correlating STEM image contrgish GST compositions in the
experiments shown here, it is thus necessary §preglard quantitatively sections of lattice
images that are well removed from defect sitesceSithe layered structures of trigonal
GST generally are assumed to possess weak cowgalings the vacancy layers (therefore
also referred to as Van-der-Waals gaps), defeetsdb not result in a strong distortion
along the c-axis direction (i.e. do not cross theancy gap) do not influence a large area
around the defect centre. However, as will becow@eat in the presentation of textured
and epitaxial thin films in chapter 3.4, defectodder in trigonal GST is most prominent in
the local stacking of [0001] planes and the trams# thereof, and often the judgement of



whether a subsection of a lattice image is far ghaemoved from the defect in order to
be compared to equilibrium models is somewhat stibg

The elastic scattering form factor in the real comgnt of fin 2.22 can be extracted from
tabulated values for known compounds or calculfi@u an analytical expression e.g. by
Doyle and Turnét®®. However, this analytical expression is inaccuedtéhe high spatial
frequencies (s > 2 A corresponding to large scattering angles. Thehauethosen here
for the selection of elastic form factors in highgée TDS is the numerical expression from
Ref. *®1 which fits the model up to 6 Aand focuses on modelling the asymptotic
behaviour for large s more closely than Doyle anchér:

n
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The fitting parameters jAare constrained as laid out by Weickenmeier antl lkod B
inserted as tabulated therein. This evaluationei$opmed automatically in the xHREM
software implementation of Ishizuka, and elastiofdactors are thus not explicitly shown
further.

The absorptive form factor contained in the imagmeomponent of;fin the absorptive
potential is then calculated from the elastic fdaotor 2.25 and the Debye Waller factor
following Ref.!**?, i.e. for a Fourier component of the absorptiveeptial corresponding
to a Bragg-scattering vector s = g, the elastimféactor is attenuated by the continuous
spread into all scattering vectors s” due to dédftisermal scattering, scaling with the
Debye-Waller factor and the path difference betweand s’
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In addition to the previously introduced notatiohste v denotes the relativistic velocity of
the electrons. The high-angle scattering absorgtitential V' from TDS is evaluated by
performing the integration of the absorptive fotbr over the detector area for all Bragg

. . / . . .
beams i.e. oveY °© + 7 ° 2q0FB ° e AcprB Using the small-angle approximation.

2" ~

R T (2.27)

With the detector size giving the integration rang2.26:

%20, (2.28)
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The integrated TDS intensity on the detector isittitee magnitude squared of the wave
exiting the sample of thickness integrated over the lateral range R when the giisb
positioned at R which can be equated to the loss of electrons fitte incident beam due

to TDS over the entire sample thickness. In thetislige approach the sample is



segmented into n thin additive slices along thenbdaection, and the TDS intensity after
n slices is given by:

q
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Here,Z;d ande; d are the complex incident electron wave functiod grojected
absorptive high angle scattering potential aftesliges in real-space, respectively. The
distinct advantage of this method is that, sincestmoalculations can occur in Fourier
space, the fast Fourier transform algorithm (FFTapplicable and simulations of large
supercells can be done relatively quickly. It isviewer necessary to perform these for each
new configuration of the lattice one wants to corep@ experimental data. Furthermore,
calculating and storing simulated images for aalpytr(within intervals) thickness values is
impractical, and for a comparatively small numbesamples it is sufficient to calculate
simulated images at experimentally measured thede® and compositions, each time
anew. Of note regarding the Ishizuka approach as, tim addition to ignoring multiple
scattering of TDS electrons as mentioned above,ctileulated high—angle scattering
intensity for small thicknesses < 10 nm stronglgilttes. An example of a simulated
image from a GST model structure is given in th&trsection, while the comparison
between experimental results and simulations isvehan in the results section(s).

2.5.4 Other approaches to image simulation

While other methods for STEM image simulation widit be discussed comprehensively,
it is necessary to mention the two major alterratipproaches to the FFT-multislice (MS)
method, the Bloch-wave method and the frozen phoapproach. A comparative
discussion of the three methods has been givengoyref.**¥, and although there remain
issues to be resolved especially regarding coroelaif thermal vibrations, validity of the
local approximatiot®* **® as well as modelling of incoherent and inelastickyround
signals, each method has been successfully applige quantitative reproduction of ADF
images for appropriate case stullf88® The FFT-multislice method occupies somewhat
of a middle ground in the approaches to ADF imagriation.

In the Bloch-wave method, the wave function of theident electron wave inside the
periodic crystal potential is described by a supsitpn of three-dimensional Bloch-wave
eigenstates within a unit cell, which is then regled along the sample thickné¥% The

incoherence contribution from TDS is included bg thrmulation of an optical absorptive
potential, in a manner identical to the one desdtiim the previous section, which is then
included in the excitation amplitudes in what i¢ereed to as the mixed dynamic form
factors (MDFF) by Ref*®3, Solving the eigenstate equations for Bloch statemiires

strict periodic boundary conditions. The Bloch-wawethod yields good results for the



bright-field regime and intermediate angles, wiiile purely analytical matrix calculations
can be performed very quickly for periodic unitlseThe frozen phonon (FP) approach on
the other hand relies on the multislice propagatibthe wave through a crystal potential,
similarly to the FFT-MS method. However rather tltgiining an absorptive potential, in
the FP method it is argued that, due to the higérges of the incident electrons, the
interaction time for a single scattering processiigh shorter than the vibration period of
a thermal oscillatioh™. It follows that each electron effectively seedyom snapshot in
time of the lattice configuration, where each atsmrandomly displaced from its mean
position. The probability for a specific displacerhesector is given by the standard
deviation of atomic positions <u>, which can beidsd from the Debye-Waller factor. In
what can be regarded as a Monte-Carlo approachafaumber of possible phonon
configurations of the lattice with random displa&as the elastic wave is then propagated
through a multislice stack, and the results of ipldtcalculations incoherently averaged.
This method is able to reproduce TDS scatteringy wegll, and no distinction is made
between elastic scattering and absorptive TDS. fs®lution in reciprocal space is
preserved, and it is thus able to accurately ptatlinamical scattering of TDS electrons.
Consequently the Kikuchi features can be resolvidte drawback of the method, in
addition to the unknowns regarding accuracy ofttregmal displacement model already
mentioned, is that phase gratings between slicesotde reused and, also since a number
of iterations are required to generate randomntss, computation time required is
significantly increased.

Since the FFT-MS method is able to predict thel emt@ount of high-angle scattering from
typical sample thicknesses reasonably well withie limitations of the models, the large
majority of simulation results used in this workreereated with the xHREM software.
For selected cases, fast Bloch-wave calculatione werformed using the STEM-SIM
softwaré ™!, or detailed frozen phonon calculations usingGEVIPUTEM code provided
in Ref.!18]

2.5.5 Examples of simulated STEM image intensities

As mentioned before, the best match between sietlI8TEM images and experimental
results is found when each set of experimentalmpeaters (microscope conditions) and
sample characteristics (sample thickness, averag@asition, probable symmetry) is used
to perform an image simulation for a proposeddattnodel. As an example of the typical
behaviour of STEM contrast based on the above itbestitheory, the results of image
simulations based on the GST 2:2:5 trigonal stmechroposed by Ref? that is slightly
deficient in Ge content are given below. The strtadt model is given schematically in
Figure 2.5, inv zone axis projection. The unit cell consists ¢éralating layers of Te
and Ge/Sb/(v)acancies, stacked along the c-axéstéhn. Vacancies are concentrated in
vacancy layers (VL) regularly spaced out by 9 TéBbelayers. Mixed Ge/Sb layers



contain different concentration ratios dependingtlos distance from the VL, as well as
some residual intrinsic vacancies. The concentiatiare Gg sShss V34 for the mixed
layers further away from the vacancy gap (Gel), mwveérted to Gg Shssavo for the
mixed layers closer to the VL gap (Ge2). Gel posgiare situated close to the octahedral
centres between neighbouring Te layers, while Geg&itipns are strongly displaced
resulting in a Ge2-Te bond splitting between lofig2-Ge2 3.2 A) and short (Ge2-Te3 2.9
A) bonds. Isotropic thermal displacement parameBggs and thus the standard deviation
of atomic positions <u> for FP calculations, vastiween symmetry sites, however for
mixed Ge/Sb sites only one average displacemeahpeer is given per site (see Table II).

The displacement parameters given in the literasomerce, which were measured by
Rietveld refinement of resonant X-ray diffractioata, are very large in comparison to
many other inorganic compounds. In part this maydesed by the intrinsic disorder of
the chemical distribution, as well as the residtadancies. In particular for the Gel sites
however, when one keeps in mind the resonant bgnchiaracteristics in the metastable
phase, this may indicate some form of directedllasion along the p-chains, which brings
the matter back to the need for an anisotropicrgegm of displacements parameters that
Is specific to the atomic species in question adl @we the next-nearest neighbour
configuration (i.e. whether an octahedral Ge atpast the first shell of Te neighbours, is
surrounded by next-nearest Sb, Ge or vacancieswdnather there exists a preferred
symmetric arrangement mediated by the electromdiguoration of Te). Such a theoretical
investigation may be the next step in understanthegstructure — property relations in
phase-change compounds, and efforts in this dinectire underwdy/> *®! The work
presented here instead focused on the atomic-tesolexperimental observation of
crystalline lattices depending on preparation aedtiment conditions, in order to provide a
framework of real existing GST lattices to compteoretical models against.

Tab. Il: Model parameters for image simulationsttice parameters a = b = 4.226 A,
c=17.281A.

Ge g76Sy 039l €5 according to Urban ICSD#188967, space group 164

Site Occupancy X y z BAY] <u>[A]

Tel Te: 1 0] O 0 1.3738(5) 0.1319(1)
Gel Ge: 0.604 2/3 13 0.1063 2.2976(4) 0.1705(9)
Sbl Sb: 0.362 2/3 13 0.1063 2.2976(4) 0.1705(9)
Te2 Te: 1 1/3| 2/3]  0.2045 1.3817(4) 0.1322(9)
Ge2 Ge: 0.337 0 0 0.3253 2.1239(4) 0.1640(1)
Sh2 Sh: 0.663 0 0 0.3253 2.1239(4) 0.1640(1)
Te3 Te: 1 23] 13| o0.4181 1.6896(8) 0.1462(9)




Fig. 2.5: Schematic mode unit celll of &&Tes in V projection, according to the
Urban sequence as given in table II.

Figure 2.6 shows the resulting image of a FFT-melite image simulation based on above
described model and typical experimental paramdtardHAADF-STEM imaging. The
individual atomic columns as well as the vacancy gee clearly resolved. Sub-angstrom
displacements of Ge/Sb columns from the centrahhmztral position between pure Te
layers can be measured and compared with expemindgiia. The image intensity within
individual {0001} mixed layers correlates with tHecal composition. It is, however,
important to point out that the image is basedtenitiealized unit cell, and experimental
images can be expected to deviate near imperfac{asdiscussed before). In addition, the
image intensity of an atomic column depends ondiecentrations of its components
(average Z), their combined average Debye-Walletofathe shape (and locality) of the
absorptive form factor, and the residual stray a@ignrom neighbouring columns due to
finite probe and dechanneling.

As a consequence of this, even though the Te cdwammassumed to be completely filled,
their image intensity contributions are not ideatidvioreover since the mixed Ge/Sb/v
sites occupy different symmetric arrangements amusequently also possess different
Deby-Waller factors, they do not follow a simplei#tensity scaling either.

Fig. 2.6: FFT-multislice simulated HAADF-STEM imagétrigonal GST using the Urban

model shown in Figure 2.5. Thickness = 35 nm, degoe 1.9 nm, C5 =0.4 mm, Cc = 1.6
mm, C3 = 500 nm, =25 mrad, =80 — 200 mrad. The dashed orange line indidages

position of the depth profiles in figures 2.7-2.9.



Fig. 2.7: FP simulated BF-STEM (0 - 20 mrad, 10rmed configurations) depth-profile
image of GeShyTe; lattice plane as indicated in Figure 2.6, acrass onit cell in c-axis
direction. Profiles below were extracted from indival column positions, measured along
the depth axis.

The image intensity of a simulated line profile s@@ment as indicated in Figure 2.6,
calculated with the frozen phonon method (n = B0)tle thickness range between 0 and
36 nm, is shown in figures 2.7-2.9. In the brigletd regime (Figure 2.7), the background
intensity in-between atomic columns oscillates wiiickness. Furthermore, while some
columns appear dark on a bright background, otloars appear bright on a darker
background, and in general the intensities of atootlumns oscillate over the entire

thickness regime. At some thicknesses, the contbettveen atomic column and

neighbouring background is inverted. In the grapbvws, contrast between Te3 (red) and
VL (orange) is inverted at around 3 nm and agai@7ahm. This serves to illustrate the
difficulty in interpreting images that are dominétgcoherent scattering.

In the ADF regime collecting all scattering infortiaa from 20 to 100 mrad (Figure 2.8),
despite the stronger incoherent contributions,siheulated image intensities are still not
directly interpretable by atomic columns. Rath&ée tmage follows roughly the reverse
trend of the BF information.



Fig. 2.8: FP simulated depth-profile image simitaFigure 2.7 calculated for ADF-STEM
collection angles (20 — 100 mrad). Contrast inwersiare still possible, and specific
contrast features are not well localized on indraidcolumns.

As was laid out above, whemner includes the regime approximately betweeand 3
the scattering information includes partial coheeephenomena from higher-order local
maxima of J. Only when the inner collection angle is openegobe this regime does the
image interpretation become more straight-forwdtrds necessary to stress at this point
that BF and ADF information still occupies an imgamt role in the investigation of a-
priori unknown samples. While the HAADF images giadxcellent results for highly
crystalline, well-oriented structures thanks to tdomfinement of the aberration-corrected
probe to 1s- and 2s-like states along the zoneatismns, very light elements (Z < 10)
sometimes result in hardly any HAADF-intensity #f while these can be well visible
under ADF conditions. Similarly, highly disorderestructures such as amorphous or
nanocrystalline thin films do not possess a stidAGDF scattering geometry, while these
can be well visible under BF conditions. Althoudle taccurate interpretation of the image
contrast distribution in these cases is much leaght-forward, to the point where it may
not be possible, it is often sufficient to showttamorphous components or light elements
are present by comparing BF/ADF images with theespronding HAADF information.



Fig. 2.9: FP simulated depth-profile image similarfigure 2.7, calculated for HAADF-
STEM collection angles (80 — 200 mrad). The contkeshaviour approaches the linear
regime, in particular at sample thicknesses ab@vargd, and individual columns are well
resolved.

The simulated HAADF-STEM scattering intensity fr&® to 200 mrad is shown in Figure
2.9. It can be seen that atomic columns are welarsgéed at all thicknesses, no contrast
inversions take place, and the column intensitiesease monotonically with thickness.
Not shown here is that, as the thickness becomsslage, intensities converge towards
the background, so that at sample thicknesses xpmately t > 1.5 ~ypp NO image
contrast can be observed. However it can also &e st relative image intensities from
different columns can rapidly change at very srsalinple thicknesses. In the thickness
regime preferred in this work (30 — 35 nm), columtensities are largely linear. While
this example thus illustrates that the chosen exymatal conditions are well-suited for
atomic resolution semi-quantitative STEM work, $ @also made clear from the non-
intuitive behaviour of relative intensities thatckameasurement needs to be regarded
separately and compared to a probable best-fit mddeal symmetry and lattice
distortions can be evaluated with sub-angstromracgy when scan distortions are taken
into account, while the possibility of residual sacies and anisotropic effects of thermal
displacements need to be taken into account whaln&ing image intensities.



3. Experimental results and discussion

3.1 Preface

The experimental results presented here, as wehesliscussion thereof, can be largely
divided along the lines of the morphology and lcg@imic arrangements in the thin films
depending on substrate and treatment. First ithvelpresented what information could be
obtained by TEM methods from the as-deposited ahwurp thin films. In the next step,
the phase-change thin films were subjected to thketneatment after deposition. The
resulting metastable and trigonal crystalline dtries are each discussed in separate
subchapters. Lastly, thin films were deposited oatgstalline substrates at increased
process temperatures.

While the main focus lies on the S/TEM imaging atffraction information from the
atomic arrangements, as well as the compositionggsmaccording to STEM-EDX, a short
summary of the sample deposition conditions duRL as well as the XRD information
according to Ref*® is included in some subchapters. All FIB lameNeere prepared
from regions excluding macroscopic deposition ate.

The results presented here have been, in partaepth, the subject of a number of peer-
reviewed publications as well as conference coutigins and presentations. Defect-rich
metastable structures were described i}, a close examination of the ex-situ annealed
trigonal lattice is published iR®, the epitaxial crystalline deposition onto ioniystals
was presented i** and™”® | and the highly oriented and epitaxial growthSi#siOx and
Si(111) was recently published f{®. A full bibliography of all during the course dfi$
dissertation published contributions can be fountthe@ end of this work. It should also be
mentioned that a large amount of publication atsticurrently takes place in the field of
PCMs, regarding GST and layered superstrucfiréd " 8las well as quantitative
electron microscopy of GST atomic structtf®s'’® 8% The research effort is certainly
dynamic, however some reports can be conflictimg, @arious reported ordered layered
structures require further testing against expeantaleevidence. STEM in particular is
often used as a powerful method among other inyatste tools for the determination of
structure and properties. The work presented hexg pnovide a nuanced view of the
interpretation of STEM image information. Indeetl,can already be seen that such
considerations are taken into account in the latesistigative reports on PCMs.

The aim of this chapter is thus not only to consitie observed structures separately, but
to gain an understanding of the relationship betwbem which, hopefully, enables future
efforts to target a specific crystalline growth aeiour by PLD, as well as helping to
explore some of the highly anomalous propertie§S8fT phase-change compounds that
have produced such interest in this material fea@ety of technical concepts. As such,



each subchapter contains a discussion of the shaiistructures observed, in addition to a
short section on summary and conclusions at theoetids work.

All S/TEM results shown were produced on the pr@isecorrected Titan® G2 60-300 at an
acceleration voltage of 300 kV. Unless otherwis#idated, high-resolution STEM images
were acquired with a uniform set of parametergygua C2 aperture / beam convergence
semiangle of 25 mrad and STEM detectors covering -8200 mrad (HAADF),
19.5 — 80 mrad (DF4), 9.5 — 19.5 mrad (DF2) and95-mrad (BF). The corrector was
tuned using the DCOR software until aberrationsless than 2 nm (A1,C1), 50 nm
(A2,B2) and 500 nm (C3,A3,S3) were reached. Allividbal samples were iteratively
thinned until a foil thickness of 50 nm or betteasrreached in EFTEM thickness maps.

3.2 Amorphous as-prepared GST thin film

The general PLD setup for the deposition of GST thlims has already been briefly
introduced in chapter 2.2. As such, free paraméteiade the incident fluence of the laser
on the target material, the pulse number, frequesay width, the ambient chamber
pressure and auxiliary gas flow, the substrate cmitipn and temperature. While the
influence of various parameters is described inemd®tail in Ref**!, a uniform set of
parameters was used for the majority of the sampiesstigated in this work, and only the
pulse number, substrate composition and temperatueee adjusted for various
experiments. The typical PLD parameters are listeable Il1.

Tab. lll: PLD parameters and average compositidriiarget and as-deposited amorphous
thin film from SEM-EDX and STEM-EDX, respectivelyhe residual difference to 100%
can be attributed to small amounts of oxygen (0.8.5- at.%) at open surfaces. The
standard deviationsslare derived from the widths of the deconvoluteaksan the energy
spectrum and the X-ray count statistic.

Laser ‘ L Ar Partial ‘ Base ‘
fluence Pulse No. Frequency pressure pressure Substrate temperature
0.8 J/cm? ‘ 4000 - 1000b 1-10 I—lz 4 X*T@bar ‘ 4x16 mbar‘ RT - 280 °C

Composition PLD target [at.%]
Ge 1s (Ge) Sbh 1s (Sb) Te 1s (Te)
23.41 0.88 23.97 1.13 52.44 2.55
Composition as-deposited amorphous [at.%]
21.67 0.74 24.35 2.81 52.55 6.12
Ideal Composition GST 225
22.2 22.2 55.5




Since PLD ideally aims to provide a direct transibthe target material composition onto
the substrate, an EDX composition analysis of tbeninally GST 225 target is also
included. While there is a certain acceptable emothe composition measurements
provided, in particular due to the X-ray emissi@al overlap between Sb and Te L lines,
as well as regarding the content of light elementsh as oxygen, averaging over multiple
measurements shows that the target may be slighthgr-stoichiometric in Te. This is
also seen in the resulting composition of amorphassdeposited GST thin films.
However, it is also evident that the Ge:Sb ratic Ishifted slightly away from 1:1,
although it is still far removed from the next metd stoichiometry Ggs : Shge Of
trigonal GST124. In previous chapters it was intiwetl that the material system is
resilient towards small off-stoichiometric compasils, mainly resulting in a small
adjustment of the intrinsic vacancy concentratiothie disordered and metastable phases.
Contrary to the expectation for preferred (Gelke) (SkkTes)x stoichiometries, that each
Ge cation is replaced by two thirds of a Sb cafsee introductory section 1.3.2), a shift
from (GeTe) — (ShTes); towards a real composition of GgShy 19Tes 73 thus indicates
that excess Sb needs to be incorporated. Whilexpected intrinsic vacancy sublattice
concentration for (GeTe) - (SkTes)x with x = 0.36 corresponding to the experimentally
determined Ge:Sb ratio would be 20.1 rel.% and tharslly deviate from GST 225, the
measured relative stoichiometric fraction of Te78).is lower than that expected from
Ge.gsShy 19 since applying the 2/3rds rule for replacing Gehwsb should result in a
relative stoichiometric fraction of 5.235 for Ta. déther terms, if an octahedral network of
square alternating ABAB rings is constructed incogbing the entire Te content
(5255 at.%), and the mixed Ge/Sb positions are umed by the
21.67 + 24.35 = 46.02 at.% of Ge/Sb, then thensiti vacancy concentration would be
the difference 52.55 — 46.02 = 6.53 at.% or 13.86% of the mixed sublattice.
Alternatively, it might be energetically preferabte incorporate the excess Sb in
interstitial sites, which would result in 7 rel.%%b on tetrahedral positions.

In either case, at first glance this violates thN 8ule for covalent bonding networks,
meaning that Te species are over-coordinated. Sbategontradictory, the density of an
as-deposited (Ge and Te deficient) GST225 thin Wlas previously measured by XRR to
be 5.6£0.1 g/cm?3 and thus lower than typical fartsgr-deposited amorphous GST225 thin
films (5.88 g/cm3) or metastable cubic GST225 filims (6.2 g/cm3). This would indicate
that, rather than considering excess Sb which wodckase the expected density, some
Te positions may be left unoccupied. If the ent@e/Sb content were situated in
octahedral GeTe and Jhe; arrangements, 5.65 at.% Te would be missing fram t
pseudo-lattice, or 11.3 rel.% of all Te positioB8ice the missing mass of a Te vacancy is
127.6 g/mol, and a mixed Ge/Sb sublattice with 26126 vacancies has an average mass
per site of 77.8 g/mol, the average mass of alkgg 102.67 g/mol when Te sites are fully
occupied, and 95.47 g/mol when incorporating Teamas, equating a decrease by about
7 %. A decrease of the density from the metastaldbéc lattice by 7 % would result in an
expected density of 5.76 g/cm3, and 5.46 g/cm&af@Po reduction from sputter-deposited



amorphous GST, which indicates that some intrifgcvacancies may be a contributing
factor but cannot be the only reason for the dgrahserved. However several mitigating
factors can be taken into account:

The 8-N rule only aims to determine the expecteordioation for entirely covalent
bonding, while the exact local bonding charactesstin GST are still under
discussiof® " (partial hybridization).

The concentration was measured from the amorphsuteposited state, which can
easily accommodate local inhomogeneities in strattmotifs that do not need to
conform to the octahedral arrangement. Furthermmrgemi-random arrangement of
square rings inclined towards each other leads tovarall volume expansion, possibly
explaining the low thin-film density observed.

When taking into account the possible error in B@X measurements (one standard
deviations in table Ill), the ideal stoichiometric compositidies well within the
scattering range of the experimental data. Furtbeemthe target composition was
measured by SEM-EDX of the entire surface infororatvolume, thus necessarily
applying ZAF (atomic number, absorption, fluoresmncorrection. In contrast, the
STEM-EDX evaluation from a thin film lamella usin@liff-Lorimer factors only
factors in possible energy shifts and detector aittaristics. Provided these were
carried out appropriately the difference shouldsbll, yet it is possible that a small
systematic error was introduced. All further compos measurements shown were
acquired by STEM-EDX under similar conditions, dhds should be comparable.
During crystallization to the metastable and subeatly the stable layered phase,
excess components may segregate into grain boesdand structural defects. This
possibility is discussed further during the preagah of the ex-situ annealed samples
(chapter 3.2).

Nevertheless, the composition analysis highlightd bff-stoichiometric effects are to be
expected, and even low single-digit percent demetiin atomic concentrations may lead
to a significant change in vacancy concentratidatike to the ideal prediction. It is thus

necessary to measure the composition of each sabgftee further discussing local

features.

A surface survey of the as-deposited samples by §Eiure 3.1) confirms that the thin

films present a smooth, closed surface. The sunfaoghness, previously measured by
atomic force microscopy as 4 nm rms (root mean rejuaan be refined to 2 nm or less
locally from bright-field TEM images of cross-sextilamellae. A method for statistically

comparable roughness evaluation applied to higlrash interfaces is detailed in

Appendix C.1. However, the samples also presergrgi particles in the surface, which

can be traced to the ejection of liquid dropletnfrthe PLD target due to subsurface
heating'®". While this effect can be minimized by tuning theposition parameters and

geometry, for example by turning to off-axis de|u'09l182], it remains a challenge for the

application scaling of PLD-produced thin films.



Fig. 3.1: SEM (20 kV, SE detector) overview of apdsited amorphous GST (left),

exhibiting a smooth surface, and of GST thin filmepdsited onto cleaned Si(111) at
280 °C (right, 45° tilt) for comparison, exhibitirgpme protrusions and surface facets in
addition to the occasional always-present droflatge spherical particle).

The particulate density (typically 1@m2 in a SEM surface view) is sufficiently low that
thin flm TEM samples, when prepared well-removednt individual droplets, can be
interpreted in terms of planar thin film growth asiucture. Another significant effect to
be taken into account is surface oxidation andeggdgion during sample transfer and
under FIB bombardment. STEM-EDX maps of an as-degggbsample cross-section are
included in Appendix C.2. The surface amorphizatioe to kinetic transfer from the FIB
beam is a well-known challenge in the TEM lamellegaration. In addition, preliminary
EDX investigations of the as-deposited surface gtbthat the unprotected GST layer
tends to react with ambient oxygen when exposedirto The resulting surface layer
typically measures 2-4 nm and is comprised predantiy of germanium and oxygen.
While the possibility cannot be excluded that ti& fradiation of the surface in the early
steps of the FIB preparation enhances this sunfacdification, the presence of large
amounts of oxygen indicates that the process doesatur inside the vacuum chamber.
Furthermore, an open surface during post-deposigaperiments such as thermal
treatment or laser irradiation allows for the evation of volatile species, which can
result in a drastically different thin film compten.

In order to prevent such effects in ex-situ cryetalion experiments, a LaAlQarget was
added to the deposition chamber, thus making itsiptes to deposit an amorphous
protective surface layer immediately following t&ST thin film deposition. As a result,
even a very thin (2-10 nm) surface capping layes sficient to prevent further oxidation
or out-diffusioneven at high annealing temperatures (as shownapteh3.3).



Fig. 3.2: HR-TEM images of as-deposited GST124 thiim (left) and as-deposited
GST225 thin film — silicon substrate interface fitlg The bright interface layer in right-
hand panel stems from the SiOx native surface oxidets show the corresponding HR-
TEM images in spatial frequency space after Fouararsformation. While the inset on the
left exhibits the influence of some objective astagism (elliptical distortion of the Thon
ringd'®), and the inset on the right includes the stronmtpmaxima from the Si[110]
zone axis, the clearly discernible diffuse ringtgats illustrate the amorphous nature of
the structures.

While conventional TEM imaging and Fourier analysian provide a qualitative
impression of the amorphous nature of the structbserved (Figure 3.2), a closer
inspection of the diffraction information allowsrfa semi-quantitative view of the average
local structure. The volume of evaluation can beraveed by applying nanobeam
diffraction (NBD) settings, effectively reducingeharea of the beam spot to 3-5 nm
diameter, and subsequently scanning over spedfitufes of interest in the saniffe
Selected area electron diffraction (SAED) is carieut under parallel illumination
conditions using a circular aperture in the imafm@ in order to reduce the information
area down to 100 nm diameter. Spread of diffracteatures can thus be traced to either
the random distribution of interatomic distancesthe lattice structure or the imperfect
information transfer of the objective lens. Thewengence angle used in NBD (0.16 mrad)
results in small diffraction disc features effeetiblurring the diffraction plane.

One significant challenge for the RDF (radial dgition function) analysis from NBD is
the limited signal intensity compared to the traittgd beam. Since the probed volume is
intentionally reduced, weak features in the diffi@t plane are often only visible when the
CCD array is protected from the primary beam bykibam stop.



Fig. 3.3: SAED pattern of amorphous GST225 andespwnding azimuthal projection.
Three diffuse diffraction bands are visible (redows) relating to preferred short-range
order spatial frequencies.

Fig. 3.4: I(Q) Azimuthal profiles of SAED diffracth patterns from amorphous GST124
and GST225. The pattern from GST124 was taken witadoeam stop, and is thus plotted
on the logarithmic scale (left). The pattern fror8T225, shown in Figure 3.3, excludes
the transmitted beam and can thus be plotted omearl scale (right) revealing the
pronounced diffuse peaks. One drawback of excluthegtransmitted beam is, however,
that the initial ¢ J /ofit needs to be estimated from the noisy high4eey region of
the pattern, which often does not result in a goadich around the relevant peaks.

The second step in the RDF analysis, after defitiiegcentre of the pattern and azimuthal
integration, is a fitting of the independent averagattering termif2(Q) to the baseline of
the profild*® in order to extract the structure factdf)), where N is a fitting parameter
from the volume probed anflJ =©is the average atomic scattering factor of alhrato
species:



{J 4 ¢ J'c
HJ T Jc

(3.1)

This is complicated by the exclusion of the trariadi beam, since the intensity
distribution(Q)no longer peaks & = 0. For small scattering paramet€s (Q) and the
ultimately resulting radial distribution functiaitr) and pair distribution functiog(r) from

the inverse Fourier transformation diQ) can thus vary strongly between measurements,
depending on the best estimate fo€ J /©and other fitting parameters (such as the
dampening function used to reduce the noise infle@eof the high-frequency region).
Nevertheless, the RDF analysis is a useful tothénpresence of short-range ordering such
as in amorphous GST. While the exact behaviog(fmay vary, the positions of the first
and second nearest neighbour peaks can typicallsesmved, and be used to estimate
bond angles and coordination.

Fig. 3.5: Radial distributiod(r) calculated from Fourier transformation I¢®)) in Figure
3.4 after correction for the independent scattedogtribution ¢ J /= J(r) is scaled to
the radial density of surrounding atoms.

A comparison of SAED diffraction information froonmarphous as-deposited thin films
produced from a GST124 and a GST225 target is shovwigures 3.3 — 3.6. The diffuse
first diffraction ring in the SAED pattern is typicfor disordered amorphous compounds
with some persistent short-range ordering. Evalnadf the diffraction information by
RDF analysis is rather sensitive to the initialgmaeters such as composition, average local
density and independent scattering factgi®). The routine used here (“RDF Tools for
Digital Micrograph v 1.1" written by D. G. Mitchéit®® makes use of the parameterization
of f(Q) given by Ref*® in order to fit the average ¢ J ’®of all components to the
experimental data. While these tabulated valueg@nerally well supported, there appears
to be a small systematic offset in the low-anglgioe compared to the experimental
background, which often makes a good fit difficulthe resulting calculated reduced



density functionG(r) = 4 r [g(r) — o] may thus appear detailed over a large rangefdout
the purpose of semi-quantitative discussion itrifgrable to only consider the first and
second strong peaks, relating to the nearest- and-nearest neighbour distances.
Furthermore some information may be lost due tdfitiiee beam convergence, as well as
the various averaging and noise dampening stetbeiavaluation.

In both the GST124 and the GST225 amorphous assdegdasample, the first peak in the
G(r) distribution is situated at 2.78 A (x 0.02 A doehe pixel resolution), while this peak
lies at 3.15 A in the polycrystalline sample. Poe literature on the amorphous structure
of GST compounds investigated by EXAFSand DFT simulatiofi! also suggests that
average Ge-Te and Sb-Te distances shorten comparéue crystalline cubic phase,
however often a distinction is made between distbtetrahedral arrangements at 2.61 A
and distorted octahedral sites at 2.85 A.

Fig. 3.6: Reduced density functi@(r), extracted from the Fourier transformation of the
diffraction intensity distributiod(Q) in Figure 3.4, and, the average expected density.
The G(r) scale thus describes the deviation from the erpgearabolic density distribution
J(r) (see Figure 3.5) of a uniform amorphous continuDeviations below = 2.5 A have
no direct physical interpretation and can be disregd. Crucially, the first local maximum
at 2.78 A corresponds well to the expected positibdefective octahedral Ge-ffe >
while the shift of the second local maximum arouhd and the slight indication of a
buried second peak around 4.4 A may signify a hidhaction of homopolar “wrong
bonds” in the GST225 sample. For compariso@(@ distribution from a polycrystalline
SAED pattern of GST225 is also included (blue linght y-axis), exhibiting strong peaks
at 3.15 A (Ge-Te) and 4.2 A (Te-Te). The local dtosiructure of the crystalline sample
(here preliminarily assigned cubic) is discussefliither detail in the following chapter.



While the value measured here lies roughly in-betwthe two, it needs to be stressed that
no clear indication of a bimodal distribution inghange was found, while the first peak in
the polycrystalline sample lies close to the expeéctalue for octahedral sites in the
metastable lattice (3.05 A). Similarly, the secomdrest neighbour peak distance at
3.93 — 4.07 A is slightly smaller than that fourmtresponding to Te-Te distances in the
cubic lattice (4.2 A). Selected NBD measurementsresentative for all investigated
amorphous structures are shown in Figure 3.7. Adeaseen in the left panel, even under
NBD microscope conditions an image can be recofisied the HAADF-STEM signal. In
fact, since the total beam current is spread dweNBD beam spot, these conditions may
be preferable for STEM imaging and spectroscopiqpimay of very beam-sensitive
materials, if a spatial resolution of better thah Bm is not required. Four NBD patterns
from selected positions of a larger line seriessdn@wn in the right-side panels of Figure
3.7. Due to the smaller information volume, indivadl coherently scattered beams can be
discerned, rather than the previously shown diffisgs. Resulting from the disordered
nature of the thin film, some strong scatteringmsity spots can be found in-between the
diffuse rings from preferred short-range ordering.

Fig. 3.7: HAADF-STEM scan image acquired with NBBan settings (left) and NBD
diffraction patterns from a linescan across thelgsesited GST sample (right), selected
from positions as indicated by red markers. Therbdeameter can be estimated from the
resolution of the nanocrystalline Pt to be no lartean 5 nm. The overall intensity
distribution is similar to the SAED pattern in Frgu3.3, however the granularity of the
rings becomes visible, as well as some spot inieasn-between the first and second ring.
Also included is an NBD pattern from the e-beamasépd Pt for comparison. The
LaAlOy and SiQ interface layers are too thin (<5 nm) to be resdlindividually by an
NBD probe.



They do not appear to be arranged systematicalywasd be the case in e.g. a small
fraction of tetrahedral motifs, although it is difilt to entirely exclude these or
differentiate them from the semi-randomness of #meorphous structure. The RDF
analysis of the NBD patterns is shown in Figure 3S8milar to Figure 3.6, the significant
information is contained in the position of thesfirtwo peaks. Also included for
comparison is th&(r) distribution for an NBD pattern from the Pt nanatal layer, with
first and third peak matching the peak positiong.37 and 4.8 A for cubic Fnm Pt well,
while the second peak at 3.92 A lies below the iabagindicating that the density of the
material was overestimated due to its nanocrystlinorphology. AllG(r) distributions
from GST225 NBD patterns coincide reasonably wallhough there are some small
variations of peak positions (+ 0.04 A). Howevarfirst peak at slightly smaller radial
distance is always compensated by a second pesglightly larger distance, so that the
average spacing (and density) remains roughlydaheedetween measurements.

It is possible to estimate the average bond anfgtes two peaks in G(r) according to

/ﬂ ..sut® /(_, and doing so for the as-deposited sample GSTaasistently results in

angles close to 90° (90.5 — 93°), while the smiaiit 3n the second peak position in the
GST124 sample results in a slightly larger avetaged angle of 95°.

Fig. 3.8: G(r) distributions for NBD patterns shown in Figure7.3.Results for
measurements in the GST thin film (positions 1) @otted on the left y-axis, while the
ordered Pt nanocrystallites consequently resu#t much sharper pair-correlation and the
result of this measurement is scaled to the rigaxig. First and second local maxima lie
within a range of 0.04 A for different measurements



It thus would appear that the interatomic distarasesnarrower overall than expected, with
the nearest-neighbour peak and bond angle founthenGST225 sample matching

approximately the previously reported defective abedral arrangement. This does
however raise the question why the amorphous phapears to be less dense than
expected (as discussed above), and the most requgnation would be that, if Te

vacancies are present, the defective octahedraleGand Sb-Te motifs in covalently

bound square rings enclose clusters of two or n@eéSb and Te vacancy pairs in a
disordered network.

In summary, while the Ge/Sb-Te and Te-Te distamsziiced from these measurements
can vary slightly, the amorphous GST225 layer usedsubsequent crystallization
experiments exhibits a lower density than the ditere would suggest, while the RDF
measurements generally indicate a distorted octahedrangement of the short-range
order. The discrepancy between slightly smaller-gaitances and density may possibly be
resolved by the incorporation of additional Te vasas. These may cluster with intrinsic
Ge/Sb vacancies, allowing for a greater degreeeeidiom in the inclination of square-ring
motifs against each other. Some of the edges skthwtifs may be connected by a small
amount of homopolar bonds. Any further quantitatteaclusions are problematic due to
the inherent randomness of the structure and ekl precision of the measurements and
evaluation. Lastly, it is important to recall thiditese structures are rather sensitive to
energetic influences, such as heating through kaetren beam. It is thus possible that
some distinct disorder features cannot be foundBE electron beam methods at 300 kV
acceleration voltage.

3.3 Ex-situ annealed crystalline thin films

3.3.1 Metastable cubic GST

The most straight-forward way of obtaining crystal samples is the thermally induced
phase transition by annealing after deposition aittontrolled thermal profile. Due to the
volatility of the components at typical annealiegnperatures, it is critical that the surface
Is protected by a capping layer. Early experimantisout the thin LaAlQ coating resulted

in the formation of a Ge-rich surface oxide laydespite the annealing processes
themselves being carried out in a vacuum oven essprres of less than 10nbar. In
addition, in the topmost 5-10 nm of these sam@#3X maps reveal a gradient in the
relative contents of components. Similar surfagers were observed in laser-irradiation
experiments of unprotected GST thin films perforrimreembient aff®®.

This indicates that, while the ultra-fast phasedfarmation process itself is regarded as
diffusion-less, the higher thermal load during slamnealing enables long-range diffusion,
which in annealing experiments is not detrimentatself since it allows for the formation



of large crystalline grains suitable for high-regan investigation. However, in the case
of an open surface, the Ge species form a reastiviace layer while the zone below
consequently tends towards Ge-deficient stoichiopnétt good vacuum conditions the
driving force for this behaviour should not be painity the chemical potential of Ge at the
surface, but rather the internal energy of the talljse lattice. Wutti§f® posited that,
following from ab-initio calculations and thermodymic measurements, compositions of
Ge sShTe, and GegSh sTe, are more energetically favourable in the metastaiblase
than GeSh,Te, or GeSh,Tes. Which composition had the overall lowest energgehded
on local Peierls distortions and distribution diriimsic vacancies (Ge or Sb), and absolute
differences were small. This aspect gains renewechipence in chapter 3.4.

It is likely that a similar argument holds for t@ST225 thin films investigated here, and
thus the already slightly Ge-deficient amorphous fiims may eject some Ge content
near the surface during transition to the metastphbse when possible. In contrast, thin
films with a capping layer did not exhibit any imhogeneity at the surface after annealing,
except for the occasional formation of cracks asthmination at the substrate interface
due to the overall volume change.

The central questions for the here observed mélastiain films are thus what the overall
lattice configuration is (i.e. symmetry and latticenstants), whether distortions of the
mixed sublattice can be identified by atomic-reoluimaging, and if the distribution of

of the mixed sublattice components can be resolved.

The amorphous GST thin film on Si(001) substratative SiQ interface with an LaAlQ
capping layer was produced as described in theiquewvchapter. It was subsequently
thermally annealed at 160 °C inside a vacuum owudila( ULVAC, quartz tube,
pressure < 1® mbar, 10 min heating ramp = 15 °C/min, 20-30 muidh natural
cooldown). An out-of-plane-2 X-ray diffraction scan from a Cu & source (Rigaku
Ultima IV type 3 diffractometer) is shown in FiguBe9, with clearly visible crystalline
diffraction maxima. The peak positions indicatetttree GST thin film is present in the
metastable cubic NaCl-type lattice with a latti@nstant of 0.5987 nm, which is in the
lower end of the expected range for GST compoundis).60293 nm from ICSD#55294
for GeSh,Tes*® up to 0.60876 nm for GBhyTeA'®"). Critically, the absence of additional
peaks from the trigonal phase implies that thissphaould, with strong certainty, be
identified as the disordered metastable phase by X@stallographet¥® 8! The peak
widths indicate an average crystallite size of 80 8ince the desired lamella thickness for
TEM investigation is in this range, this prelimiganvestigation thus indicates that the
sample should be well-suited in order to invesagdite metastable cubic phase of GST.
The grain morphology under BF-TEM diffraction cadr and HRTEM conditions is
shown in Figures 3.10 and 3.11. Since the thin filgometry restricts the grain growth
directions, individual crystalline grains can passa lateral extension of 60 nm or more,
while in perpendicular direction the thin film i$ten equally divided into a grain close to
the surface and one close to the substrate ingerfac



Fig. 3.9: XRD 2-scan out-of-plane. Diffraction peaks generallyicate cubic lattice (see
indices). While the distinction between cubic andanal lattice purely from diffraction

information is sometimes difficult, no peak at 39(&hich would relate to (10-16) planes
of the trigonal lattice) is apparent. Peak widtthicates 30 nm average crystallite size.

Fig. 3.10: TEM overview image of thin film crossefien, recorded under diffraction
contrast conditions. Crystalline grains are gemgglightly larger than the average grain
size determined by XRD, and grain growth is comséah by the thin film interfaces. While
the grain shape does not offer a clear trend, straght grain interfaces imply anomalous
grain growth. Bright lines in the substrate arekhess fringes due to a marked thickness
gradient towards the bulk substrate from the spegipreparation process.

This may indicate preferential nucleation and ggriowth from the interfaces during slow
annealing, although since the sample was investigafter the long annealing had
occurred, it is likely that other features that webundicate nucleation characteristics have
already disappeared. The crystalline nucleatioa wide range of GST compounds has
been extensively studie®f 1°°1% and typically the amorphous interface — crystalli

GST interface (formation) energy is considered ¢oabout twice as large as that of the



amorphous GST - crystalline GST interface. This hed to the conclusion that
crystallization is dominated by bulk nucleation agrdwth. The grain morphology seen
here indicates that either very few crystallinedseere present in the as-deposited state,
or that the annealing time was sufficiently longttsome grains were absorbed by those
growing from either interface. In either case, tiservation is not absolute, since grains
that extend across the entire thin film are alneaptally as likely to find, and not every
individual grain can be discerned from the diffractcontrast overview.

In order to more closely analyse the crystallimacttire and orientation across a large area
of the thin film, NBD line profile series were adopd, typically recording 20-40
diffraction images across 0.2 - 2im of the thin film. Since these revealed that the
crystallite orientation appears random, only thseécted patterns are shown in Figure
3.12, which showcases some prominent featuresof@rafter calibration with the Si[110]
substrate, (11-1) reflection at 2.8(6) Tn{020) reflection at 3.1(2) nfand (-202) at
4.6(8) nm* can be compared with nominal values for the cB8d 225 lattice: 2.872 nfn

for (11-1), 3.317 nm for (020) and 4.691 nthfor (-202). While these values agree
reasonably well, the pixellation of the detectod dhe extension of the diffraction disks
due to the finite convergence angle make a closgchor an accurate distinction of small
lattice distortions difficult. Rhombohedral GeTe wla exhibit diffraction intensity in
[001] zone axis symmetry at 2.922 Arf100), 3.346 ni (110) and 4.791 nth(1-10).

Fig. 3.11: HRTEM image of thin film — substratedrface with amorphous SiOx interlayer
(left) and thin film surface with LaAlQcapping layer (right). Red dashed line in the trigh
panel marks the boundary between two crystallf@sinset calculated from the GST layer
image area in the left panel illustrates latticengl fringes. The faint grey layer < 1nm at
the interface between GST and LaAlOx results fromery thin Ge/Sb enrichment zone as
well as projection of surface roughness (see Appe@®).



Secondly, occasionally series of weak superstractaeflections are visible. This does
however only occur very rarely, and more importattley can be visible along two major
axis in reciprocal space simultaneously.

This would indicate that either two grains with srgiructure ordering and similar zone
axis alignment would overlap within the NBD spat,which case individual patterns of
only one orientation should have also been found,that vacancy ordering into
{111} planes can occur in all of the three equivalplanes within the same cubic grain.
Lastly, some NBD patterns exhibit weak diffuse feas similar to the amorphous rings in
the previous chapter. Since the beam shape irathple can be roughly approximated as a
cylinder of 5 nm diameter and 35 nm length, thedtesd amorphous surface layer can
contribute 5% of the total probed volume, evert ifias been reduced to 1 nm at either
open surface. However it is also possible thatehdiffuse contributions indicate some
small amount of amorphous content at microscogionmogeneity such as micro-voids or
grain boundaries, since as was mentioned aboven#tterial may tend to expel some Ge
content (see EDX maps Appendix C.3).

Fig. 3.12: NBD-STEM image of HAADF signal (top)drelashed line indicates position of
NBD profile, numbered marks the corresponding NBitgrns shown below. A crack in
the GST thin film (red arrow) may result from megital stress due to the volume
contraction during crystallization. CorrespondinBM pattern (1), (2) and (3), illustrating
the random orientation of the crystalline grainsdRirrows in (2) mark faint superstructure
reflections from vacancy ordering in two {111}-tyg#anes, dashed white semi-circle
indicates about 4° tilt away from [110] zone axgseen circle in (3) indicates a small
residual amorphous component visible in the diffusentribution close to the
(002) reflections.



The shape of the grain boundaries is inspectecrcliosFigures 3.13 and 3.14. BF- and
ADF-STEM overview images show that the interfaceMeen GST crystallites is faceted.
The detailed view of a grain in [110] zone axise&g that often the densely packed
{111} planes form the outermost layer of the ladtidn the image shown in particular,
lattice planes appear to continue across the graimdary. While the exact misorientation
angle and thus the coincidence site lattice (CSL, see chapter 1.da3)not be directly
determined from the image, such ordered interfaeéseen grains are typical for coherent
low-angle grain boundaries. One plausible candidedelld be some form of <111>
symmetric tilt boundary, such as the primitive<111> CSL, or the 7<111> CSL which

is known to be a high-mobility grain boundary ie thCC lattice. The structure of the GST
thin film towards the amorphous interface layershswn in Figure 3.15, once oriented in
the Si[110] substrate zone axis, and once in th@[BX®] zone axis of a grain at the
LaAIOy surface. There is no clear indication of an oag&ah relationship, or the formation
of an interface passivation layer. In particularegards to the single-crystalline substrate,
it would have been possible that the flatness efamorphous interlayer may have been
sufficient to induce preferential orientation ofetmuclei, which should be more
pronounced in thinner layers. While this is stiletcase in some grains (e.g. the bright
crystallite in Figure 3.12 from which the NBD ima@® was acquired, which may also
play a role in the formation of a layered superdtrte), it does not occur often enough that
a systematic behaviour can be postulated fromstmsple alone.

Fig. 3.13: STEM image overview of grain boundarytire GST thin film. Coherent

diffraction contrast image (BF-STEM 0 — 7.7 mraeft)l and corresponding intermediate
incoherent scattering contrast image (DF4-STEM (AD®.1 — 80 mrad, right). The grain
in zone axis orientation appears darker in the BEM image due to strong coherent
scattering out of the low-angle region, while thraig boundary itself appears brighter in
the DF4-STEM image, possibly due to de-channelliram lattice distortions at the

interface.



Fig. 3.14: High-resolution BF-STEM (0 — 7.7 mradjtall of grain in [110] zone axis

projection and grain boundary (left), and magnifeedail of lattice and grain boundary in
HAADF-STEM (80 - 200 mrad) contrast (right). The kiset illustrates the zone axis
symmetry as well as the excellent point resolu(@® pm or better). Black spots in the
BF-STEM image correspond to bright spots in the HFASTEM image, resulting from

the heavy Te columns of the metastable cubic ttic

Fig. 3.15: STEM images of amorphous interfaces. SF&EM (9.6 — 40 mrad) image of
Silicon substrate lattice in [110] zone axis andivaaoxide interface layer between
substrate and GST thin film (left), correspondingADF (40 - 200 mrad, C2 = 20 mrad)
image and resulting FT of substrate, useful foibcation of magnification and resolution.
Similar DF4-STEM and corresponding HAADF image of8Ts thin film surface and
LaAIOx capping layer (right). The amorphous SiOtenface masks any influence of the
substrate orientation on the crystalline growttihe GST layer. The apparent size of the
dark / bright spots representing the mixed Ge/Sk@lemns in [100] zone axis projection
in the right panel changes due to a local thickigeadient towards the surface.



On the other hand, as will be shown in the subssqcigapter on deposition at elevated
temperatures, by increasing the mobility duringstadfization this tendency can be
exploited in order to produce textured thin filnmsamorphous interface layers.

One major practical challenge for the STEM imagaigolycrystalline thin films is the
alignment of one specific grain into a useful zanas. Often, the choice is made by
selecting individual grains that are coincidentallgll-aligned towards the incident beam.
Alternatively, by viewing the fluorescent screeniletthe beam is scanning rapidly over
one small area in under-focused conditions, a laggle convergent beam electron
diffraction (LACBED) type pattern can be observechntaining Kikuchi features
(incoherent scattering and subsequent multipletestag)) and ZOLZ (zero order Laue
zone) deficient lind$ which can be used to tilt the specific area instjoe into a zone
axis (see Appendix C.4). Once a zone axis ori@matas been obtained, the next
challenge is minimizing image drift during acquait while still retaining a good
signal/noise. Very short dwell times coupled withmple drift correction by cross-
correlation and subsequent frame averaging has bseth elsewhere in order to obtain
atomic resolution EDX map&”. However this can result in a loss of spatial ketfan due

to the imperfect overlap between subsequent images,for the strong Z-contrast and
good instrument stability (<1 nm/min spot drift)tlee experiments discussed here, a single
image acquisition with a frame time between 5 abders (depending on image resolution
and dwell time) is equally sufficient for imagingrnposes. Additionally, the application of
image post-processing is a widespread and vergatlen order to improve images after
acquisition, as well as to quantitatively analy$ee tinformation contained therein.
Two processing routines are regularly applied ®ithage shown here.

For one, the application of either the radial Wiefiter or radial difference filtt>¥
provided in the HREM-Filters (HREM Research) plufpn Digital Micrograph serves to
reduce high-frequency noise as well as sharperiatiiee image by removing selected
Fourier components of the image. Secondly, lin@ane drift (continuous drift during
acquisition) can be removed from the image by apfibn of the Jitterbug pludii®,
which accepts user input on the ideal lattice oteotto correct drift distortion. However, it
is important to note that Fourier filtering resutspronounced changes in the local image
intensities, while drift distortion correction red on prior knowledge of the overall
expected lattice structure.

The former thus can be applied when evaluatingspate distances in the lattice image,
while the latter can be useful for subsequent atalo of image intensities, although the
pixel-interpolation upon adjusting row displacensewith sub-pixel resolution needs to be
taken into account in the resulting reconstructedge. An example of a GST [100] zone
axis lattice image and subsequent image processeps is shown in Figure 3.16. Also
included therein is a map of the local lattice tiota calculated by means of the geometric
phase analysis (GPAJ.



Fig. 3.16: HAADF-STEM (40 - 200 mrad, C2 = 20 mraciage of GST lattice in [100]
zone axis projection, and resulting image after FWiener filtering (panels left).
Magnified view of the same lattice image before aftdr drift correction (top right) and
corresponding GPA maps of local lattice rotatiaaken from the whole image (bottom
right, colour scale is fraction of 2 While the removal of high-frequency noise
significantly improves the image quality, some dtutative information on absolute image
intensities is lost. The drift correction works endhe assumption of a uniform, distortion-
free lattice, which is not necessarily always thsec(compare distortion of lattice planes in
the lower part of Figure 3.15). Nevertheless, th&€oumity of the resulting rqy map
indicates a good reconstruction of the real lattice

The GPA rotation map shows that, before drift atirom, a small change in sample drift
rate resulted in a stronger lattice distortionha tower part of the image (red area), while
after correction the rotation of the lattice relatio the reference ideal cubic lattice largely
oscillates about 0, with some residual stripes tdugcan noise (mechanical or electronic
vibrations in the instrument). Image processinfurthermore useful in order to visualize
the information on local lattice spacings and istees from individual atomic columns.
The GPA also allows the mapping of local latticetalitions due to uniaxial or biaxial
strain fields, or pre-existing deviations due tdfedent than expected lattice geometry.
However, this functions best with a primitive synirieereference lattice, while the sub-
angstrom distortions of interest in the complex G&fices can often only be identified by
statistical evaluation of individual real-spacetaigces from profile measurements.

Such profile measurement and fitting steps (elabdran further below) can also be used
to extract the local image intensity from the ramage data. In addition, Zhang et. al. have
recently shown how by means of image manipulati@nlocal image intensity ratios, and
thus either vacancy distribution or Ge concentrgtioan be visualizéd®. A similar
approach has been taken here (the source codéddpigital Micrograph script can be
found in Appendix E, partially adapted from examgteipts by D. G. Mitchell).



Fig. 3.17: HAADF-STEM (40 - 200 mrad, C2 = 20 mranhage of GST lattice iV

zone axis projection (top left), Te:Te intensittisamap (bottom left) and Te:Ge/Sb/v
intensity ratio map (bottom right), calculated weeaging four images which were shifted
along Vv andV lattice vectors onto the nearest or next-neareltnmn position,
respectively, and overlapped with the original. Doedge effects, calculated image sizes
are cropped to the area indicated by the dashetewihe. Sum of both partial lattice
intensity ratio images (top right), showing someigation of preferential ordering of
either light elements (Ge) or intrinsic vacanciesneighbouring columns i®  planes,
while the Te sublattice is largely uniform.

By defining two non-parallel offset vectors of thaeal lattice along mixed planes, a
shifted mask of the original image can be creaté@&nwselecting only intensity levels
above the weak sublattice. The background leveluistracted either by measuring the
global minimum or by specifying a user-defined kgokind level (more complex
background models are required in the future folages without clearly defined



background or with intensity gradients due to thedss/material changes). Subsequently
dividing the original image with each mask and agerg the results creates an image of
the intensity ratios between Te peaks and neiglgunixed columns or nearest Te
columns depending on the chosen offset vectorssd imaages can then be combined to
create a map of the intensity ratios. The resuls@gi-quantitative intensity ratio maps for
a [110] zone axis projection image of the metast@$T phase are shown in Figure 3.17.

At an instrument magnification of 7 Mx (1:7 millipnwhere individual atomic columns

are visible yet do not occupy more than about B2pikel width in the image, the intensity

ratio map of Te:Te is largely uniform close to &,i&to be expected from a fully occupied
sublattice. In contrast, the intensity ratio map T&:Ge/Sb/v can vary between 1.4
(very few vacancies, possibly more Sb than Ge)a8dsometimes even spiking as high
as 2.6) indicating local accumulation of vacancas Ge on the mixed sublattice.

Combining the two maps shows that mixed positioith hMgh vacancy concentration can
sometimes be organized in {111} type layers ové& @eighbouring columns, occasionally
even exhibiting systematic ordering towards eatterofe.g. the 4-Te layer spacing in the
bottom left of the image or the 2-Te layer spadmghe top left) which can be seen as
precursors to the 4-Te stacking of,GTe,.

Fig. 3.18: HAADF-STEM (40 - 200 mrad, C2 = 20 mraciage of GST lattice in [110]
zone axis (left) and quantitative image simulatioom cubic GST225 model with 20%
intrinsic vacancies at 2 nm defocus (inset). Wiile magnification at 20.5 Mx is very
high, pixel resolution was kept at 1024x1024 aneéltitime relatively short (6rs) in order

to minimize drift and beam damage, which in tursuteed in slightly reduced signal/noise.
Image as shown has been FT-filtered and drift-ctee Resulting intensity ratio map
calculated from raw data (right), dashed line iatbs the area free of edge artefacts. The
uneven brightness within some Ge/Sb/v column posstindicates local displacements of
the atomic columns from the expected centres betwegghbouring Te columns. In this
particular image, no systematic preferred arrangemievacancies is immediately evident.



These partial ordering effects are still burie@dimixed sublattice that overall appears fully
occupied in the HAADF view, and the systematic mgeament can occur in either of the
two {111}-type planes visible in the image. Furtmare, comparing the local intensity
ratios given above with simulated imag¥$ (e.g. the expected intensity ratio for 20%
vacancies and equal distribution of Ge and Sb wbeldlose to 1.8, while the expected
intensity ratio for 40% vacancies would be 2.2h@tomes apparent that the local vacancy
concentration may vary between 10% or less and 40%more. Since an increase in
vacancy concentration and an increase in Ge comtiEmt cannot be distinguished, the
concentrations cannot be strictly mapped from teABF signal alone, yet the here
presented results are a strong indication thatnaes can be partially ordered in the
metastable phase. An argument can be made thatlén to obtain an equal deviation of
the intensity ratio purely by varying the Ge comtehe sublattice position would have to
be almost exclusively occupied by Ge, in which casequally higher concentration of Sb
elsewhere would be expected. While the differencadmic number Z between Sb and Te
is small, the difference in Debye-Waller factors ¢ pronounced, and lowest-intensity
ratio sites may thus present such Sb-rich positibm$ortunately, attempts at performing
an atomic-resolution EDX mapping for comparison eveansuccessful due to the rapidly
accumulating beam damage and sample drift. Simjldarheeds to be kept in mind that the
electron beam may have an influence on the obsefaeancy ordering especially at very
high magnification$®®, although the results shown here were only exposech
comparatively small electron dose. More likely In&tt the long annealing time had an
influence on the lattice disorder, since the gmaiorphology is more homogeneous after
ultra-fast crystallizatiof®®.

Performing a similar evaluation of intensities atywhigh magnifications (20 Mx or more)
reveals an uneven distribution of intensity ratigghin individual mixed columns, while
the Te sublattice remains largely uniform (see &lgmre 3.18). When measuring atomic
column distances, the effect of drift distortioneds to be taken into account. The
intercolumn distances measured from the [100] ptme in Figure 3.17 are tabulated in
Table IV. The results clearly show the biaxial ireatjstortion, as well as the subsequent
improvement through drift correction and fasterwasigion. However, while the average of
two perpendicular lattice vectors matches the namstructure closely (lattice constant
0.60293 nm), some small difference in individualgesadicular directions always remains.
A point of reference for the degree of rhombohedrsiortion would be the R3mR phase
of pure GeTe, with comparable column distances BmMR V projection of
0.2863/0.3126 nm and 0.4174/0.4281 nm (ICSD#15998ugh a strong rhombohedral
distortion results in XRD peak splitting, at 2 42.2° and 43.3°, as well as at 25.17° and
26.039°. Given that the above described potentialigerved distortion is significantly
smaller than the rhombohedral distortion in GeTasilikely that any such additional
peaks could be lost in the widths of the diffractipeaks. Similarly, differences in the
electron diffraction data between undistorted dattand observed distortion would be in
the range of the pixel resolution even at verydatgmera lengths.



Tab. IV: Column distances in [100] projection imf} as indicated by coloured arrows in
Figure 3.16. Values were obtained from multiplefige over at least 10 columns and
subsequent peak fitting.

Filtered image Drift corrected | Short acquisitioh Average Nominal
d[200] 0.2954(6) 0.298(0) 0.3010(3) 0.3019(6p.3015
d[020] 0.3082(7) 0.3058(8) 0.3034(2)
d[110] 0.4208(1) 0.4244(2) 0.4204(2) 0.4269(5p.4264
d[-110] 0.4331(1) 0.4282(7) 0.4348(7)

Fig. 3.19: Example comparison between measured HAAIDgle pixel width intensity
line profile along [001] direction within on¥ projected plane (black), curve fitting
routine for identification of individual column pitisns and intensities (red), quantitative
image simulation normalized to the highest Te p@aken) and graphical evaluation of
intensity ratios between neighbouring columns (B2Sb/v and Te:Te, blue). All data was
extracted from Figure 3.18. While overall trendse (Bublattice distances, relative
intensities of Te and Ge/Sb/v columns and variatcmincide well, it can also be seen that
Ge/Sb/v columns can be distorted by several pns fdsults in gradients within individual
spots of the intensity ratio maps, while the averagensity ratio of one spot fits well to
expected values when a variance in local vacanogestrations of 5 — 15 % is allowed.

A comparison between intensity line profiles andpdrical intensity ratio evaluation from
the [110] projection is shown in Figure 3.19. Eaotividual peak from the intensity
distribution in one column is fitted by a Gaussiafith the base level locked to the global
minimum background. The deviation between cumutatburve of all Gaussians and
experimental data is then minimized via tAdit. As can be seen, this procedure generally
results in a good agreement between curve fit aperanental data, however sharp local
spikes (such as in the central Te peak in the lprefiown) can result in visible differences



between fitted and measured peak intensity. Condielen intensity ratios can thus be
limited to within £0.15 in the worst case, whildaager integration width of the profiles
results in a better peak fitting but reduces th@sueed maximum peak height due to the
averaging effect. Furthermore, the comparison betwideal Ge/Sb/v column positions,
fitted positions and graphical intensity ratios erithes that mixed columns can be locally
displaced from the centre between neighbouringdlienens, thus as stated above resulting
in uneven graphical intensity ratios. By performsuych profile measurements and peak
fitting evaluations along [001] and directions in the [110] zone axis projection, the
local displacement can be quantified as shown ibleld/. As can be seen, for the
[001] direction there exists a systematic offsethaf mean positions of around 13 - 16 pm,
barely above the standard deviation of multiple sneaments (N=30). While it is possible
to speculate that a minute offset can also be se#re shortv direction, this is still
within the scattering width of the data.

Tab. V: Column distances in [nm] from profile evailion extracted from Figure 3.18. Two
values for one direction correspond to left- amghtriside Ge-Te distance ([001]) or up and
down (v ) in the image.

Column distances Standard deviation €]
d[11-1] Te-Te 0.366(4) 0.0086
d[11-1] Ge-Ge 0.365(6) 0.0075
d[1-10] Ge-Te (up) 0.216(7) 0.0109
d[1-10] Ge-Te (down) 0.213(4) 0.0091
d[001] Ge-Te (left) 0.303(3) 0.0072
d[001] Ge-Te (right) 0.290(6) 0.0132

Since the above described displacement of mixedhwos is too small to match interstitial
sites (tetrahedral sites would occupy column ditanof 0.1507 / 0.4252 nm), and no
additional columns at those interstitial distan@ggpear even though they should be
resolved at 80 pm point resolution provided theysagnificantly occupied, it is possible to
speculate that these displacements are rootedsiersgtic Peierls-like distortions of the
Ge-Te chains. Remarkably, although either directibthe distortion along the [001] axis
should be equal, they are predominantly aligneshie direction across the entire evaluated
area, and rather than incorporating random stractisorder the unit cell is thus no longer
invariant when mirrored at the (001) plane. Whethese distortions thus play a role in the
reversible multi-level threshold switching is yethie fully explored, among other reasons
due to the difficulty in identifying them with nastestructive methods. A logical future
step would be to compare ab-initio DFT calculatioh®and structure properties from the
symmetric, distorted and vacancy layered arrangemammd compare these with
experimental property measurements. The individoedl displacement measured from
profiles in Figure 3.17 is plotted against the langensity ratio in Figure 3.20. It is unclear
whether a correlation can be made between highensity ratio and larger displacement,
in part since the magnitude of the displacemeras tlse precision limit of the method.



In summary, after slow annealing of a capped GSi fitm at 160 °C, the resulting
structure is randomly oriented crystalline withexywsmall Ge-rich amorphous component
at the interfaces. While preliminary XRD indicatectlose to ideal cubic structure with a
slightly smaller than expected lattice constang HR-STEM investigation reveals pm-
scale distortions of both the Te framework andrttieed sublattice. Close inspection of
the local HAADF intensities and comparison with iiiative image simulations indicates
partial ordering of the mixed sublattice within {{Ilplanes. While the idealized model of
the symmetric NaCl-type lattice need not be disedydince it is likely that the ultra-fast
crystallization results in increased sublatticeodigr, the here observed lattice structure
presents a first intermediate step in the phasesfibtamation towards the layered trigonal
lattice. The combination of image processing analuation tools applied here is thus a
promising approach to characterizing with similaegision the various annealed and
crystalline-deposited thin films in the followinglschapters.

Fig. 3.20: Plot of local intensity ratio Te:Ge/Skvg. column displacement in [001]
direction, from three line profile fittings measdren Figure 3.17. While the data points
appear randomly distributed around the mean (16dmplacement and 1.86 intensity
ratio), it may be possible to interpret a linearreltion trend between intensity ratio
(i.e. vacancy concentration or average atomic nujndned local displacement. Average
long and short distances are 0.3071 + 0.0027 nmOa&2&r9 + 0.0037 nm, respectively.
Standard deviation of distances is lower than ibl&a/ since the image evaluation at
lower magnification is less impacted by noise, haevea single peak only occupies on
average 13 pixel within its FWHM, and the pixelakegion in combination with residual

noise may thus impact the precision.



3.2.2 Vacancy layer ordering in the intermediateiciattice

The phase transformation temperature for the nadilsicubic to trigonal layered phase
transition is typically given as a range e.g. bemv@30 and 260 °C, however various
reported figures can vary even further. The redsothis is clear: While the amorphous —
metastable transition occurs very quickly, whichke®it technically interesting for fast
switching concepts, the metastable — stable tiansis kinetically constrained, thus
yielding the large range of metastability that gical for the reliability of PCM cells.
However it has become clear that regarding the stedile phase as one monolithic entity
is too simplistic, and additional structural chasigdould be observable to explain multi-
level switching behaviour. In addition, the stalalgered phase itself has also come under
scrutiny for interfacial switching concepts, ane ftthetailed characterization of the stable
arrangement as well as possible defect structagshus gained increased importance.

The main differences between the two crystallinesgls are the arrangement of the
intrinsic vacancies, the partial chemical orderiagg the structural relaxation resulting in
{111} in-plane shifts as well as lattice distorti¢all of which are further elaborated on in
the following subchapters). As was shown in thevipgs section, the beginning of the
vacancy ordering can already be observed in thastadile phase by careful evaluation of
HAADF-STEM intensities. While in the cubic framewadhe mixed Ge/Sb/v {111} layers
are ideally invariant, considering the trigonatit in terms of cubic coordinates shows
that only one {111} layer orientation can persisttiieen metastable and stable
configuration. The phase transformation temperastgeavily reliant on the time profile
of the heating process, which is further complidatey the stoichiometric effects.
Typically, a preferred stoichiometry of the trigbphase such as @& Te,, GeSh,Tes or
Ge;ShTes is meant to be investigated, each yielding difieteansformation temperatures,
while in practice the cubic phases of these comgsuio not radically differ and small off-
stoichiometric compositions can thus be readilyoaumodated.

Choosing a temperature profile to investigate fonealing experiments can thus prove
challenging. Differential scanning calorimetry (DS€xperiments are typically carried out
at constant heating rates. Some examples indid@ewho reported fcc  hexagonal
transition temperatures between 205 and 230 °Ceatirig rates from 5 to 70 °C/min.
However, they also claimed to have observed artiaddl endothermic peak relating to a
structural transformation between 250 and 330 °@amvhile,?*” reported a phase
transformation temperature of 250 — 260 °C for DB&ating rates between 10 and
30 °C/min, while Ref™ originally reported a temperature as low as 200at@ DSC
heating rate of 10°C/min. Even extreme outliers possible when other methods of
characterization are considered, e.g. from elettriesistance measureméfid a
transformation temperature of 310 °C at a slowihgatte of 0.52 °C/min was concluded.
Since the here performed annealing experiments wamged out with a fixed ramp time
(10 min) and a plateau between 10 and 30 minutas,to be expected that the phase
transformation occurs at the lower end of the reubrrange of transformation



temperatures. 11°%? a phase transformation temperature of 230 °C foraanealing
experiment of G&Sh,Tes with a similar ramp and plateau was reported, fs@h XRD
information they concluded a large change in contipostowards GegSh,Te,. In order to
investigate the transition state between metastah stable configuration, the here
presented GST thin film on Si(001) substrate wikive SiQ interface layer was annealed
at 200 °C (18 °C/min ramp) with a relatively shd® min plateau. XRD results
(Figure 3.21) indicated that the film was still peat in the metastable phase with
a = 0.5997 nm, while glancing incidence measuresielicated the presence of preferred
orientation texturing due to alignment of GST {11dlanes with the interface orientation.
S/ITEM-EDX measurements confirm that the originaldeposited composition was
roughly retained, with relative concentrations @& {35 Sk, 74and Tegggoat. %. The TEM
overview image shows that grains may extend oweetttire layer thickness (Figure 3.22),
while NBD patterns exhibit pronounced superstrueteflections along the {111} axis.

The BF-TEM view and diffraction information alreaddicate that some defect structure
ordering takes place within the sample, with agnrefd orientation in the top 40 nm of the
layer. This however is somewhat contradictory ® XD results, which indicated a cubic
symmetry since, as already introduced in the presvchapter, additional diffraction peaks
from the trigonal stacking are not present.

Fig. 3.21: -2 and glancing incidence XRD measurements of GST fihm annealed at
200 °C, as well as calculated relative peak heighitsn a randomly oriented
polycrystalline morphology of cubic GST225 (bluerd)a Since in glancing incidence
geometry the (111) type diffraction peak is sigrdfitly more prominent than the
(011) peak, it can be concluded that the thin fijhmssesses a (111)|[001] preferred
orientation component.



Fig. 3.22: TEM overview image (BF contrast) of G8%2hin film annealed at 200 °C
(left) and corresponding FT (inset) exhibiting amgstallite orientation over the entire film
thickness. Representative NBD patterns from a tasgees, acquired closer to the top (1)
and bottom (2) of the thin film. While both patterrexhibit a similar zone axis
[110] orientation with a small off-tilt reorientatn (the sample was oriented in the Si[011]
substrate zone axis), superstructure reflectioraried by red arrows) are slightly more
prominent along one {111} variant in pattern (1hile they are weaker in pattern (2) and
appear in either of the {111} variants.

This becomes better visible in the HAADF-STEM ovew images (Figure 3.23).
Vacancy ordering into {111} planes gradually chasmdem random arrangement in the
lower part of the layer towards alignment of vagala&yers with regular spacing of 4, 5 or
6 Te planes. While the transition overall appeanrstiouous, there is some indication that
defects may occasionally play a role in separativegtwo lattice regions (particularly in
the central part of Figure 3.24). Visible defecdsm be categorized largely into three types
that were introduced in chapter 1.4.2.

Antisite defects (see Figure 3.24 (c)) are sometifipend when two adjacent regions of

the cubic lattice separated by a vacancy layeshifted against each other Ia%E within

the (111) plane of the vacancy Ia§&¥, thus creating an antiphase boundary. The vacancy
gap between {111} Te layers is narrower (0.406 timan the simple removal of a mixed
sublattice layer would suggest (0.738 nm), yetdatban the average {111} plane spacing
in the bulk lattice (0.348 nm). They are thus riasglin a local lattice distortion that can
be mapped by the GPA (Figure 3.24 (e)). These pldatects are terminated either at
volume defects or by partial edge dislocations.



Fig. 3.23: HAADF-STEM composite image of GST ladtia [110] projection. Insets show
{111} vacancy layer arrangement in the upper péarhe thin film (top left) and Fourier
transformed of the image (bottom right) representire distribution of spatial frequencies
comparable to the diffraction information. The sysatic arrangement of dark lines
(vacancy layers and planar defects) gradually asae towards the surface of the thin film,
while the region close to the substrate is dis@dlenith occasional vacancy layers in
either of the visible {111} planes.

Volume defects are seen in the form of trapezaidelusions, possibly with a different
orientation than the surrounding lattice. All oh&sl volume defects consist of three
strongly distorted {111} layers bordered by vacageys and planar defects. The HAADF
contrast within these volume defects is too diffisereveal the exact nature of their
orientation, and STEM-EDX measurements did not akva marked change in
composition. It is thus likely that they consistdi$torted intrinsic Te-Ge/Sb/v-Te blocks.
Closer inspection of the mixed layers marked byegrarrows in Figure 3.25 (a) suggests
that the lattice transitions from Ge/Sb/v-Te-VL({phase boundary)-Te-Ge/Sb/v stacking
towards VL-distorted Te-distorted Ge/Sb/v-distorieelVVL within the defect, indicating



that the structure seen in the volume defect mathbeside-view of a screw dislocation
with a Burgers vector of— — , sandwiched between the VLs.

Classical edge type dislocations may also be ptekewever due to the diatomic base of
the lattice they are associated with very largeckatstrain. Only one clear example of such
an edge type dislocation involving the removal ofeaGe/Sb/v bilayer could be imaged
(see Figure 3.25 (b)), and is further associateth \&i stacking fault and a resulting
antiphase boundary. They only play a minor rolthmlattice structure overall.

Following from these observations, the defect $tm@és are characterized by the local
removal of mixed sublattice {111} planes and digstor of the Te sublattice framework,
resulting in partial edge dislocation pairs, stagkiaults and antiphase boundaries. Due to
the intrinsic tendency towards vacancy layer foramend the lattice strain surrounding
defects, the two are closely associated. The irdtion contained in the HAADF
intensities can be evaluated as introduced in theigus chapter, by either mapping the
Te:Te and Te:Ge/Sb/v intensity ratios or by fittimglividual profiles and comparison to
expected intensities. In this context it is howeweportant to recall from the theoretical
section that in a strained lattice region the thardisplacement parameters and thus the
expected incoherent high-angle scattering intenaity not identical to the ideal lattice
prediction. Thus, while both vacancy layers andiglavacancy ordering can be mapped
well in a larger view of the lattice (see Figur2?3, the image contrast close to defect sites
cannot be directly translated to Ge/v concentratidre most prominent example of this
can be seen at the antiphase boundaries (Figute(8 2and 3.26 (a)). The compressive
distortion of the lattice, seen as blue regionsFigure 3.25 (e), results in a HAADF
intensity of the first mixed Ge/Sb/v layers arouthe defect plane that is above what
would be expected for an undistorted fully fille@/Sb layer without intrinsic vacancies.
When performing profile evaluations of the defaetef lattice similar to chapter 3.2.1 it
becomes apparent that Ge/Sb/v-Te distances aréagymiistorted as in the previously
discussed sample while the Te-Te framework mattieesubic symmetry in the observed
projection. In [001] direction Ge/Sb/v-Te distan@s split into 0.282/0.319 +0.010 nm,
i.e. an average offset from the NaCl-type lattiosifpon of about 35 pm, while in [1-10]
direction the distortion may also be present, maagu0.197/0.207 £0.008 nm resulting in
an offset of about 10 pm. These values are sliglatiger than those in the previously
investigated sample, however measuring the offséifferent depths inside the GST layer
or at different microscope settings can resultalugs varying by as much as 15 pm (in the
[001] direction) due to changing noise levels aaochgle drift as well as difficulties in the
column peak deconvolution at intermediate magrifice.

The evidence is thus not quite conclusive thatehdisplacements in the cubic lattice
significantly increase with annealing temperata®,long as the measurement is carried
out well removed from defect structures. In corttrdsplacements of the mixed columns
close to planar defects are more pronounced.



Fig. 3.24: HAADF-STEM lattice images of selectediomns of Figure X. (a) Metastable
cubic lattice with local distortions as describedthe previous chapter, (b) systematic
vacancy layer ordering while retaining the cubimsyetry, (c) antiphase boundary defect
across as vacancy gap. (d) Intensity line profiEasurements along direction indicated by
solid white line in (a), and (e) GPA map of locadbal distortion g, calculated from
upper image section of Figure 3.23. Strong lattistortions visible as blue areas in the
GPA map are found at the planar defect sites (aas@ boundaries) and small volume
defects. Insets in (a)-(c) show simulated imagesfidealized lattice models of cubic
lattice, vacancy layer without lattice relaxatiordantiphase boundary.

In particular, mixed {111} layers in the immediateinity of an antiphase boundary or
vacancy layer are always shifted towards the deflacte. In the presence of an antiphase
boundary, the first and second nearest mixed {idahe are displaced by about 50 pm in
theV direction towards the defect plane, while the JO@isplacement stays roughly
the same. Further away from the strained zone)aiiee again resembles the distorted
cubic lattice with a uniform orientation of the ratk column displacement. Similarly, the
vacancy layered cubic lattice in the upper parthef GST thin film is characterized by
small offsets of the mixed layers W direction towards the vacancy layer gap (see
Figure 3.24 (b)). The expected Te-Te plane distaaceoss a vacancy gap in
[110] projection would measure 0.369 nm if thei¢attvere undistorted based on the cubic
model, while measured distances across the vagapgre up to 20 pm smaller.



Fig. 3.25: HAADF-STEM image details of defects stures. Volume defect bordered by
three antisite defects in a complex arrangemerstaxfking faults and partial dislocations
(a). Edge-type dislocation (b), wherein two lattiw@f-planes (Te and mixed, marked red)
are removed from the lattice, while the mixed plat®wve (marked orange) at first
continues but subsequently is also removed regultina antiphase boundary across a
vacancy gap (as indicated by white dashed linesgrface of the GST thin film with the
amorphous SiOx substrate surface (c). Despitentige contrast, there is some indication
of vacancy layering close to the interface while ldittice above appears similar to the bulk
cubic phase.

Fig. 3.26: HAADF-STEM lattice image from lower laft Figure 3.23, and corresponding
intensity ratio map. The STEM image shows the items area from disordered cubic
lattice to lattice with aligned vacancy layers. eTintensity ratio map to the right reveals
pre-ordering of vacancies in the disordered phas#as to the previous subchapter, while
two volume defects appear dark due to the strotigdadistortion. Diffuse darker areas
stem from local changes in the background due torpihous surface components or
contaminants, which are not explicitly adjusted for



The Te(111) plane spacing within the lattice betw&&.s is correspondingly slightly
larger, thus overall compensating the differencéhtoideal plane spacing and, since the
lattice in the perpendicular direction in the imgm®jection plane resembles the cubic
framework, resulting in a tetragonal distortiontlo¢ lattice. It would thus appear that the
vacancy layered lattice possesses strong structuralarities to the trigonal stacking of
GST225, GST124 or GST326 depending on the VL spachiowever, two major
differences are always present:

The HAADF-scattering intensities do not show a rsrahemical reordering into Ge-
and Sb-rich layers. Mean intensity ratios Te: GA/Sloe slightly lower (1.4-1.6) due to
the depletion of vacancies from the sublattice, wariation is low and distribution
random. A small increase in image intensity in finst-neighbouring {111} mixed
layers at the vacancy gap could be equally atedhub the (unknown) change in
thermal displacement parameters and STEM bearovaiap between closely spaced
columns, or changes in the 1s channelling conditahre to lattice deformation.

In the trigonal lattice of stable, vacancy laye@dT, the Te(0001) planes (comparable
to the Te(111) planes in the cubic lattice) ardesystically shifted against each other

byii (in terms of cubic lattice parameter a) acrossvifigancy gap. In contrast, the
m

here observed structure consistently shows a htraigntinuation of Te and mixed
planes across the vacancy gap.

These two observations lead to the conclusionttietattice in the upper part of the thin
film can be characterized as a vacancy layereccalibordered structure, and thus presents
a second intermediate step towards the completgepgh@nsformation to the stable trigonal
structure. Such layered structures of the cubitickatwere previously theoretically
predicted* %! albeit without special consideration for Ge/Shblattice disorder. In
addition, Ref.’?®! and more recentl}*® have discussed the crucial role of vacancy
ordering in the cubic phase for the metal-insul&tansition.

Concluding this chapter, the sample annealed at “Z0@xhibits large grains of cubic
GST225, with a preferred orientation component J[[@Q1] possibly due to vacancy layer
formation at the thin film - substrate interfacdneTlattice structure within grains can be
divided into two regions depending on depth ingdiue film, thus indicating uneven heat
distribution during annealing due to the low thernt@nductivity of the film, or
progressive phase transformation from the surfdcéh® film that was frozen during
cooldown. In the lower part of the thin film thetiee is similar to the previously presented
sample annealed at 160 °C, possessing small disterdf the mixed sublattice within the
cubic Te framework as well as indications of vagapece-ordering into mixed {111}
planes over multiple atomic columns. The upper drthe thin film exhibits strong
systematic vacancy ordering into one preferred {1dldne orientation. Nevertheless, the
overall cubic character including the Ge/Sb suigattdisorder is retained in this
transitional state. Since the VL spacing in thiggehis not strictly fixed, but instead can



measure 4, 5 or 6 Te-Te distances, it is likely thes stacking disorder carries over into
the resulting trigonal stable structure (as witléed be shown in the subsequent chapter).
Lastly, the central part of the thin film exhibg®me prominent defect structures, most
importantly the tendency of stacking defects toultegn the formation of antiphase
boundaries across a narrow {111} vacancy gap.

3.3.3 Trigonal GST lattices after prolonged anmegli

The local structure of trigonal GST compounds ipafticular interest in two regards. For
one, various idealized models of the hexagonalkstgcsequence have been previously
proposed, as discussed in the introductory sedfobmapter 1). While the underlying
symmetry of rocksalt-type building blocks with attating cation- and anion layers and
intrinsic vacancy gaps is similar across all mod#die particular local distortions from
octahedral positions as well as the chemical ondein the mixed cation sublattice vary
between models. This is, among other aspects, taapdior ab-initio studies of the phonon
density of staté¥™ and the electronic band structite®® which can struggle to
incorporate the chemical sublattice disorder. Sdlgpmhe recent prominence of interfacial
switching concepts (iPCM} % 178 2%lmay rely on the exchange of (0001) layers,
switching across vacancy gaps or between GeTe lagiekSsub-units. It is likely that such
movement of entire lattice planes is facilitateddtgcking defects in the lattice, and the
closer examination of these in the here presentedmally pure GST lattice as well as in
the following section on oriented thin-film growthay facilitate the explanation of the
crystalline-crystalline property contrast transitio

In order to investigate the stable trigonal stagkof GST, thin films of as-deposited
amorphous GST225 on Si(001) / Si@ere annealed at 250, 290 and 320 °C. Since the
ramp time was kept constant at 10 min, this redultea heating rate of 23, 27 and
30 °C/min, respectively. The plateaus of 20 - 30 rfacilitated the complete phase
transformation. All thin films were covered by anleast 5 nm thick amorphous LaAlO
layer in order to prevent evaporation during aningalThe sample annealed at 250 °C was
deposited to a film thickness of 40 nm, while tlaenples deposited at 290 and 320 °C
were deposited to a film thickness of 120 nm an@d A, respectively, in order to obtain
large uniform grains for the investigation of thighly ordered phase. The growth rate
from PLD parameters (0.5 J/cm? at 10 Hz) was theterchined to lie around 5 nm/s,
although a certain variance between experiments abagrved that could be traced to
somewhat imprecise control of the laser fluenceoubh the laser defocus and
contamination of the laser entry window to the Rttiamber.



Fig. 3.27: XRD spectra comparison of trigonal thim samples. While all samples
exhibit strong diffraction maxima relating to thegbnal lattice planes, common peak
positions e.g. (0009) can vary by as much as @&ak indices are assigned assuming the
trigonal GST225 lattice, but the variance in pealsifions underscores the need for a
locally resolved structure investigation. The proemice of the (0005) peak in particular
indicates a [0001] fibre texture in the thin film.

XRD measurements (see Figure 3.27) revealed additutiffraction intensities compared

to the previously presented cubic phase, thus atidig a phase transformation to some
form of trigonal stacking in all three samples. Hwer, small shifts in peak positions and
intensities were observed, revealing that furthteuctural changes may occur in the
investigated temperature range.

When matching XRD peaks to the common GST225 stgckymmetri® 5% ¢! the most
pronounced shifts in the (0009) peaks result ilaae spacing of 0.1912 — 0.1931 nm,
corresponding to a c-axis lattice constant of 19720 1.7382 nm. The nominal
(0009) spacing and corresponding c-axis latticestaomt of 0.19201 nm and 1.72809 nm,
respectively, thus lie well within the range of teeperimental measurement. Meanwhile
the (000 21) plane spacing of GST124 is predictethéasure 0.193 nm and thus would
match the largest experimentally determined c-sgaand the distinction between pure
GST124, GST225 or GST326 phases from the c-axanpeter alone is thus difficult. In
principle, differences between other peaks paditylin the range of 32 - 33° should be
more pronounced, but they possess inherently loynasiintensity and the texture
component enhances (0p@ype peaks in thg-2q geometry. The preliminary conclusion
was thus that either a phase mixture was obseethat the GST225 trigonal phase
undergoes a further lattice distortion upon anneali



Fig. 3.28: TEM diffraction results from sample aaleel at 250 °C. HAADF-STEM image
acquired under NBD beam conditions (top left), SAgp&tern of GST thin film position
close to (2) (top right). The particular grain otigion was determined to lie close to the
\% zone axis, with diffraction indices from the trigd GST225 phase as indicated.
Diffuse rings and some weak spurious reflectiontha diffraction pattern originate from
the amorphous LaAlgand nanocrystalline Pt surface layers. Selected Biferns from
indicated positions within the GST layer are shawthe bottom row.

Selected results from the electron diffraction ekpents on the sample annealed at
250 °C are presented in Figure 3.28. Since thelestdbAED aperture cannot cover the
GST thin film exclusively (actual film thickness sveneasured as 42 + 1 nm with minimal
surface roughness while the demagnified SAED apertoovers a diameter of
approximately 100 nm), diffraction contribution®rin amorphous interface and surface
layers are also visible. Nevertheless, very streagerstructure diffraction features are
seen in the SAED pattern, thus confirming the higitdered nature of the grain extending
over the entire film thickness. The NBD serieswadl as the parallel ADF acquisition,
indicate an average lateral grain size of about 860 with some individual grains
extending over as much as 400 nm. The thin filnlésed, and the rms roughness at the
interface of GST and LaAlOmeasures no more than 1 nm.

All NBD patterns exhibit superstructure reflectioinem the trigonal stacking similar to
those observed in the SAED pattern. In fact, thentation of the superstructure reflection
axis largely persists between NBD patterns fronfied#int grains. As the direction of the
incident electron beam is identical to the viewthigection, the reciprocal lattice is rotated
around the surface normal or tilted within the plapanned by the surface normal and the



incident beam direction. However, rotations of gsawithin the projection plane are small,
which as already indicated by the XRD relative peakima is the result of a preferred c-
axis texturing despite the amorphous nature oftliestrate surface. In principle, rotations
within the projection plane and tilts within therface normal — beam direction plane
should be equivalent, and the larger effect oftiats observed here may on the one hand
be coincidental to the sample position the FIB ldeneas prepared from. On the other
hand, geometrical considerations of the Ewald spleenstruction dictate that, since the
radius of the Ewald sphere due to the length ofitlcelent wave vector (wave number
from the De-Broglie wavelength of the high-enerdgcton) is large compared to the
reciprocal lattice base vectors, small reorientetiof the reciprocal lattice out of the
projection plane result in larger changes of ddfi@an intensity than similar reorientations
(rotations) within the projection plaR¥’, in particular since the most prominent
superstructure diffraction features lie close ® titansmitted beam due to the large spacing
of vacancy layers from which they originate. Nekehess, the possibility should not be
discarded that the texture component within thep2ihe of the sample surface is locally
more pronounced in one direction due to a prefeesmall—angle grain boundary
arrangement originating in the initially crysta#icubic phase.

Fig. 3.29: Comparison between experimental SAEDratifion intensity profile along
superstructure reflection axis {0001} w zone axis (from SAED pattern in Figure
3.28) and simulated corresponding diffraction fesgufrom ideal GST124®, GST2252
and GST326* structures (coloured lines, 35nm crystal thickreess 0.2 mrad beam half-
convergence semiangle, two-beam calculation). Whalgicular diffraction maxima match
the GST225 lattice within a small offset, e.g. seeond and third peaks relating to (0002)
and (0003) planes, unexpected intensities at 21t02a75 1/nm, next to the (0004) and
(0005) maxima, respectively, are also observed.



A comparison of the experimental SAED pattern ahdotetical electron diffraction
maxima along the (00D axis of the superstructure reflections is showrFigure 3.29.
Major diffraction maxima in the experimental pattezoincide reasonably well with the
GST225 phase, thus indicating the preferred 9RstgcSmall offsets remain, and some
additional peak intensities cannot be directly@dhback to one specific defect structure or
additional phase component.

The HAADF-STEM investigation (Figures 3.30 and 3.3&veals that the lattice is not
uniform according to one specific trigonal latticedel. Rather, the spacing of intrinsic
vacancy layers can measure 4, 5 or 6 Te-Te distaraewas already observed in the
vacancy layered cubic phase. The most charactefesture defining a single grain is the
uniform orientation of the vacancy layers. It iughpossible to discuss the different
trigonal phases not solely based on their unit, drit rather as a stacking sequence of
building units (blocks) between vacancy layerstHis context, a 4-Te spacing building
block relates to the GST124 lattice model, the Sspacing to the GST225 lattice and the
6-Te spacing to the GST326 lattice. Whether thisdd$also true for the chemical
distribution and the local atomic arrangements witbne building block requires a
comparison of the experimental and expected simdlddAADF intensities. Before
discussing local HAADF-STEM intensities and pm-scdistortions, it is necessary to
complete the survey of the overall grain structure.

When considering the total occurrence of 4-Te lgjdlocks across one grain, under the
assumption that the chemical composition matches Gi$T124 phase in these, it is
possible to calculate the expected composition h&f thin film. Counting the layer
sequence is complicated by the diffuse contrasthat interfaces, and as previously
mentioned there is a small indication that Ge auinite particular at the thin film interface
to the surface layer increases. Nevertheless, tditeservation of the experimental image
shows that about 20% of all building blocks congiét4-fold Te stacking, while the
remaining ones are 5-fold (GST225) with some netatéfect structures. Taking into
account the relative volume of a building block, i4-Te occupies 7 layers total plus one
vacancy layer while 5-Te occupies 9 layers plus waeancy layer, the expected Ge
concentration over the entire volume is:
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The presence of 6-Te building blocks shifts theeexgd composition slightly towards
higher Ge content, however since they are very iratbe discussed sample (two across
the entire grain in Figure 3.30), the influencenimimal. Thus, the expected composition
form stacking sequence lies well within the ranfghe EDX measurement for this sample
(GeoShysTesg£2 at.%), and the conclusion thus lies close thatidcal stacking symmetry
and the overall composition are causally connected.



Fig. 3.30: HAADF-STEM overview image of GST thimnfi annealed at 250 °C M

zone axis projection (left). Due to the large dff-of the grain, interfaces to the substrate
and cover layer are very diffuse and the HAADF msigy exhibits a thickness gradient
towards the interfaces despite the uniform lamiliekness of 35 nm. The Si[110] zone
axis was close to 0° sample hol@gb tilt, while the grain zone axis was tilted &y= 8.5°
andb = 17.22°, with thd tilt axis approximately parallel to the substratierface. Hence,
the sample height and thus the defocus also chawgess the image from in-focus on the
left to under-focused on the right. Right-side parshow selected features (marked by red
arrows) recorded at higher magnification: stackiragsition between two building units
(top) and anomalous stacking unit of two Te and mieed layer (bottom). The vacancy
layer spacing is mixed between 4, 5 and (very ocna#ly) 6 Te layer stacking within
building units.

This is consistent with the hypothetical formatmechanism of the layered trigonal phase
from a cubic grain, as partial {111} layer pre-otidg was already found in the cubic
parent phase (see previous subchapter, as welles'® and M®%). However, an
alternative view would be that the coincidental arazy layer spacing may inform the
subsequent chemical composition in the trigonalsphdn either case this raises the
guestion how excess components can be distribatéaktice regions in which the initial
vacancy layer spacing and the preferred composdmmot match. While this cannot be
conclusively answered here, and time-resolved tin-sbservations of the crystallization
process are somewhat lacking in spatial and chémésolutiod®®, it is possible to
examine a number of hypotheses.



Fig. 3.31: HAADF-STEM image of GST lattice (leftlter annealing at 250 °C M
projection. Numbers indicate the Te-stacking witttie corresponding building unit. A
stacking transition (as also shown in the uppdrtmanel of Figure 3.30) is marked by red
arrows. The coloured overlay in the left panel shdhe intensity ratio map within one
individual 5-Te building block (colour scale from®2.0). Mixed lattice (0001) planes are
split into brighter layers (int. ratio around 1lelpse to the vacancy gap, which are thus
richer in Sb content, and darker layers (int. ratround 1.8) in the central part of the
building unit, which are thus richer in Ge contefihe same HAADF-STEM image is
overlaid with the uniaxial lattice distortion fro@PA (right). The direction of the lattice
vector is indicated by the white arrow, while tkedth was set to 2.733 1/nm (the average
Te-Te reciprocal spacing of (0001) planes). Thewobverlay thus represents the local
deviation of the Te(0001) spacing from an idealupggecubic arrangement, averaged over
two layers. The intensity ratio variations and (Dpplane offsets correspond well overall
with the prediction from the trigonal lattice modelowever, offsets in particular are not
uniform even outside the distortion zone from ttaeking transition.

The initial vacancy layer spacing in the cubic ghean be informed by the observed small
distortions in the lattice, rather than local cheshiinhomogeneity. The width of the
vacancy layer and the position of the first mixee/$b layer adjacent to the vacancy gap
do not match the initial cubic phase. Since theamayg layered phase is still connected to
the cubic parent phase, rather than resembling @méystacking sequence determined by
the closest preferred stoichiometry, lattice sti@tween the two regions is reduced by the
formation of defective stacking units. However feliénces in lattice parameters between
cubic phases of GST124, GST225 and GST326 are,smndllif the influence of the lattice
distortions on the vacancy layer spacing exigtseixpected to be equally small.



The initial vacancy layer spacing can be randomistributed around the preferred
spacing, and subsequently reorders to match thelbeemposition via the movement of
lattice defects. While stacking defects in theidatare commonly observed, as seen in the
top-right panel of Figure 3.30, their occurrence the ex-situ annealed samples at
temperatures of 250 °C and above is not so freqaend explain an ongoing reordering
process of the stacking sequence. These stackiegtsleare much more common in the
textured and epitaxial samples deposited at eldva&imperatures, and are thus discussed
in more detail in the following subchapter. Thaley appear to be coupled to local lattice
strain and the chemical reordering may be a secgreféect of the stacking sequence.
Nevertheless, it is possible that at the investidainnealing temperature and time, this
hypothetical reordering has already largely conetud~urthermore the lattice very rarely
also exhibits a stacking unit consisting only obtWe layers and one weakly scattering
mixed layer (see lower-right side panel in Figur803. While none of the existing GST
models predict this structure in the equilibriurhe tvery low HAADF intensity in the
central mixed layer hints at a large Ge conteritigh residual vacancy concentration. Pure
GeTe is commonly described as cubic or rhombohedegending on the temperature
range, while reports on crystal structures of Gefas would be close to the here
hypothesised composition) are sparse. At leastrepert on metastable GeTexist$*
which refers to the crystal structure as “cubic &worphic tab-cristobalite SiQ’ (sic),
and makes no mention of intrinsic vacancy orderings possible that the close proximity
of two vacancy layers stabilizes a metastable pseubic arrangement of GeTe or GeTe
in this individual building block. Since one of tlagljacent GST stacking units is that of
GST124, the excess Ge in the anomalous stackitignayi originate from there.

Mid-range diffusion (movement over 3-5 intrinsites) of Ge and Sb components across a
vacancy gap certainly may also play a role in tredgal phase transformation. As was
previously reported, an energetic electron beaabis to drive Ge/Sb out of one specific
{111} plane in the cubic arrangement, resultingnareased HAADF intensity in the next
mixed site due to lower vacancy concentration anidcreased Sb contéfif. If multiple
building blocks are able to exchange excess comysmathout structural transformation,
then the equilibration of the lattice can occurroemger timeframes without distortion of
the vacancy layers. While this appears well-foundtedioes implicate that superstructured
(GeTe)-(SkyTes)m multilayers for iPCMs should resemble GST buildiigcks after a
sufficient number of switching operations, and &amresults have indeed been recently
reported of MBE-deposited superlattit8d The implications for the functional
characteristics of iPCM prototypes have yet tollly explored.

Lastly, rather than discussing the cubic to triggutaase transformation within the same
crystalline grain, the transition can also be rdgdrin a wider view as competing
anomalous grain growth of hexagonal seed crystabs ¢ubic matrix. In this context the
lattice structure presented in the previous subtelnapould be regarded as two adjacent
grains of vacancy layered cubic and disorderedccabiangement. However, the uniform
lattice orientation seen therein somewhat conttadlds picture. Nevertheless it is likely



that the uniform vacancy layer orientation propaganto the disordered phase along a
transition zone of limited atomic movement, thuewing for the chemical reordering
necessary to conform to the later observed trigstaaking sequences.

The observed trigonal structure shows that the atandistribution deduced from
HAADF intensities does qualitatively match the &tag sequence (see intensity ratio
maps in Figure 3.31), with some defect structufean&known composition as discussed
above. It is likely that the phase transformatioocpss is influenced, to a greater or lesser
degree, by all of the above described aspectsdditian, there is some indication that
equally-spaced building blocks occur in pairs, @ligh this is not a strict rule and isolated
blocks or pairs of 4- and 6-Te blocks are equadlyikely. Considering that the interaction
across the vacancy gap is commonly regarded as Mieakler-Waals coupling, there is no
underlying structural reason that such a doublelbiorangement should be preferred, and
it thus most probably is coincidental to the chehdistribution in the parent phase.

A closer investigation of the lattice after anneglat 250°C is summarized in Figure 3.31.
In the left-hand side panel, an atomically resoNg¢dADF-STEM image inV
projection is shown after image processing (ndiserihg and drift correction). In addition
to the above discussed stacking disorder, a staakafiect is also captured in this image.
Within the width of 16 atomic columns, Ge/Sb andidyers gradually exchange positions,
while the vacancy gap moves accordingly from owle sif the Te layer to the other. The
lattice to the left of the stacking transition thresembles a stacking sequence arrangement
of GST124 — GST225, while to the right of it theqgence is flipped. This is further
illustrated by the semi-quantitative investigatiohHAADF-STEM intensity ratios that
was introduced in the previous subchapters. Witii@ 5-Te stacking unit (overlaid on the
HAADF image), intensity ratios approximately conforto the GST225 composition.
However, the intensity ratios in the mixed Ge/Sjeta in particular are not as uniform as
the model structures would suggest. The model yatret al. of Ge-deficient GST225
(ICSD#188967) distributes Ge and Sb into Sb-ricjela of Ge33Shyess and Ge-rich
layers of GeesosShyssa Which image simulations predict should resuliritensity ratios
with the neighbouring fully filled Te layers of ato1.75 and 113® at 0 defocus and
integrating over the FWHM of the individual colurpaaks.

The graphical{l/lgesp intensity ratio evaluation from the experimentigades that, after
constant minimum background subtraction extracteadnfthe vacancy gap, the mean
values in the mixed layers match the expected gatiell, however a large amount of
variation is observed. Sb-rich columns can yieténsity ratios between 1.1 and 1.4, while
Ge-rich columns result in values ranging from h&t0. To a lesser degree this can be
traced to the offsets of the layer from the octadledrrangements, as well as local
distortion, which results in varying degrees of i@ between peak intensities in the
graphical evaluation. Nevertheless, even a dirbstrvation of the local intensities shows
that these are not uniform over more than 5-7 reEighng atomic columns within one
layer, signifying that the relative Ge and Sb caht@an vary within nominally chemically



distinct layers. On the other hand, the intensittyos do not change so dramatically as to
imply an inversion of the stacking sequence, arahghs are gradual rather than entirely
randomly distributed.

The implication of the observations given aboveéhat the relative Ge/Sb content in the
mixed layers of the trigonal phase can vary, im@gh approximation, from G&hys to
GessShys for Ge-rich layers, and accordingly from &5 to GeeShyo for Sb-rich layers.
Excess components can be clustered within 3-5 ok rmadjacent columns in the imaged
lattice projection. While it is reasonable to assutimat an increase in one component in
one layer is accompanied by a similar decreaseeofame component in the next mixed
layer, so as to conserve the overall coordinatiod hinding characteristics of the Te
atoms, a conclusive observation of this behavislimited by the precision of the method.
Some aspects in particular have already been umtemtithat need to be taken into account
since they do not allow for a straight-forward mptetation:

Thermal displacement factors (B) for different atorepecies should differ as well,
even if they share a symmetry position. Since amyaverage B factor is used for one
mixed site, changes in site occupancy may resuthanges in scattering intensity that
are not well modelled when using the original mibBdactor. This also plays into the
next point.

Local lattice distortions can also change the soaty behaviour, for one due to de-
channelling effects and partial signal overlap lesw columns in close proximity, and
secondly due to the influence of local strain oe kiitice vibrational properties and
thus the B factors.

As indicated by the site occupancies from the mbgelUrban et al., small deviations
in overall composition from the ideal 2:2:5 rati@ayrresult in residual vacancies on the
mixed sublattice. In the evaluation of HAADF intéres, the underlying assumption is
that all intrinsic vacancies are aggregated in \theancy layers, and hence excess
vacancies result in the formation of 4-fold stagkinnits as is observable in the
experimental data. Nevertheless, the influenceesidual vacancies or excess Ge
components on the image intensity cannot be digishgd.

Furthermore, the (0001) lattice plane spacingsnateas rigid as a periodic model would
suggest. Displacements from the predicted [000&ladces have been evaluated in a
detailed statistical analy$i¥, and the results show that average experimerdatigrmined
distances can deviate by as much as 5-10 pm. ticgar, mixed positions close to the
octahedral sites in the middle of building blocks e more displaced towards one [0001]
direction in the stacking sequence. These differerizetween model and experiment are
extremely small however, and the standard deviatfanultiple measurements commonly
just about includes the theoretically predictedatises. It is thus also useful to regard the
uniformity of the distribution of lattice distortns, for which the geometrical phase
analysis (GPA) is a well-suited image processing.t@Vhile the GPA makes use of a
simple set of lattice base vectors to construaference lattice, the trigonal GST stacking



inherently possesses a complex structure with ngrge/Sb-Te distances that is not as
easily reproducible as the cubic arrangement (foickvtwo base vectors are sufficient).

As a result, a GPA map of the trigonal lattice saslthe right-hand panel in Figure 3.31,
which maps the local lattice distortion of a [00Q Hase vector, inherently shows

compressive and expansive lattice distortions yedtbw and green/blue areas in the
image) that result from the offsets of the (0001gnps from the octahedral centres.
Nevertheless, the distribution of the informationthe GPA map is useful to make some
observations on the local lattice distortions.

Local lattice distortions over 5-10 neighbouringraic columns (bright yellow areas in the
strain map in Figure 3.31) are present even indimgl blocks that initially appear
undistorted in the HAADF image, and which are rgatbfrom defective stacking units.
When observing the ADF-STEM scattering behavio@.§1- 80 mrad), which collects
partially coherent scattering contributions (seg@&mpdix C.5), additional regions in the
lattice exhibiting increased partially coherenttssrang become visible while the same
positions only exhibit diffuse contrast in the @sponding HAADF image. In ADF-STEM
images, the contrast is enhanced by local lattieens while the contrast in the undistorted
building blocks is uniform and not readily interfadele in terms of chemical distribution.
However, local layer distortions mapped in the GB& not always result in these
additional contrast features, possibly either bseahe specific HOLZ Bragg condition is
not always met or due to the presence of additistraktural defects (i.e. ADF contrast
changes may only occur when layer distortions @&mengly correlated). However it is
important to note that local lattice distortiongdastrain effects are typically large only in
the Sb-rich outer layers of the stacking unitscdntrast, the observed variation in intensity
ratios is also present in the almost undistortatiraé Ge-rich layers, and the conclusion
that local Ge/Sb content can vary by as much a&.%0 or more still appears valid.

Strong local distortions in Sb-rich layers occurconjunction with the neighbouring Te
layer adjacent the vacancy gap. The commonly aededptal atomic arrangement of the
Sb-rich positions is that of distorted octahedriééss with long and short bonds. An
effective coordination number was used by R&fto describe the local bond environment
in various GST compounds, and to conclude that 9%b atoms were situated in an
effective coordination of 5.45 for these specifies in a GST225 lattice model, while an
undistorted octahedral site would possess a caatidim number of 6. A more involved
discussion of the electron localization distribatisas carried offf’, which concluded that
“lone-pair electrons of the twofold coordinated &tems can interact with the Sb atoms in
the neighbouring layers creating Te-Sb-Te 3c-4edbb(sic), 3c-4e bonds here referring
to three-centre four-electron bonds creating angtrbonding environment towards the
lone-pair Te layer adjacent the vacancy gap, wiieding towards the other side occurs
only through the much weaker back-lobes of the lptals. This may also be a central
feature for the topological insulating behaviourSiTes-type layered structures such as
Bi,Sef*® and possess a link to the Dirac-semimetal behauosuperlatticds'®, although
this area of research still remains to be advahaelder. The observation here, that Sb-rich



and vacancy-adjacent Te layer are strongly coupkedery much consistent with this
bonding structure. The question does arise hovbtimeling arrangement would change in
Sb-rich layers which are strongly distorted so tthet weak bonds are entirely broken,
however an Sb-rich layer surface exposed to a gcgap is never observed, instead
resulting in a stacking transition defect. Thishiights that the nature of the weak bonds
towards the inner Te layer may be even more impot@the layer switching behaviour
proposed for interfacial switching concepts thamgtrong electron localization in the short
bonds, as are the less distorted Ge-rich sites.

Finally, the GPA map reveals that in the vicinitiyaostacking transition (see red arrows
and green box in Figure 3.31, as well as the cpomding intensity ratio map below and
the strain map to the right) the [0001] layer dists, aside from the two layers (Sb-rich
and Te) partaking in the transition, are overaighdly less distorted from the cubic
reference framework than in the equilibrium trigoméase. In the marked area, the
stacking sequence changes from 4-Te towards 5-dgealand vice versa below. The
Intensity ratio map shows that the composition geafrom Ge-rich layer on the left
towards Sb-rich on the right is gradual inside tfansition zone. While the GPA map
never entirely resembles the uniform cubic lattitee above mentioned reduced layer
distortion and the intermixing of Ge/Sb may imghat the lattice possess a partially cubic
character within the transition, which should impé#te functional properties. This is
somewhat countered by reports on the role of vacamdering in the metal-insulator
transitiod® 2! since the intrinsic vacancies most probably renwdistered in the two
partial vacancy layers in the stacking defect. Idveer degree of distortion should impact
the local vibrational properties of the lattice ahd optical properti€s' 17!

The samples annealed at 290 °C and 320 °C arenpeels@a less detail since many of the
above discussed features of the trigonal lattice also found at higher annealing
temperatures. The most notable differences aredfaunhe layer and grain morphology.
While the sample annealed at 250 °C presenteds&althin film with very low surface
roughness and irregular grain boundaries, the saaphtealed at 250 °C shows formation
of holes at the GST-SjOnterface (Figures 3.32 and 3.33). These holesnaftcur at the
tri-junction of two GST grains and the substrateadldition, the surface roughness is also
increased (about 4 nm rms) due to buckling of thdase under the influence of the
volume change in the GST layer, although the LaA¢Orface layer is continuous and
shows very good adhesion to the GST thin film. Tdteral grain size varies, with the
largest grains extending over slightly more thamiarometre, while smaller ones still
measure about 100-200 nm.

Notably, the holes and grain boundaries generg@pear rounded, without fixed preferred
orientations of the grains towards each other. Thifurther underscored by the NBD
measurements (diffraction patterns in Figure 3.34)e Kikuchi line features, some of
which are schematically indicated by the red dotteds, show either very little or no
orientation relationship between neighbouring ggain



Fig. 3.32: BF-TEM and HRTEM image of GST thin filafter annealing at 290 °C.
Elongated grains can extend laterally over 500 nmmare. The film thickness of 117 + 2
nm matches the expected deposition rate reasomadlywhile the volume change during
crystallization has led to some deformation of shieface / LaAlQ layer. Most notably,
void formation has taken place at the interfacéht® substrate native oxide layer. The
shape of these voids as well the grain boundasiesontrary to expectation from the grain
morphology in the cubic phase, not organized aldrid} planes. Overall this indicates
that further material transport and lattice recgufation take place within the temperature
regime.

This is somewhat surprising, since in the previpualsscussed sample as well as the cubic
samples a preferred orientation relationship to #meorphous substrate surface was
postulated. One underlying reason for the loweree@f texturing may be found in the
change in total film thickness (42 nm at 250 °C &fh@ nm at 290 °C, from change in total
pulse number during deposition). In the thinner gamthe influence of the sandwiched
geometry on the preferred grain orientation isrgjsy, while in the thicker sample this
influence is lost. Although for the applicationeeant case very thin films are of interest
(20 nm or less of active layer material), largetumtes of material are helpful in the
investigation of local atomic structures closeetuilibrium.

The void formation and grain size distribution itaettie that significant material transport
continues to occur above the phase transformatempérature, and preliminary
investigations on GST thin films without cover laye fact showed that the material is no
longer present as a closed thin film at an anngaliemperature of 300 °C
(see Appendix C.6). The lower interface energy ketwGST and LaAlQcompared to the
interface of GST and Sinhances the competing grain growth in the tin, fiuelled by
material transport along the grain boundaries g@hdaces of the voids.



Fig. 3.33: NBD-STEM (HAADF) overview of sample amhed at 290 °C and selected
NBD patterns from indicated positions in the GSinthim. Void formation extending
from the junctions of grain boundaries and the sabes interface is readily visible across
the entire lamella. Dashed lines in the NBD patienmdicate selected Kikuchi line
features. Pattern (1) and (3) are close to a laexnzone axis, while (2) and (4) are far
away from any readily identifiable orientation. Radtow in (4) marks the superstructure
reflections typical for trigonal phase GST. Indwal grains can extend laterally over
multiple micrometre, e.g. the grain orientation(®f extends from the right edge of the (2)
marker to the left edge of the (4) marker. Sampde wriented in Si[011] zone axis, and
there is thus no apparent orientation relationship the substrate.

Which grains out-compete the grain growth procggears random, although certain low-
angle grain boundary symmetries may be more stdlile. stacking arrangement and
distribution of local distortions are summarizedrigures 3.34 and 3.35. Overall the lattice
structure is similar is to the trigonal lattice sdeefore, with predominantly 5-Te stacking
units yet also about 25% of 4-Te stacking unitsvah as 10% of 6-Te stacking units. The
overall expected composition of Ge-deficient GST285thus again matched when
assuming GST124, GST225 and GST326 building bloSkacking transition defects are
also found (not captured in the particular examplages shown), while the previously
described anomalous Te-Ge-Te stacking units are emadent. Variations in local

distortions are similarly also observed, with 643welding blocks appearing less distorted
from the cubic parent phase than 5-Te building kdo®ery large distortions in the strain
map (contrast reversals from yellow to blue) candbibuted to the relatively low

resolution used to obtain a large field of viewHigure 3.35, i.e. they occur when the



contrast drops off either due to thickness gradadrthe crystallite or because individual

layers are not well resolved. The higher numbe8-G® stacking units, coupled with the
absence of anomalous stacking units, may implydhaiccasion 4-Te building blocks and
adjacent Ge-Teunits have combined to 6-Te stacking units, algffothese would then be

missing Ge components, and additional 4-Te blockstnhave also been created by
chemical reordering of the lattice. Since the twmples were prepared to different film
thicknesses, they are not immediately comparablevery aspect, and these additional
4-Te stacking units may have been already presarmglthe early stages of the phase
transformation. Nevertheless the overall impresssothat the overall stacking disorder
and stacking defect density has slightly increased.

Close inspection of the HAADF-STEM intensities (g 3.35) underscores that the
individual, defect-free building blocks resemblee threferred stacking sequences well
when averaged over multiple columns. The intengitfiles shown were measured from
individual building blocks, along the [0001] dirext as indicated by the white arrow, and
integrated over the entire width of the image. ikt Gaussian peaks to the column
positions shows that the Ge/Sb content in the walelouilding blocks follows the trend

indicated by the reference model structures, witkriéh outer layers and Ge-rich inner
layers.

Fig. 3.34: HAADF-STEM overview image of GST lattice V projection after
annealing at 290 °C (left) and corresponding mantaiglattice image and local distortion
map gy similar to Figure 3.31. Numbers in the left paimelicate stacking sequence of Te
layers between the vacancy gaps. The lattice ashim@ry few defects, provided the
different stacking units can be regarded as sthiteee configurations. There is some
indication that, at 6-Te blocks in particular, midual double layers at the vacancy gap are
only weakly bound to the building unit, and oneasion of a half-filled mixed layer at a
6-Te block is marked by the red arrow (see AppeddiX.



Fig. 3.35: HAADF-STEM images from selected regiam&igure 3.35 at high instrument
magnification, and intensity ratio maps from seddctegions of the images (marked by
dashed green boxes). Due to the deviation of th€el'gpacing across the vacancy gap and
the displacements of the mixed (0001) planes froendctahedral centres, the graphical
evaluation struggles to find suitable periodic effvectors. The intensity ratio maps
highlight the preferential chemical ordering intb-ch layers strongly displaced towards
the vacancy gap and Ge-rich layers only weakly ldcgal from the centres of GeTe6
octahedrons. Line profiles and corresponding péakeiconvolutions for 6, 4 and 5 Te
layer blocks are also shown. Profiles were measiioed raw experimental data along the
[0001] direction as indicated by the white arrovd aubsequently background subtracted
from the residual intensity in the vacancy gap.didly, residual lattice disorder remains
in the Ge:Sb distribution, and the entire centralSk planes in the 4- and 6-Te layer
building blocks are displaced by up to 15 pm towaeither side in [0001] directiGn.



Even the slight increase of Sb content in the eémtixed layer of a 6-Te building block
can be discerned, although the difference to tix¢-adjacent Ge-richest layers is minimal
(77 vs. 75 at.% Ge according to ICSD#157728 and the visible difference in scattering
intensity is, in image simulations, caused by drge difference in B factors (0.8 vs. 1.27
A?). 1t is however also notable that, even whenrag®g over multiple columns,
symmetrically identical layers are not necessadyally occupied. Outer Sb-rich layers
do not yield exactly the same peak intensity whigacent fully occupied Te layers match
well against each other (and therefore the Sbsgighal deviation cannot be attributed to
faulty background subtraction or a single layetadison). This is further reinforced by the
intensity ratio maps, although due to the high nfagtion, local distortions and edge
effects, these are not as implicit as in the cpbigse.

Finally, there is also some indication that residdAADF intensity can be found in the

vacancy gaps (Appendix C.7), although this is athgerved in some smaller regions of
the lattice and it is unclear whether they can thebated to actual material inside the
vacancy layer. As the TEM lamella of the sampleeahed at 290 °C was relatively thick
(50 £ 10 nm), it is also possible that the spuri@ignal originated from residual

aberrations, de-channelling effects or projecticefacts from overlapping lattice regions
of different stacking sequence.

Fig. 3.36: STEM and TEM overview images of GST lagmnealed at 320 °C. The
HAADF-STEM view (left) shows occasional voids agtfunction of large crystalline GST
grains and the substrate. In contrast to Figur8,3:/8ids are faceted along (0001) planes.
In the HRTEM image of the void edge (right) it beees apparent that due to the shallow
angle of the incident ion beam during milling, aslwas the thickness gradient of the
faceted grain at the void, material from the suietrhas been re-deposited into an
amorphous surface layer on the GST crystallite. rfEldedashed box in the left-hand panel
approximately indicates the position of the HRTENBQe, while the inset shows a SAED
pattern from the GST crystallite.



Investigation of the sample annealed at 320 °Cclwvishowed the largest deviation in
XRD features from the previous two presented simast, reveals some marked differences
while still retaining the trigonal nature of thdtiee. The most striking feature at low and
intermediate magnification is the morphology of tirains and micro-voids (Figure 3.36
as well as Appendix C.8). Whereas previously the film was either closed with diffuse
grain boundaries or exhibited rounded voids andhgranow the open faces of the voids
are predominantly oriented along (0001) planes, gnaégh boundaries appear straight. A
close inspection of the lattice however reveals tha lattice disorder and defect density
has persisted or even further increased. Exampkesstaown in Figure 3.37. Stacking
defects (indicated by red arrows in the left-hamahgd of Figure 3.37) are occasionally
correlated across one or more stacking units. Tfeeteve result of correlated stacking
transitions is that they accommodate [0001] shewing and accordingly systematic
ordering of stacking transitions was observed lagth means to accommodate topographic
features in the surface of single-crystalline sutie$'’®, further discussed in the final
chapter, as well as small systematic miss-oriesriati towards lattice-mismatched
substratd§™,

In addition, another distinct type of defect is @byed in the form of 60° rotation twins.
The zone axis projections andV can be distinguished by the direction of the
shortest Ge/Sb-Te distance i.e. the direction ef th  + and +

planes (the planes marked by dashed red lineseirboftom-right panel of Figure 3.37).
Similar to the formation of correlated stacking ete$, the presence of a twin structure
accommodates shear strain within the (0001) plahe.underlying reason can be found in
the preferred grain boundary symmetry (see topeqgimel of Figure 3.37). What initially
appeared as a straight grain boundary under ahsgection reveals itself to be a saw-tooth
structure along a preferential orientation and jpbgsncluding defect-rich regions along
less dense planes e.g. + . Hence, the formation of a twin structure is
favourable if it allows both sets of preferred graoundary planes (above and below the
twin plane) to participate in the interface forroati

Ideally it would be preferable to describe the graoundary entirely by the lattice plane
vectors of both surfaces from the neighbouring graHowever, the tilt range of the
sample holder is limited, and the second zone @x&ntation was not obtained. From the
lattice plane spacing, orientation and contrastufes at the interface, some observations
on the grain interface are possible (see Appendix The best match between lattice
models and experimental result can be found ifl¢ftehand grain is oriented i

and the right- hand grain M zone axis projection. The grain boundary thers ramn
an angle of about 35° to the image plane, along the plane of the left-hand grain
(with aforementioned facets due to twin formatianyl the plane of the right-hand
grain. These two lattice planes do not, howevegspss a common 2D symmetry (see
Appendix D.4), and it is likely that the grain féiog along planes is a stronger
determinant of the grain boundary symmetry tharptitential grain boundary CSL.



Fig. 3.37: Detailed HAADF-STEM views of GST lattieanealed at 320 °C M
projection. Stacking sequence and stacking tramsdiefect (marked by red arrows, left).
The as-deposited GST thin film was slightly moredeéicient (Ge:20 Sb:24 Te:56 at.%)
than those presented in the previous samples daectange in the PLD Target, and the
stacking is thus dominated by 5- and 4-Te buildagrcks. Atomic-resolution view of a
grain boundary (top right) as seen in Figure X. $aatooth-like structure originates from
the preferred orientation reconstruction of théaty random grain boundary in the parent
phase. Twin structure in the trigonal lattice (bottright). These consist of 60° rotation
twins across vacancy layer gaps, thus resulting Vh zone axis orientation in the
lower part of the image and\a zone axis orientation in the upper portion of the
image. On the left edge of the image, the twodattrientations overlap within the upper
twinned building block, resulting in a complex okagrpattern of multiple columns.

In summary, the local structure in the trigonati¢at is complex and real cases cannot be
easily described without special regard for theclstey disorder, chemical sublattice
disorder and characteristic defect structures. 8Miyphically successively higher annealing
temperatures of bulk samples would be expectedsaltrin a gradual increase in ordering,
the thin film geometry as well as the volatility tfe constituents under experimental
conditions results in defect disorder that somevghdverts this. The increased stacking
disorder at higher annealing temperature resultsannitially observed offset in the XRD
peak characteristics due to the higher portion-adrtl 6-Te stacking units. The observed
defect structures can be expected to be chardatdas a range of Van-der-Waals layered
crystalline lattices, and need to be taken intmant during epitaxial layer growth as well
as in the functional properties of layer switchauncepts.



3.4 Thin film deposition at elevated substrate terajure

In order to investigate the oriented thin film gtowof GST on Si(111), a stage heating
element was added to the PLD chamber and calibratethermocouple measurements
from the empty holder as well as a blank substré@edstrates for thin film deposition
were either used with a native oxide surface lagers, or wet-chemically cleaned (RCA
wafer cleaning proce’$s”) and subsequently heated to the desired deposéinperature
over an interval of 30 minutes. As such, the cldaBg111) surfaces inside the vacuum
chamber preceding deposition can be expected tuxioe-free hydrogen-terminated, yet
without a specific surface reconstruction. In ortteobtain the 7x7 surface of Si(111), the
substrate would ideally be heated to above 850ntCsabsequently slowly cooled. Such a
substrate treatment was carried out in comparativdies e.g. of the thin film growth by
molecular beam epita¥y?. Similar experimental studies of the PLD growth sanface
reconstructed substrates as well as the influefiggadonged post-deposition annealing
within the PLD chamber after epitaxial depositior bBeing developed. Additionally, the
choice of substrates is not limited to semiconduataterials, and the low-temperature
deposition process on KCI(100) and B@R 1) has been documented in REF! and*',
The major drawback of the STEM investigation metliod these materials is that the
electron beam very easily destroys the interfacettre, and atomic resolution images are
thus best obtained only from within the thin filtsalf. While some selected examples can
be found in aforementioned publications, the heesgnted result are focused on the PLD
growth process on Si(111) due to its technologieévance and suitability to the
investigation method. In order to compare the mfice of the substrate surface symmetry
with the impact of the intrinsic layer formation tifie GST lattice on the thin film
morphology, a GST thin film was also deposited oat®i(111) substrate at elevated
temperature with the native amorphous oxide laydt intact. The results on the
investigation of textured and epitaxial thin filmdeposited at elevated substrate
temperatures have been published most re¢fitiyAs such the aforementioned paper
gives a good overview of the following chapter, afitferences largely involve some
additional details regarding the individual samples

The results of the preliminary XRD investigationngeally indicated either a texture
component, referring to one or more preferred oai@on relationship(s) towards the
substrate symmetry within a limited angular rangeepitaxial layer growth i.e. a single
crystalline growth orientation on the substrate. Arample of XRD pole figure
measurements from a highly textured sample depbaitd 70 °C and an epitaxial sample
deposited at 280 °C is shown in Figure 3.38. Thie figures are recorded in in-plane
geometry (for details see elg*®), meaning that the sample is kept at one (horapnt
position while source and detector are positionedas to fulfil specific diffraction
conditions (source position, detector at Bragg anglegof lattice plane$kl) for a set of
planes at a given tilt angke and the actual arrangement in the sample isde&rmined
by rotating the sample around the full 360 (ange.



Fig. 3.38: XRD pole figures of GST {10-13} planespom thin films deposited onto
Si(111) at elevated substrate temperatures. Takthie films (example shown on the left,
deposited at 170 °C) produce maxima relating to pweferred orientations within a
limited angular range. Epitaxial thin films (righdeposited at 280 °C) exhibit discreet
maxima due to the fixed orientation relationshiprdods the substrate. The two triangles
(solid and dashed line) again relate to two possibhfigurations which, as will be shown
further on, originate from the 60° rotation twinginAdditional intensities marked by red
circles are the result of substrate contributi¢iigure adapted from Ret*®.

Source and detector are then repositioned sofaffitahe diffraction conditions at a small
tilt angle a offset, and the -rotation repeated. The recorded intensity aftpeating this
process through the full 90&a-range is then plotted on a logarithmic scale in a
stereographic projection of the diffraction spadence, a large randomly oriented sample
volume of the same crystalline structure would mé@sle a continuous random distribution
of intensity, while a preferred orientation of tki# angle between lattice planes and
substrate results in a ring distribution (left gaot Figure 3.38). If the rotation angle
between thin film and substrate is also fixed sahe case in an epitaxial relationship, then
thej -scan results in discreet maxima at specific amguiaitions ofa (synonymous with
the commonly used due to the fixed horizontal position of the samplehe specific
instrument used) and (right panel of Figure 3.38). Thus, the prelimyaonclusion from
diffraction measurements was that all samples degbsit temperatures of 110 °C or
above possess some degree of texturing, and tima fleposited above 170 °C on cleaned
substrate exhibit an epitaxial relationship GSTO(Si(111), GSV ISV . The
transition between varying degrees of ordering appdluid, and at low deposition
temperatures the distinction between partial layelering and cubic components can be
imprecise. As one of the aims of the investigati@s to characterize the PLD process for
highly-oriented thin film deposition of layered GSWith subsequent interest in the
deposition of superlayer structures for iPCM comsephe here presented samples are
chosen so as to characterize the onset of layeosdiyas well as possible difficulties due
to morphological and composition changes at higiodigion temperatures.



Tab. VI: PLD parameters for samples deposited amorphous interface Si(111)/SiOx
and chemically cleaned Si(111) substrates. EDX a@mitipn measurements were
evaluated from STEM-EDX hypermaps.

Substrate Deposition temperature Pulse Hz | Thickness| Ge Sh Te
[°C] No. [1/s] [nm] [at.%] | [at.%] | [at.%]
Si/SiOx 180 4000 10 53 21 24 55
Si(111) 110 7200 2 154 23 24 53
Si(111) 170 7200 2 142 22 23 55
Si(111) 185 7200 2 124 22 24 54
Si(111) 280 7200 2 19 10 33 57

A summary of the deposition parameters of the syuesaly discussed samples is given in
Table VI. The standard deviations of compositiorasugements from hypermaps across
the entire layer thickness are £1.4 at.% Ge, +2% &b and =6 at.% Te, respectively, due
to the close overlap between Sb and subsequentlined, as well as the relatively short
acquisition times (typically 5 minutes at around)»¥800 pixel resolution depending on
layer thickness, in order to reveal potential inlogeneity) used to reduce electron beam
influences. Nevertheless, average compositionsvatdeposition temperatures match the
expected Ge-deficient GST225 target stoichiomethyle at high deposition temperatures
there is a marked drop in the relative amount ofaGevell as the overall layer thickness.
Interface roughnesses (rms) at the surface of € l@yers towards the LaAlapping
layers range from 1 - 2 nm, measured by BF-TEM ienagaluation from the textured
samples, to 3 - 4 nm, measured from the HAADF-STiaMges of epitaxial samples.
A close inspection of the thin film surface in ttextured samples indicates that the lower
roughness measured in these may be a result dbwer interface contrast due to the
larger range of grain orientations compared to gp#axial samples, and thus reveals a
weakness in the precision of the evaluation metlAadthe larger point of interest in the
surface roughness is whether the thin films aresedoor exhibit surface faceting, the
conclusion can still be drawn that all samples lexitargely flat, closed surfaces, with the
residual nm-scale roughness resulting from therdesed growth zone.

The marked drop in Ge content appears to be amsgtiteeffect even when the substrate
composition is varied. Figure 3.39 shows a comipihabf the composition measurements
from a larger number of samples, including thospodged onto Bafl111). While at
similar temperatures (e.g. at RT) the compositmms$he two substrates deviate somewhat,
possibly due to the difference in thermal conduttiof the substrate, all measurements
follow the same trend. Below 150 — 200 °C, the oles thin film composition matches
the expected target composition reasonably welhiwithe error of the measurements.
Above 200 °C substrate temperature, relative cdnagons of Ge and Sb deviate
significantly. The solid lines in the graph are emential growth fit curves of the type

Ya Y4 XR 'K (1) where y, A and t are fitting parameters for each serieslah



points. While this appears related to the Arrherggsation© XR =~ ? & , and
might thus be assumed to be a thermally activatedegs as a function of the difference in
surface binding energies, the influence of chemeftdcts on the GST stoichiometry is
unclear. A similar change in thin film compositiamas described in Ref?*, who
concluded that an increase in effective surfacepegature during MBE deposition leads to
preferential desorption of GeTe. As the incidemiekic energies in the PLD process tend
to be higher (typically in the range of 1- 100 &%), and the deposition rate, and hence
the increase in surface temperature, equally lather effect may play an even larger role
in the here presented deposition process.

Fig. 3.39: Relative composition of GST thin filmepbsited onto Sig) Si(111) (closed
symbols) or Baji{111l) (open symbols). Dashed lines indicate nomiG$T225
composition.

Since the overall deposition rate deduced fromlfiager thickness also drastically
decreases at high temperatures, increased desomftiall components certainly is an
important effect to take into account. Since thgdastoichiometry is the primary factor
determining the concentrations in the plasma pl¢exeluding differences in absorption
coefficients¥®, the relative particle flux cannot be as easiljusietd as in an MBE
process using separate effusion cells. Adjustiegstibstrate thermocouple temperature to
a constant, stoichiometric desorption rate of GaTan experiment aimed at investigating
the high-temperature epitaxial growth from a GST22f)et is not feasible since the
substrate temperature would then never exceed Z0O0AN alternative view can be
proposed in that it was foull§§ that the removal of antibonding states from thi attice
via a reduction of the Ge content in metastable @8mpositions was energetically
favourable. Hence, if the crystalline growth prat®evia the metastable phase, a
preferential removal of Ge from the lattice woul@ Iplausible. Spatially resolved



composition measurements (see Appendix C.9) inglitat a Ge depletion zone and Ge-
rich surface layer can be found as the deposigamperature is increased, and the surface
region generally exhibits increased disorder. Thenmosition gradient at the substrate
interface (Appendix C.10) is small bar a delay le fTe content signal that is further
discussed in the context of the interface structure

Regardless of the specific mechanism that leadthitoloss of Ge content, the EDX
measurements make it clear that direct stoichiamétnsfer can only be achieved in a
limited temperature window, which potentially maye lextend by fine-tuning the
deposition parameters. At the same time, the dhystamicrostructure of the thin films
deposited at low temperatures is not of ideal g@tajuality, as already indicated by the
XRD data shown above. This can be further quaditifig a comparative analysis of NBD
series data. As shown in the inset of Figure 3th8,texture component results in an
orientation relationship between substrate zons amd trigonal superstructure diffraction
(intense row of closely-spaced diffraction spof)e tilt distribution of the GST{04)
reflections against the substrate, within the ddfion plane i.e. the Si[110] zone axis plane
of the substrate, can be statistically analyseatder to give a quantitative measure for the
particular degree of texture relationship equivalkenthe out-of-plane direction in XRD
measurements.

Comparison of such data from three samples deplositalifferent temperatures and on
either Si(111) or SiQ as in Figure 3.40, reveals that the depositiohl& °C on Si(111)
results in a similar tilt distribution width (x 10&s the deposition onto SiOx at 180 °C
(x 13°). At a deposition temperature of 185 °C, tiltedistribution on cleaned Si(111) is
very sharp (< £ 2°) indicating epitaxial growth belour. Since the amorphous interface
layer offers no preferred surface symmetry ands@sses a small residual roughness (<
1nm rms), it can be concluded that any low-roughnekemically passive substrate may
be suitable for texture growth of GST(0001) plapasallel to the substrate surface.

Close inspection of the Si-SGST interface (Figure 3.41) also reveals an ewiuof
the GST lattice from the amorphous interface. Whdeancy layer ordering in thé
projection (in addition to the diffraction data)dinates the trigonal lattice symmetry, the
GST arrangement at the interface itself often &iaf cubic regions over 8-10 Te layers
without clear vacancy ordering, visible chemicatlesing of the Ge/Sb distribution or
marked distortions from the octahedral centres. él@x, the image quality may be
insufficient to measure the latter with the reqdipm-scale precision. The overall grain
morphology as seen in the TEM image consists dingdiscolumnar grains with a tilt and
twist (rotation) reorientation component towards substrate, as well as twin domains as
was previously indicated by XRD pole figures simita Figure 3.38. Interpreting the
interface structure on amorphous gi®particularly difficult due to the diffuse coast of
amorphous structures. Judging from the limited nmiation available in the ADF-STEM
image, there is no indication that the vacancy rldgemation plays a role in the initial
grain growth orientation on the amorphous interface



Fig. 3.40: Analysis of NBD series data of 20-40frdiftion patterns each acrossm of
the GST thin films from three samples depositedooBi(111) and SiQ at elevated
temperatures. The tilt misorientation of the GSD{D0planes against the substrate Si[110]
zone axis is evaluated via normalized frequenctissitzs with a binning of 5° for the
textured samples (black and blue data points) a@d for the epitaxial sample (red data
points). Solid lines represent Gaussian normatildigion fit curves. Inset in the top-right
shows a SAED pattern from the GST thin film depebibnto Si(111) at 185 °C, with the
substrate contributions removed (black spots) arfdlse colours for improved visibility.

The GST lattice close to the interface can be de=sgrto possess a cubic character within
the first few nanometres, although the size of tieigion is variable due to the grain

alignment influenced by the local roughness featused occasional vacancy layers
intersecting from above. The same region of thiéckain the textured sample deposited
onto cleaned Si(111) at 110 °C reveals the formatb a distinct surface passivation

monolayer (see Figure 3.42). The exact compositibthe surface passivation layer is
unclear, while the strong intensity in HAADF comrandicates heavy, strong scattering
species (Sb or Te). This aspect is discussed fubtblew in the context of the epitaxial

samples, since there it is possible to image buobstsate (interface) and GST thin film

simultaneously with atomic resolution.

In contrast, the GST grains in the textured samalebe misaligned towards the substrate
by 13° or more, as was shown in the NBD evaluatirich also holds true for the rotation
out of the image plane. Crucially, the passivatiayer always resembles the Si(111)
surface geometry, and the column spacing is tb@s distorted from the expected spacing
in a GST(0001) layer.



Fig. 3.41: HAADF- and ADF-STEM images of interfabetween Si(001) with native
oxide layer and GST thin film, deposited at 180 T68e GST lattice structure is oriented at
a small tilt angle towards the substrate lattice] the interface between oxide layer and
GST exhibits some residual roughness (ca. 0.5 ithguegh the amorphous structure of the
interface cannot be well resolved). Notably, wihhe lattice within the bulk of the GST
layer is trigonal as evidenced by the vacancy lageithese are not always present in the
immediate vicinity (first 2 nm) of the interfacasiet shows a combined intensity ratio map
from a selected area, with bright (yellow) dotsizating Ge-rich positions in the mixed
sublattice and less intense (red) dots indicatimg Te sublattice. Below is shown a
BF-TEM overview image of the GST thin film, exhibig textured columnar grains of
30 - 40 nm widths. The dark stripes relate to ddfion contrast from coherent scattering
out of the zero-beam due to twin domains withinvitbal grains.

Due to the residual minimal surface roughness froamolayer steps in the Si substrate,
contrast features at the interface at realistigegtmn depth (depth of field and influence
of sample thickness) often appear diffuse. Nevéesizat is clear that the orientation of the
passivation layer and the grain texture above aneesvhat decoupled, and the first three
layers above the passivation layer can be disoddere



Fig. 3.42: HAADF-STEM image of interface betweeearied Si(111) in [110] zone axis
and a textured GST layer, deposited at 110 °C. fdee arrow marks the surface
passivation layer which matches the Si(111) playransetry, while the GST grain(s)
above are misaligned. In addition, there is sordecation of a vacancy gap and second in-
zone axis layer above the passivation layer. TheéSBEM (0 — 19.5 mrad) image on the
right reveals a disordered zone (green arrow) allbgepassivation layer (dark spots in
coherent phase contrast), although the exact defaetavant for BF-contrast is not well-
defined (within a range of £ 10 nm) and the gretenmediate area may also partially
construe a defocus artefact.

In this context, it can be speculated that theurext growth of GST on Si(111) occurs in a
similar process as the textured growth on the ahwrp SiQ interface, despite the
formation of the passivation layer. The latticausture within the GST thin films of both
textured trigonal samples is dominated by aforeroeatl twin domains as well as highly
characteristic stacking transition disorder. A BEM overview image of the GST thin
film deposited at 110 °C on Si(111) is shown in ufeg 3.43, and a combined
HAADF-STEM / GPA image of a single columnar granzione axis orientation is shown
in Figure 3.44. The 60° rotation twin domains weaheady briefly introduced in the first
chapter (Figure 1.10) and occasionally seen in ghst-deposition annealed trigonal
samples. These can be mapped in the local phasi@adegmage of the GPA (right side
of Figure 3.44), by evaluating the Fourier compdreguivalent to the ) £

plane normal. As can be seen, twin domains are nmugie common in the columnar
grains, occupying up to 30% of the lattice volutmeaddition, the stacking disorder of the
vacancy layers is similarly more pronounced, withagerage of 50% of stacking units in
the 5-fold Te sequence, while the remaining 50%sale between 4-fold Te and 6-fold
Te, effectively preserving the Ge-deficient stotehetry when again assuming a structure-
stoichiometry relationship. When observing the myrahape, lattice orientation and
arrangement of twin domains, in combination witle timterface structure, it can be
concluded that the twin domains serve to approx@tgaiccommodate the offset between
growth direction and grain boundary orientation.eY¥hare thus a consequence of the
texture tilt distribution.



Fig. 3.43: BF-TEM image of textured columnar grgrowth, deposited onto cleaned
Si(111) at 110 °C. Columnar grains are slightlyroaer (25 — 30 nm at the base) than in
the sample deposited onto amorphous,Syet extend over the entire layer.

Fig. 3.44: HAADF-STEM image of columnar grain ingkre 3.43, in zone axis (left) and
resulting local phase-amplitude map of the GPA rlaie on the right half of the image.
The HAADF-STEM image can be found at full resolatia Appendix C.12.

This indicates that the growth process possesSésaaski-Krastanov type charadt&¥ in
the lower range of the investigated temperatureanteg The formation of the initial
passivation layer is followed by 1-3 disordered wiagers leading into the crystalline
growth of cubic islands with orientation coincidainto the underlying sub-nanometre
roughness topography (see Figure 3.45). While tlieran occasional indication of a
vacancy gap above the passivation layer, the csinfitathe interface is often difficult to
resolve, and it is likely that this feature formdyoafter the growth onset of the crystalline
layer.



Fig. 3.45: Model of structural evolution during dsgion of GST on cleaned Si(111) at
110 °C. The Si substrate (blue circles) is covdrg@ passivation layer (solid red circles)
and a disordered zone or vacancy gap (dashed reds}i The orientation of the cubic
lattice (unit cell indicated by dashed red lineshforms to the local surface topography.
Rotational reorientations within the interface madmave been excluded in this schematic
drawing. Dashed black line indicates a 10° tiltigtaoundary in the vicinity of a substrate
surface step. Lattice subsequently reorders ingotriijonal phase (unit cell indicated by
dashed orange lines), the original cubic unit ttels undergoing a rhombohedral distortion
(indicated by dashed green lines, unit cell sizeaexled to encompass one trigonal unit
cell). The difference in initial grain orientati@md thus the direction of the rhombohedral
distortion results in biaxial lattice strain andighthe local formation of rotation twins
(solid black arrows).

The islands form the bases of the columnar grawiech continue to grow upwards
without significant coalescence (i.e. the diamefiethe grains changes very little from the
base to the top) since the small-angle grain baueslaact as diffusion barriers.
Meanwhile, the bulk mobility and total depositiame is sufficient to allow the phase
transformation towards the stable trigonal phas@iwiindividual grains, and twins are
formed to accommodate the lattice strain that acedren two adjacent misaligned cubic
regions of the lattice undergo the rhombohedralodisn during transformation to the
trigonal phase. While much of the above is basedpa&tulation from the available post-
deposition data, the resulting grain morphologgésy supports the two-step process of
initial cubic growth and subsequent trigonal latiormation. Since recently an in-situ
RHEED system inside the PLD chamber has becomelablgi future work will
presumably include a closer examination of theiahigrowth process at comparable



temperatures. Similar to the increased occurremfidavios as well as the distribution of
4-, 5- and 6-Te stacking units, the lattice witlihve textured grains also exhibits an
increased amount of stacking defects that weradyrériefly introduced in the previous
chapter. These have recently become of prominéeteist in the switching mechanism of
superlatticéd® 2! and as such warrant a detailed description.

High-resolution HAADF-STEM views of the trigonaltiee and stacking defects are
shown in Figure 3.46, in the andV projection from comparable, albeit not
identical, regions of the lattice within the bulktbe thin film. The observed width of the
stacking transitions (constrained by the depth awfu$) is variable, indicating that the
defect line may run at a variety of angles towatls image plane. In select cases
however, the stacking defect W projection can be seen to extend over only
2-3 adjacent Te positions along the vacancy gagp,tas likely that many of the observed
defects share a structural similarity.

Fig. 3.46: HAADF-STEM images of defect structures trigonal GST, inV
projection (left) and 60° rotation variants thereahd inV projection (right),
colourized on a temperature scale. Insets in theg@nshow simulated HAADF-STEM
images of undistorted GST124 (left) and GST225 h(jigtrigonal structures in the
corresponding lattice projections. Numbered boxesknspecific instances of stacking
disorder: (1) stacking transition with the defentel close to parallel to th¥
projection vector; (2) stacking transition with deff line along th&/ direction, i.e. at
a 60° angle to the image plane, including a seqmartial correlated stacking transition
below; (3) stacking transition with defect line adpv direction of the lower building
block with a 60° twinned building block above; (@acking transition alony as
seen in (1), but rotated by 30° into the projection; (5) bilayer stacking transition
with defect line alony , viewed inV projection, wherein the vacancy gap skips
over one mixed layer of the lattice.



In addition, due to the 3-fold symmetry of the itatand the presence of 60° rotation
twins, defects of the same type yet at a differgle towards the projection plane, or
between two stacking units of different twin orign, can result in the various observed
contrast features. An idealized model of the stagkiefect running exactly along the
Vv view direction was thus proposed, as shown intfeigu47. It must be noted that,
while the majority of the stacking disorder can delained by the specific stacking
transitions modelled here, exceptions are alsoilplessin particular, bilayer stacking
transitions as marked by (5) in Figure 3.46 are &&ind. In the single-layer transitions
the majority of the lattice distortion occurs ireteentral Te layer, the Sb-rich adjacent
layer switches sides thus creating the motion ef thcancy gap, and the next-nearest
mixed layers require chemical re-ordering from Bb-to Ge-rich and vice versa in order
to reconstruct the preferred stoichiometric stagksequence. In the bilayer stacking
transition, the central layer is a Sb-rich layelckhswitches orientation of the short Sb-Te
bonds, while the Te layers remain relatively stalibe next- adjacent mixed (Ge-rich)
layers are depleted or filled to create the motibthe vacancy gap, while subsequently the
second-nearest mixed layers are required to undehgmical reordering in order to
reconstruct the appropriate stacking sequence.xample of a simulated HAADF-STEM
image of the proposed defect structure using undést Bs, parameters is shown in
Appendix C.11.

The interplay between stacking sequence and dsefaattures is thus complex, but the
underlying driving forces can be surmised to be estropic component, the strain
component in [0001] direction, and the preferrectnoltal ordering of the GST124,
GST225 and GST326 phases. It is also noteworthyithaome portions of the images,
taken from the textured sample deposited at 110biding blocks adjacent stacking
defects may possess more than 6 Te layers. Duetenaller displacement of the mixed
sublattice positions in the central parts of thbkecks, as well as the less pronounced
chemical ordering of the sublattice sites, theselmaviewed as partially cubic regions of
the lattice. As the GST phases with larger numbérge layers between vacancy gaps are
those with a higher Ge content, and the sampldf iseslightly Ge deficient, it seems
unlikely that the larger stacking units can be elated to a stoichiometric phase. Since the
lattice in the sample in question exhibited thgdst amount of structural disorder of all
observed trigonal samples, these occasional anosalegions may also be seen as
aberrations, since they reconfigure to the prefedte 5- and 6-Te stacking units via
additional stacking transitions.

In contrast, the stoichiometric correct stackingsunorrelate well with specific models of
the appropriate GST phases when comparing the HABDEM intensities within one

block with the simulated scattering intensities.isTis shown in Figures 3.48-3.50 and
Table VII. The larger deviation, and correspondiogier cross-correlation coefficient,
between 4-Te building block and GST124 models ocartrbced to the deviation of the
right-most Te peak due to its vicinity to a stagkimansition defect (marked by (3) in
Figure 3.46).



Fig. 3.47: ldealized model of stacking defect (stag mismatch boundary) as seen in
Figure 3.46. The top-down view of the [0001] praéijec is a cut-out of three layers (one
Te and two mixed Sb/Ge) involved in the defect tire. The offset in th&/
direction seen in th¥ projection (i.e. along the dashed orange linegpisculative
since the structure is experimentally unavailatiles based on the assumption that all Sb
species in the defect retain a six-fold SpTeordination environment, with one bond
across the defect boundary stretched to 0.42 nm.

Nevertheless, the overall trend of the undistogedk intensities favours the match with
the structure model by Karpinsky, due to the largeperimentally observed jump in
intensity between B1 and B2 mixed sites as wel agtter match with the B2 (outer, Sb-
rich) site position. Referencing Table VII, it cdie seen that the difference in site
occupancies between the two models is small, whéeB;, factors are much larger in the
Matsunaga model (since they were measured at 8&Bdpppear inverted, i.e. Matsunaga
notes a larger temperature factor for the Sb-ntds shan for the Ge-rich sites. While e.g.
Gao et. al**® have shown that for a range of materials the teatpee dependence of the
Debye-Waller factor well above the Debye tempemtcan be modelled by a fourth-
degree polynomial parameterization for each siteinaersion of relative factors for two
distinct positions in the same sublattice wouldl & surprising. Since such regression
parameters are not known for the specific materialsd in fact the temperature
dependence may deviate from the cited elementainarblende materials, the GST124
model by Yamada is of questionable usefulness faantitative image simulation at
standard TEM experiment conditions.



Tab. VII: Parameters for HAADF-STEM simulation ofofiles shown in Fig. 3.48-3.50,
and comparison with experimental data. Sourcessii@ positions, occupancies at the
mixed Ge/Sb sites and corresponding temperatuterfaare, as previously introduced:
[53. 2081 for 4-Te stacking!*® %2 for 5-Te stacking ant®> °¥ for 6-Te stacking. The cross-
correlation (Cc-) coefficients are calculated betwexperimental and simulated profiles.

Stacking Source Ge:Sb ratio [at. fractionBis, [A2] Cc-coefficient (Pearson)
4-Te Matsunaga B1: 0.49(3):0.50(7) 4.08(9) 0.924
B2: 0.25(3):0.74(7) 5.23(8)
4-Te Karpinsky B1: 0.43(0):0.57(0) 1.389(6) 0.912
B2: 0.26(0):0.72(0) 1.105(4)
5-Te Matsunaga B1: 0.55(9):0.44(1) 1.800(2) 0.929
B2: 0.44(1):0.55(9) 1.871(3)
5-Te Urban B1: 0.60(4):0.36(2) 2.163(4) 0.976
B2: 0.33(7):0.66(4) 1.713(4)
6-Te Matsunaga B1: 0.76(9):0.23(1) 1.271(0) 0.972

B2: 0.75(4):0.24(6)  1.207(0)
B3: 0.32(0):0.63(8)  0.821(3)

6-Te Schneider B1:0.73(0):0.27(0)  2.684(5) 0.995
B2:0.76(9):0.23(1)  2.566(1)
B3: 0.55(2):0.44(9)  2.368(7)

The match between model and experiment is sigmifigamproved for the 5-Te and 6-Te
building blocks, as is reflected in the Cc-coeffitis closer to unity. The 5-Te profile
comparison favours the GST225 model by Urban et.s@ice it correctly predicts the
uniform peak intensity of the Te peaks as welllgs more pronounced contrast between
Bl and B2 sites. For the 6-Te building block, thateh to the two GST326 models
selected from literature is roughly equal, with leghd favour towards the model by
Schneider et. al. It must be noted that, as indccdty the error bars, peak intensities in
particular in the central mixed site (B1) of thepeximental 6-Te measurement can vary
significantly, indicating that a small change in &mcentration on the less distorted sites
has a large influence on the scattering intensityaddition, the model by Matsunaga of
GST326 was based on X-ray diffraction data recomte®0 K, while other measurements
are taken at approximately room temperature (300As) previously noted, the Debye
temperature of GST compounds is typically largantt90 K% 21221 ang thus the
vibrational properties may change significantly gamed to RT measurements or under
the influence of the electron beam.



Fig. 3.48: Comparison between experimental intgngie profiles extracted from 4-Te
building block in Figure 3.46 and from simulated AIDF-STEM images according to
Table VII. Parameter set for all (absorptive patntmultislice) simulations was:
C2 = 25 mrad, detector = 80 — 200 mrad, Cs = 200C#Hn= 0.4 mm, sample thickness of
30 nm, defocus = -4 nm. While the profiles showdlierage (laterally integrated) intensity
over at least 15 adjacent atomic columns, aftestaor minimum background subtraction,
the error bars in the experimental curve repredenstandard deviation of peak intensity
measurements from all individual atomic columns.

Fig. 3.49: Comparison between experimental and Isit@a intensities similar to Figure
3.48, for a selected undistorted 5-Te building klocFigure 3.46.



Fig. 3.50: Comparison between experimental and Isited intensities as in Figure 3.48,
for a selected 6-Te building block in Figure 3.46.

While due to previously stated arguments the comspar between simulation and
experiment can only be considered semi-quantitathee experimental data clearly reveals
that building blocks of 4-, 5- or 6-Te stacking redate with the chemical ordering of the
mixed sublattice. This is in particular notablecgrthe observed textured sample deposited
at a substrate temperature of 110 °C exhibits dhiering effect in an otherwise very
heterogeneous lattice with a large number of strattdefects. In general, a distance of
few atomic columns from a structural defect is isight for the lattice to reconfigure into
the stacking-appropriate chemical order.

An increase in the deposition temperature resuitsai significant improvement in
crystalline tilt distribution towards the cleanadbstrate, as was already indicated by the
NBD evaluation. While the uniformity of the in-plkamotation also improves, the oriented
layer structure at intermediate deposition tempeestis not as rigidly connected to the
substrate orientation as would be expected for ravexttional epitaxial growth mode.
Figure 3.51 shows HAADF-STEM and HRTEM images & ST thin film deposited at
170 °C, in Si[110] zone axis orientation. As seenthe HAADF-STEM image, the
substrate — thin film interface exhibits a singleface passivation layer and a continuous
vacancy gap, immediately followed by building blecé&f trigonal GST above that are
somewhat decoupled from the substrate surface syntywm&hile some regions appear
close toV zone axis, others are visibly rotated out of theage plane, and the
transition between either domains appears smodth. rdtation misalignment out of the
interface plane can also be seen in the Fouriestoamed of the HRTEM image, in the
prominence of th& 8 ) andV 9 ) periodic maxima. In the larger field of view ofth
HRTEM image it can be speculated that domainsftérdint rotation alignment are



Fig. 3.51: HAADF-STEM and HRTEM (20 nm nominal defis) images of interface
between Si(111) substrateVh  zone axis and GST thin film deposited at 185 °Re T
HAADF-STEM image clearly shows the surface passvalayer, while individual atomic
columns are not well resolved due to the thickrafsthe sample (50 nm) and the close
vicinity of columns in the lattice projection. Faer transformed diffractograms from
selected areas of the HRTEM image illustrate treallvariance of rotation out of the
interface plane, however differences (marked by aewws) are generally small and
domain boundaries appear smooth. The HRTEM imagebeafound at full resolution in
Appendix C.13.

oriented approximately parallel to the growth dil@t, similar to the grain boundaries in
the textured sample. While the HRTEM image was stdpli close to minimum contrast
defocus at the amorphous edge (0.4 * Scherzer foatls Scherzer focus 48 nm for the
instrument in use), the true defocus at the actuetface position is unknown. Due to the
significant (uncorrected) spherical aberration,tcast features cannot be easily interpreted
as atomic layer positions as a result of the plcas¢rast delocalization. Nevertheless the
observed features indicate that a continuous bigtan of in-plane rotations is present.

A slight increase in the deposition temperatur@86 °C does not significantly change the
morphology of the sample, although as indicatedth®y EDX results the relative Ge
content in the thin film can be interpolated to idés from the nominal composition as the
deposition temperature approaches 200 °C. A graflugther increase of the lattice
orientation uniformity allows for a closer inspectiof interface structure and GST lattice.
Figure 3.52 shows a HAADF-STEM image of the integfaregion, as well as two
background subtracted profiles across the interfébe profiles are affected by noise due
to the jump in contrast/background ratio betweenssate and layer, and the GST layer
orientation was still not ideally uniform. The bgc&und fitting in the GST region, from
local minima between peaks, thus may overestinteebaickground contribution and the
comparison of intensities should not be viewed wntjtative. Nevertheless it can be seen
both in the image as well as the profiles from data that the scattering intensity from the
passivation layer systematically exceeds the metbb layers in the GST thin film.



Fig. 3.52: HAADF-STEM view (left) of interface betsn GST, deposited at 185 °C
substrate temperature, and Si(111)in projection. While GST layers are only visible
as lines due to the rotation misalignment, indigidcolumns in the passivation layer can
be discerned. The electron diffraction informat{®AED in false colours, inset) indicates
that the tilt alignment of the layers is very umifoacross the entire (ca. 100 nm diameter)
aperture, and the 10% misfit between substrate G8d is visible in the doubling of
diffraction spots in the direction perpendiculartihe interface. Profiles on the right show
two HAADF intensity line plots (10 pixel integrationvidth) along planes perpendicular to
the interface, extracted from a separate imagdigtitly improved GST layer alignment
and background subtracted.

This gives another strong indication that the padgin layer predominantly consists of Te
species. The significant variance in peak inteesitvithin the layer implies either local
distortion, an inhomogeneous mix of Sb and Te, athband since accurate temperature
factors are lacking HAADF-STEM images of the stanetcannot yet be reliably simulated
in order to verify.

Meanwhile, a closer view of the lattice structurghwm the GST thin film (Figure 3.53)
reveals that the previously described stackingadefand twin domains remain present.
Stacking transitions in particular are sometimesetated across multiple building blocks,
meaning that multiple transitions across adjaceilting blocks often proceed in the same
direction. While excess periodic intensity withindistorted vacancy gaps can sometimes
be found, the continuous overlap between regionslightly altered rotation within the
interface plane results in diffuse contrast tramsg as well as overlapping periodic
structures in the projection. The domain boundars&gs not clearly defined by
discontinuous grain interfaces, and twin boundac&s occur within individual building
blocks, while a qualitative comparison between NB&iterns and simulated diffraction
images indicates rotation realignment between dosnaifl approximately 2°.



Fig. 3.53: HAADF-STEM view of lattice within the GSayer deposited at 185 °C, close
to V projection. The density of stacking defects (inggt right) has not been
significantly reduced compared to the textured dangeposited at 110 °C, and twin
domains remain present throughout the thin filns€in top left). The domain boundary is
associated with a strong local distortion of theela, yet does not appear discontinuous.

It would thus be intuitive that, as the crystalligeowth approaches the layered growth
mode with increasing substrate temperature, thglane (interface) misfit strain due to
symmetry mismatch and difference in thermal exgansoefficients gains prominence in
the driving force for defect formation. It must hever be emphasized that the relation
between passivation layer symmetry and GST thim &lientation across the vacancy gap
still appears flexible, and rotation domains may vesll run along vacancy layers
(i.e. parallel to the interface). Reports on actripreferred interface symmeth? 2% can
only be partially supported by these results.



When the deposition temperature is further increase280 °C, the Ge content in the thin
films is radically reduced, and the deposition retaluated from the final film thickness
falls off. At the same time, the experiment stilépents useful data since the Ge content
can potentially be adjusted via the target commositthe GST124 composition is also
known for phase-change behaviour, and the resulhimgfilms are highly oriented along
GST(0001)||Si(111), GST ISV . AHAADF-STEM view of the GST thin film is
shown in Figure 3.54. Twin domains have virtuallgaghpeared, which indicates that the
lattice experienced less in-plane shear stress amdpto the previous samples. The
stacking sequence is dominated by 4-Te buildingkslo Since the measured Ge content
lies even slightly below the GST124 stoichiometitye occasional appearance of 3-Te
units (ShTe; blocks) is logically consistent. Furthermore, kiag defects extend laterally
over broader distances, and since these typicatiyolve the movement of a
Sb-rich layer, some regions of the lattice may i SbTe; units between two Sb-rich
defective bilayers. At the same time, differenaesaolumn spacing between passivation
layer (0.33(0) nm) and first Te layer within theildung block above (0.36(6) nm) persist.
The structure thus indicates that the Van-der-Wepitsixy growth regime was reackéd
(see also Figure 3.55), i.e. the thin film is higbtiented without in-plane misfit strain.

Fig.3.54. HAADF-STEM view of the GST thin film depited at 280 °C onto Si(111), in
Si[110] zone axis orientation. The thin film compios (from STEM-EDX) is
approximately GgShssTes;. The dashed red line indicates correlated stackiefgcts
originating from a surface step in the silicon dtdie topography. The stacking sequence
is dominated by 4-Te building blocks, with occasibB-Te (GST225) and 3-Te (Jhes)
building blocks also present.



Fig. 3.55: Van-der-Waals epitaxy interface betwpassivation layer and GST thin film in
GSTV projection, deposited at 185 °C. HAADF-STEM imdgep), with red arrow

marking a step in the surface topography, and ampstrain map from GPA analysis
(bottom), illustrating the strain-free discontinsduansition between substrate and layer.

Fig. 3.56: HAADF-STEM image of surface region otteample deposited at 280 °C.
The dashed box highlights crystalline contrastim disordered growth zone, although the
structure may have undergone changes during thdédmeo process and sample
preparation steps.



While the expected Te GST124 column spacing in the (0001) planes at room
temperature would measure 0.3699 nm, and columaoirgsa throughout the thin film
measure 0.36(7) nm, the general inhomogeneity eflaltice and the limitations to the
precision of the calibration would allow for suclpm-scale deviation. It is thus suggested
that the layer is either completely relaxed ortressed due to the difference in thermal
expansion (28 °C* for Si vs. 5.02 °C* for GST12#° which is likely anisotropit®).
Since the layer morphology is not perfectly ori¢etiaat all times, but rather domains of
very small in-plane rotation (< 2°) persist, thelrstiesses can be accommodated within
domain boundaries with little strain within the damims. At the very surface of the sample
much of the HAADF-STEM contrast is lost due to tbpography, yet occasional cubic
regions free of vacancy layers, no thicker thann3, tend credence to above given
arguments for the two-step crystalline growth frive metastable phase, even at very high
temperatures (see Figure 3.56).

Since the substrate surface is not perfectly $i@ps in the surface Si(111) planes lead to
c-axis strain in the GST layer, due the differemcgpacing between Si(111) (0.314) planes
and the offset of the GST(0001) Te planes (0.369, nas well as the required
rearrangement of the preferred stacking order ab®wés results in the formation of
correlated stacking defects, as indicated by thedeshed line in Figure 3.54. At the same
time, only Sb-rich layers (i.e. those adjacent wagagaps) are involved in the stacking
transitions. Defective stacking bilayers may thostain some of the excess Sb in the
sample, or stated inverse, excess Sb content naltate the formation of broader
stacking transitions.

An EDX linescan across the substrate-thin filmiifsee region in an epitaxial sample (see
Appendix C.10) is not conclusive due to the limi{ggatial and composition) resolution
and accumulating beam damage. The epitaxial groiv8h,Te; and GeTe thin films was
investigated by e.¢¢*¥! and®*¥, in their particular case characterizing the MBBvgh by
in-situ RHEED measurements, XRD and HRTEM imagiflgey concluded that a surface

passivation of Si(111}% - » ORS30 Sb was favourable to the epitaxial growth &fTG
materials, although in the case of GeTe this sarfassivated growth reportedly competed
with the simple GeTe(0001) - unreconstructed surface. Accompanying DFT
calculations indicated that a Te-termination of thdic structures was favourable at both
interface¥?® (at the surface and above the passivation layéigh is logically consistent
with the vacancy layer formation mechanism and atiregly supported by the here
presented experimental data from Ge-deficient GIBiE. tendency towards vacancy layer
alignment on top of a surface passivation layer ieen expanded updt in what was
termed “self-organized Van der Waals epitaxy” (siig) order to propose depositing
epitaxial thin films on a range of substrates, petedent of structure. The selection
criterion therein was based on the reactivity & substrate with Sb and Te, and it was
concluded that in the case of,3b; on Si, a Te surface passivation layer is expettded
form. This runs somewhat counter to the previousBntioned literature on Sb surface



passivation during MBE growth of &ke; on surface reconstructed Si(111). While the
surface reconstruction may play a role in the sefiég, the here presented results on non-
reconstructed Si(111) surfaces indicate eitherra e or mixed Sb/Te passivation layer.

It was thus shown that GST thin films deposite@lavated temperatures exhibit distinct
growth regimes. While oriented growth free of vamarordering can occur at low
temperaturds¥, samples in the here discussed temperature rdmggsaexhibit at least
some degree of vacancy ordering. This can be triactue relatively long deposition times
as well as high bulk and surface mobilities, enkdnby sample surface heating during
deposition. In the intermediate, textured growthime, a two-step growth model via the
metastable cubic phase was proposed that leadsumear grain growth of the trigonal
phase. While the texture tilt distribution depeodsthe sub-nm roughness of the substrate
surface, the lattice symmetry of the substrate quibys a larger role in the layer
orientation when the deposition temperature ishrtincreased. Since at very high
temperatures preferential desorption results ifgaifscant change in deposition rate and
resulting thin film composition, a narrow window tlyeen approximately 180 °C and
200 °C was thus identified which is optimal for grewth of oriented GST thin films.

A characteristic surface passivation layer, comgisbf heavy Te species, was shown to
form even in the textured growth regime. The pagswm layer essentially presents an
extension of the Si lattice that facilitates themiation of a vacancy gap above. The Van-
der-Waals growth regime is reached when the vackayey is immediately followed by an
oriented building block of the GST lattice. Latticeplane reorientations of approximately
2° organized in columnar domains confirm that, doethe significant misfit between
substrate and thin film, a domain mismatch epitengdel is preferred to a 1:1 surface
reconstruction (see also reports of 2° and 7°imtafSL domains of GeTe on Si(1¥1)

at intermediate deposition temperatures. At vemhhiemperatures these rotations are
diminished due to the increased cohesion of than8 4-Te stacking units, and the thin
film forms a single continuous epilayer. Under #ssumption that the Te passivation layer
exactly resembles the Si(111) symmetry, one casmgit to construct a CSL from the
Si and GST225 spacing within the interface plane (0.384 nm ad@®6 nm,
respectively). Following Ref??®, and usingy = 30° and 60° as high-symmetry rotation
angles similar t&*! one can use these values to calculate a CSLatatigle:

/

TA: #, TA: #,,1

stue ————Y\Z stuzZS 4

Y\eLZ (3.2)
TAA #. TaAA #.

/

This results in CSL rotation angles of 2.9° and® S8téspectively, i.e. a 2.9° rotation CSL
between Si and GST spacing within the interface plane matches thellsma
rotation reorientations qualitatively determinedMBD well. Projections of 0°, 3° and 8°
rotation CSL in the interface planes are shown ppéndix C.14 — C.16.



The trigonal lattice in all samples exhibits a Emegree of stacking inhomogeneity, as
well as characteristic stacking transition defettudures. By performing a semi-
quantitative comparison between model structuressafected experimental results, it was
concluded that specific stacking sequences coer@latl with a preferred stoichiometry of
the pseudo-binary GST system, while on the othaedhhe shortcomings in some models
regarding the temperature factors were highlightexktly, the majority of the observed
stacking defects were matched to one specific symunstacking mismatch boundary
arrangement that can be assumed to be charactdiastia range of vacancy-layered
chalcogenide compounds. Both the intermixing ofnaically distinct building blocks as
well as the characteristic stacking defects arpreéminent interest for current and future
work on crystalline superlattices for interfacialitthing applications. The same stacking
disorder and transitions may also find prominenmcether topics of research beyond the
field of phase-change applications, such as workhenmoelectric, ferroelectric or even
topological properties of novel materials.



4. Summary and conclusions

The advanced Cs-corrected STEM investigation of rahmmus, metastable and stable
phase change material thin films posed a numbeadicular challenges. The preparation
of electron-transparent specimens by focused i@ambeethods was optimized for the
characteristic structural instability of the maaéri Monte-Carlo calculations and
experimental observations confirmed that the lowrgy ion milling step under cooling
conditions reduces the surface modification lay@wvmito 1 - 1.5 nm thickness. Detailed
theoretical considerations on the STEM image cehtfarmation by coherent and
incoherent scattering were presented that put tiaatgative STEM image simulation by
absorptive potential and frozen phonon methodbeemiecessary context. In particular, the
eminent importance of realistic thermal displacetfastors in the calculation of high-
angle scattering intensity was highlighted.

The structural investigation of Ge-Sb-Te thin filmsoduced by PLD from a G8lyTes
target covered the entire regime of functional vatg¢ phases, although it must be
highlighted that the as-deposited and melt-quenclierphous phases may possess
structural differences that were not explored is thork. The RDF analysis from electron
diffraction information confirmed the predominance defective octahedral short-range
order in the amorphous phase. Discrepancies betweaterial density and pair-
distribution function can potentially be resolveg the incorporation of intrinsic Te
vacancies on defective octahedral sites in thecpgsited state.

Crystalline metastable cubic, intermediate vacdaggred cubic and stable trigonal thin
films were produced by ex-situ annealing of thelepesited state. The atomic-resolution
HAADF-STEM results were refined by image processimgthods and evaluated regarding
local structure and scattering intensity by apmyitetailed strain mapping, intensity ratio
mapping and peak profile fitting routines. The tmost prominent results in the course of
investigating the metastable phase were the presehartial {111} ordering on the
mixed Ge/Sb/v sublattice as well as the systentai@viour of pm-scale distortions on the
mixed sites. The vacancy-layered cubic phase ptesenintermediate transformation step
in the phase transition to the trigonal structufee structure of the ex-situ annealed
trigonal phase revealed intrinsic disorder of thecling sequence, which was correlated
with the local stoichiometric composition by laygr-layer evaluation and intensity ratio
mapping of the HAADF signal.

Both the ex-situ annealed trigonal phases as welteatured and epitaxial thin films
deposited at elevated substrate temperature wered fto exhibit characteristic stacking
defects in the vacancy gaps, as well as twin stradbrmation enhanced by lattice stress.
These features are of particular interest in tregieand operation of interfacial switching
superlattice concepts. The semi-quantitative coregar between individual building
blocks of the trigonal lattice and various modelstures revealed the complex sublattice



order behaviour of the mixed sites, yet also hgjttkd the need for improved models of
the anisotropic phonon dispersion for the predicodDebye-Waller factors.

Lastly, the gradual increase of the deposition tnaore resulted in an incremental
transformation of the growth behaviour from textuggains on amorphous surface layers
towards epitaxial layer growth in a pseudo-VanM&als epitaxy arrangement. The
change in chemical composition due to preferenlgsiorption of Ge, identified by STEM-
EDX, narrows the optimal temperature window for akpon of highly-oriented thin
films. The presence of a surface passivation layas found both in the textured and
epitaxial growth regime on cleaned Si(111), howavelid not prove a requirement for
textured growth as evidenced by its absence omri@phous native oxide layer. As it is
followed by a small amorphous component in the temperature, textured regime on
cleaned Si(111), the mere presence of a passivii@r is also not solely sufficient to
induce VdW-epitaxy growth behaviour, somewhat intcast to Refl!*?,

Current and future work, based on the achieved reasens, includes the RHEED

observation of the initial layer growth steps, tleposition of oriented GeTe thin films, the
deposition of layered superstructures by altergatie PLD target material, as well as the
design of property measurement experiments andegubat comparison with the above-
described structures. On the methodological siegnements of model parameters from
first principles are required in order to improvee tquantitativeness of the STEM
simulation approach, and which in conjunction withonochromated energy-loss
experiments may also open up an avenue to thetigagen of chemical states in the
various structures.
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Appendix A: Summary of GeTe — gJlie; compositions and crystallographic parameters

Tab. A.l: Structural data from literature for comm@GeTe-Splre; compounds. Vacancies or VdW gaps are denoted’by “v

Space Lattice
Composition group parameters Angles Stacking sequence of (111)ddgabic, rhombohedral distortion)
or (0001) layers (trigonal)
GeTe 225 a=b=c=6.009 A = = =90° -Ge-Te-... [227]
GeTe 160 a=b=c=4.281A = =58.358° -Ge*-Te-... [41]
*Ge positions at (0.521, 0.521, 0.521)
ShyTe; 166 a=b=4.264A c=30458A| = =90° =120° -Te-Sb-Te-v-Te-Sb-... 571
(GeTe)
(Sb2Te), 255 a=b=c=6.0293A* = = =90° -Ge/Sbiv*-Te-... [49]
(metastable) *cell parameters for differeny B *random mixing of Ge, Sb and vacancies
concentrations vary between 6.0 and 6.05 detsoassume (0.5, 0.5, 0.5) positions
Gelssz84 166 a=b=42721 A c=41.686 A = =90° =120° -G@ASSb)'5]'Te-G%.ZESIQ)]E-TE-V-TQ-G@.ZESIQ)]E-TE-... (53]
GeShTes 164 a=b=42257A c=17.2809A = =90° =120° -Te-GgeeShy 3 Te-Ge 5:Shy g Te-v-Te-Gg 3:Shy 6 Te-Ge 6:Shy 3. * el
*Ge/Sh distribution varies from sourcesamstn 56:44 and 68:32 52]
models with complete demixirly® can be considered outdated (1
-Gy 73527 Te-G 7Sk 25 Te-Ge 555k 45 Te-v-Te-G@ 555y 45 Te-Ge 7Sy 2 Te-
GeSh,Te, 166 a=b=4.189 A c=62.1700 = =90° =120° (351
-Te-Gg 1551y g5*-Te-v-Te-Ge 1650y 5 Te-Ge 365y 6 Te-G 165y a4 TE-V-Te-
GeShTe, 164 a=b=4.2360A c=237609A = =90° =120° Gey 1:Shy ge-.. 541

*very low Ge concentrations may indicat8lgTe; - G Sh,Te, superstructure




Appendix B: TEM specimen preparation by focusedneam methods

The sample preparation process is of critical irtgpare in order to obtain the best
possible results from an electron microscopy studize transmission geometry
necessitates the manufacture of very thin crossessc Specifically, absorption and the
complexity of dynamical scattering effects dematiast foil thicknesses remain well
below the mean free path of electrons at the ch@smeleration voltage. While in
principle, for best point resolution in purely inag oriented studies, the thinnest
obtainable samples are ideal, some other pracisaécts impose a lower limit on the
desired thickness. The region of preparation atefaear the free surfaces remains
largely constant for a given preparation step, Hrel defective volume fraction thus
increases with reduced sample thickness. Additipnéie finite detector sensitivity both
in a charge-couple array (CCD) and a semicondwsttimtillator plate detector necessitate
an appropriate minimum signal to noise (S/N) ratiorder to avoid long averaging times
which are associated with increased beam damagdrdhghenomena. Lastly, analytical
methods such as electron energy loss spectrosé&tflyS) and EDX require a significant
sample volume to generate statistically meaningfghal counts within a reasonable
timeframe. Conversely, while EDX signals are cambisly improved by increased
sample volumes since most X-ray photons can est@pesamples without further
interaction, the large beam convergence anglesins8@EM lead to a broadening of the
beam for interactions occurring far away from theal disc. The depth of focus can be
estimated by the FWHM of the probe extension aloegm directio??®:

AN

Here,  denotes the relativistic wavelength of the eletrand the convergence
semiangle of the probe. For a primary beam enefd00 keV and a half-convergence
angle of 25 mrad typical for Cs-corrected high-teson STEM, the depth of focus thus
can reach close to 3 nm beyond which the probensitie distribution significantly
broadens. In incoherent thermally diffuse scatgerffDS) STEM imaging from high
angles, the depth of focus can result in an inecakffuse background contribution as
well as nonlinear variations in scattering intamsitat small sample thicknesses, while the
inelastic interaction with neighbouring atoms résuh a loss of resolution in EDX.
Strong electron channelling in highly oriented tajlsme samples can furthermore
significantly enhance the localization of the protithin specific atomic colum#g®: 23!
however the dynamical effects then complicate thangfication of EDX results since
uniform standard Cliff-Lorimer factors can no londee strictly applied. Thus, small
convergence angles and off-axis orientations augtstofor easy EDX analysis, which
runs directly counter to the requirements for atrasolution STEM. Similarly, the finite
inelastic cross-sections for energy loss processssured in EELS mean that high beam
currents, significant sample volumes or long meament times are required, while the



results are often readily interpretable only if gb&n interaction events need to be
accounted for, i.e. the sample thickness lies belbw the electron mean free path. The
most relevant example is the local thickness detextion by EELS spectroscopy using
the log-ratio methdtf® which estimates the mean free path as:

k G?!

N
Cc@/ W
" (;( . ‘?!( . A (BZ)

F denotes a relativistic correction factor; tae primary beam energy,n,Bhe mean
energy loss_without plural scattering andthe collection angle of the spectrometer
entrance aperture. Mitchell in particdfaf discussed how dynamical diffraction effects
can further impact the accuracy of the measuremantthe log-ratio method, and
experimental measurements using the software pliegeribed therein can deviate from
real values by up to 20%.

Thus, strong requirements need to be met in sarsgaleility, uniformity, thickness
control and fidelity to the initial sample struaturAncillary demands include a well-
defined sample orientation, the ability to targetrtigular features in the original
specimen and, in modern Cs-corrector equipped acalyEMs, ideally contain uniform
amorphous or nanocrystalline structures for imagd probe aberration correction,
respectively.

In this study in particular, the matter is furthesmplicated by the metastability of
amorphous and crystalline structures to be invat#y As was shown in the introductory
section, the crystallization temperatures for tmeoghous — cubic and the cubic —
hexagonal transition of G8l,Tes lie around 100 °C and 200 °C, respectively. Thérma
treatment of the sample during preparation stepetbre needs to be virtually excluded
if amorphous or metastable structures are of iatefEhe classical mechanical sample
preparation consists of a series of steps desitmaatrementally lower the cross-section
thickness at one microscopic position of a macrpwcesample region by means of
mechanical grinding, polishing and a final broadreargon ion milling finishing. As
such, it can influence the structure of the sarbgl@ multitude of mechanisms. For one,
cutting and grinding steps are accompanied byidncheating, as is evident in e.g. the
necessity of water cooling in a diamond wire sawduduring early preparation steps.
Bonding of coated sample wafer pieces using twopmment epoxy glue can require
additional heating of the sample. Furthermore,ntteehanical shear stresses acting on a
thin film coating during classical preparation can,a microscopic scale, lead to extrinsic
defect formation and on a macroscopic scale tondektion as shown in Figure B.1.



Fig. B.1: SEM secondary electron image of delanmmabf an amorphous GST coating
from a silicon wafer substrate. Cracks in the st@fgresumably partially due to thermal
stresses in a relatively thick GST layer (200 ni@ad to easy detachment of thin film
flakes from the substrate undergoing shear stidssspherical particles embedded in the
surface coating are micrometre scale droplets ojetamaterial that were in later
optimized deposition processes vastly reduced.

Lastly, the chemical agents required e.g. to digsalax used in some intermediate steps
to temporarily fix the sample to a mounting candléa unforeseen chemical surface
damage to the sample, as shown in fig. B.2. Thesial mechanical sample preparation
has been successfully applied to stable trigonas@hand superstructured thin films
elsewher€®?, and therefore need not be discarded entirelyeNkgless, it is evident that
the optimization of an alternative sample preparatprocess for metastable and
amorphous PCMs is beneficial.

While alternative classical preparation technigquesst that aim to minimize the
mechanical work required, such as the small-anigevage techniqlf€®, the samples in
this study were prepared using subsequent stefuxated ion beam milling (FIB) with
gallium ions at 30 keV and 5 keV (low-kV FIB) as livas focused argon ion thinning
(Nanomill) at very low energies between 300 eV 800 eV and low temperatures by
liquid N, cooling. A final reactive HO, plasma cleaning step immediately precedes the
transfer of the sample into the TEM instrument.

FIB preparation of TEM specimens possesses manyangayes that match the
requirements introduced above. Using the focusddigeion beam, specific regions of
the specimen can be targeted for sample preparatitna resolution of less than a
micrometre. A thin cross-section lamella from FIBn¢ under ideal conditions, be
uniform in thickness over a width of up to 10 mitretre.



Fig. B.2: SEM secondary electron image of GST sarfsimilar to Figure B.1, partially
dissolved after being submerged in an acetone foathbout 1 min and subsequently
dried in air. The original sample structure for TEidvestigation is irredeemably
destroyed.

Protective surface layers consisting of nanocrlys&lPt or amorphous carbon can be
deposited by the introduction of carrier gasses iite FIB beam path using a gas
injection system (GIS). These structures are algalifor Cs-correction in STEM and
HRTEM, respectively. The sample preparation procsssg a Zeiss Auriga FIB-SEM to
manufacture a cross-section lamella down to 100fmimthickness, and subsequently
thinning the sample down to 30 nm or less usingishibhe Nanomill has been
extensively documented and publish&d It involves, as already indicated, the
preparation of a FIB cross-section lamella with I1B-&eposited Pt surface protective
layer. The lamella is then affixed to an Omniproleepper grid in the lift-out process and
the thickness subsequently reduced down to thet afissectron transparency using 30
keV gallium ions at 1.5° grazing incidence anglethie lamella. In the event that the
substrate is electrically isolating, such as BahRd KCI, a conductive gold layer is
electron-beam sputter-deposited onto the sampfacgupreceding the FIB process, thus
minimizing charging effects during SEM imaging &all8 milling. The thickness of the
lamella is further reduced in the low-keV thinniatgp down to about 100 nm (initial
experimentally estimated thicknesses typically eghdpetween 100 nm and 150 nm)
using a 5 keV gallium ion beam at 0.8 — 1.6° glagcangle tilt to beam, and then
transferred to the Nanomill system. The Nanomithpke holder is cooled down to -185
°C from a liquid nitrogen reservoir. In the Nandimihe lamella is further thinned from
both sides (front and back) with a scanned focwsgdn ion beam at 900 eV and 10°
glancing angle tilt to the beam, typically for 1%noies per side depending on the initial



estimated thickness, at about 60 pA beam currdré.sOrface is further polished by 500
eV or 300 eV argon ions for 20 minutes per sidthatsame tilt angle and similar beam
currents. The resulting remaining sample thickn@ee Figure B.3) is estimated by
recording thickness maps from EFTEM, and the Nal@rocess iteratively repeated if
necessary. The choice of final ion energy depeadgly on the expected structures to be
investigated. While crystalline thin film samplesncwithstand 500 eV ions and display
minimal surface amorphization of 1-2 nm at the danggulges, amorphous structures are
treated with 300 eV ions in order to minimize impkion effects and crystal seed
nucleation as far as possible. The thinning ratesGIST strongly depend on the specific
parameters used as well as the thin film compasitranging from 0.8 nm/min for
crystalline GST at 900 eV down to below 0.2 nm/fi@namorphous GST at 500 eV or
less. This introduces the central question thaearduring energetic ion bombardment for
TEM sample preparation: How the impact of ions rfiedithe sample structure and how
the remaining influence of the preparation proaessbe estimated.

Fig. B.3: Successive reduction of sample thickrmstow-keV FIB thinning and argon
ion milling.

The effect of gallium ion irradiation on amorphoaisd crystalline GST thin films has
been the investigative subject of previous litemtuOne such study observed the



crystallinity of GST by X-ray diffraction before dn after ion implantation
experimenté*?. Therefore, perpendicular incidence and compaghtihigh primary
energies up to 120 keV were used. The authors ededlthat a metastable cubic thin
film of 16 nm thickness was entirely amorphizeceafi beam dose of 4 x Fagallium
ions/cm? at 30 keV. They furthermore found that gshous thin films increased in mass
density from 5.5 g/cm? in the as-deposited statenbgnetron sputtering up to 5.83 g/cm3
after ion implantation and subsequent annealingaowit crystallization. And lastly, they
described a significant increase in the crystdiliwa temperature by 20 — 60 °C
depending on implantation dose and species. Thissga first impression on the
implantation and amorphization effect of energeiits on GST. Some factors confound
the comparison with the here presented preparatieps. For one, due to the scanning
motion of the ion beam in FIB and Nanomill, the exanplantation dose is not known. In
the Nanomill process in particular the beam spsbimewhat broad, and does not always
hit the lamella exclusively. Secondly, the purpagethe ion thinning is to remove
material from the sample surface by sputtering @sses without strong implantation
effects. Therefore the incident ion beam angleshatiow and the energies low. In order
to assess the effects of the ion bombardment oththesample, three processes are thus
of particular importance, the ejection of sputteegd reflected atoms and clusters, the
implantation of ion species and disordering of strecture, and lastly the energy transfer
to the sample and heat dissipation.

In order to investigate these processes at leastgeantitatively, SRIM (Stopping and
Range of lons in Matteff¥ calculations were performed for various ion speqgimary
energies and angles of incidence. The SRIM proguaes a Monte Carlo approach to
simulate a large number of collision cascades basad the binary collision
approximation, and thus yields a statistical desionn of implantation and sputtering
effects. As such, the required input parameteriidecdisplacement, lattice binding and
surface binding energies. These are quantitiesatgnot explicitly known for GST, in
particular since each structural state should @ssses distinct set of parameters.
Furthermore, the SRIM calculations base their s model on a continuous
distribution in the target based on its mass dgnglisregarding crystalline lattice
orientation effects such as forward channelling cvhcan potentially result in deep
implantation. Lastly, the calculations are alwagsi@ under the initial conditions, while
in practice a sputtering process from a compourgktdeads to a dynamical equilibrium
state at the surface. While the incident ions l@ad disordering of the sample near the
surface, the same region will be removed by thdtepog process. In ion implantation
experiments, an analogous effect results in thadgtestate implantation profile. The
experimentally observed amorphous surface layeretbre tend to be no thicker than the
mean range of implanted ions. In the presenceedépntial sputtering of one component
over the other and a crystalline target, the spatigorocesses predominantly occurs from
an amorphized surface layer that is deficient ia greferentially sputtered species.
Lastly, during the initial ion bombardment, exigtisurface oxidation can also lead to
different sputtering behaviour than expected fromlulk material. The input parameters



for simulations were thus estimated from a unifenmture of the pure components, and
the results can only give an approximate impressidie relative sputtering yields, ion
implantation range and energy transfer.

Fig. B.4: Relative sputter yield from amorphous GB2Te5 (top), total yield and
implantation profile (bottom) for argon ions at 980 vs. glancing angle, fitted with a
bicubic spline.

In Figure B.4, the results for 900 eV argon iongaious glancing angles are illustrated.
The top panel shows the dependence of sputter greldcident angle. It can be seen that,
for the chosen parameters, heavier species areliker® be sputtered from the surface,
with Te being almost twice as likely as Ge everratbrrection for relative concentration
in the sample. This leads to enrichment of Ge & gbrface amorphization layer. The
bottom panel of Figure B.4 shows a comparison eftthial sputtering yield from 900 eV



argon ions with the mean implantation depth anderesion (straggling) of the
implantation profile. The implantation profile ihifed into the layer as the glancing
angle increases, but generally only the top 2-3amenheavily impacted at the chosen
energy. Nevertheless the subsequent 300-500 eVitigirstep is beneficial to further
reduce the resulting disordered surface volume.l&\this effect is small for low-energy
ion milling since the majority of knock-on displawents and subsequent sputter ejections
occur close to the surface, under heavy galliumb@ament at higher energies and bold
angles to the surface, such as during the inittgdssof the FIB process, both implantation
and knock-on cascades reach significant depthshén sample. This leads to large
disordered layers at the top of the thin film ift lenprotected, which are rich in Ge and
tend to oxidize under ambient conditions (see EDppéndix C.3). A solution for this
challenge was only found by depositing an additi@maorphous LaAl@ layer onto the
GST thin film in vacuo during the PLD process. Ttapping layer both protects against
further oxygen indiffusion and ion implantation, Mehhaving the additional advantage of
being virtually transparent at wavelengths useddptical switching experiments and
inhibiting evaporation.

The dissipation of incident energy in the sampleagainly the most complex issue to
consider. Not only is the dissipation dependent sample geometry and transfer
mechanism, but the total ion dose per unit tima iscanning focused ion probe with a
realistic probe shape is difficult to extract. Snindividual sample positions are only
exposed in intervals, a dynamic equilibration afidient energy and heat dissipation over
time will set in. In order to make any predictidooat ion beam induced sample heating
at all, in the following the edge case of statip@sure to a high-energy ion current at
bold incident angle is considered.

Only a fraction of the incident ion kinetic energyabsorbed by the sputter ejection of
material. The simulations predict that only abo@ %f the incident energy for light low-
energy ions and 15 % for heavy high-energy iondraresferred to sputtered species. The
remaining energy loss is split between ionizatidgoa. 20 — 25 %), generation of
vacancies (ca. 7 %) and phonon excitations (ca— 70 %). Similarly, the thermal
conductivity of amorphous and metastable GST isidatad by the phonon component
Kpn, around 0.25 W/m*K to 0.45 W/m*K for amorphous amdetastable GST,
respectively, while the electronic contributiog ik an order of magnitude smaller. These
are average literature values for the room temperaegime. The depth distribution of
the phonon excitations by gallium ions at 90° isvgh in Figure B.5.

In the following, the exact distribution of excitats is disregarded, as is the decay of
electronic excitations into thermal states. Rattie, simplifying argument is made that,
in a thermally insulating UHV chamber, the vast ondy of the phonon excitations
originating from the collision cascades need todrse a volume close to the thin film
surface in order to dissipate towards the heat. siinle ion current density in the FIB
beam as well as the dose rate is required in aodee able to estimate the flux of energy
input.



Fig. B.5: Phonon excitations by gallium ion irragha at 90° glancing angle. The vast
majority of phonons are generated by recoil calhsi and thus the curve approximately
follows the DPA profile.

The probe size in the FIB is dependent on the eéésurrent, with typical values around
25 nm probe diameter at 50 pA current for imagind &.8mm diameter at 12 nA for
milling at 30 keV. In Figure B.6, the lateral beame can be estimated to 344 nm at 600
pA. If the probe shape at low currents is approxadao a cylindrical top-hat function
with radius of the probe FWHM, the current equal§.46 x 10° A/nm2.

In a liquid gallium ionization source of the typsed in the Zeiss Auriga FIB, the charge
particle distribution at operating voltages is hisaskewed towards single charge ions,
with [Ga2+]/[Ga+] ca. 13 % The current densities given above can thus beerted

to ion dose rates with single elemental chargesdiyig 4.035 x 1bions/nmzs.

If one could simplify the problem to a plane geaméty averaging the individual phonon
excitation cascades to a macroscopic uniform hmate (i.e. a 2D heat source on top of
a thin film of known thickness and composition,abulk heat sink at room temperature
and surrounded by a thermally insulating vacuum),Dasteady state heat conduction
equation would be used to predict the temperanaease T:

E J 1’@2H.©Ai X (83)

Here,J‘I denotes the energy influx to the surface layerupdrarea, #n the film thickness
and A in this case the unit area i.e. 1 nm2. Imsgralues from above for a 100 nm thick
amorphous GST film and taking the entire energgdier to phonons per incident ions
into account, about 19.125 keV/ion or 3.06 *'2@/ion at 30 keV primary ion energy,
one obtains T = 49 K, which is larger than the range of simileported valués® due

to the low thermal conductivity of the layer masériand the above discussed
approximations. In this case the ion beam would b®tscanned over the surface but



rather be static at one point, and the heat salgseribes an intifisimal layer depth below
the excitation volume. Since in reality the heawflfrom a spot source also occurs in
radial direction, and the true dose rate duringsttenning motion is lower, real values for
the local temperature increase can be expected tauzh lower. At 600 pA and 30 kV
milling, typical values for the scanning motion d&@0 s pixel dwell time and 200 %
pixel fill factor meaning ratio of spot area to ebsize i.e. every pixel gets effectively
exposed roughly twice. The dose rate for the alvalges even in the extreme example of
a repeated line scan such as in Figure B.6 would tie considerably lower (by two
orders of magnitude), and each position would haleut 1.5 milliseconds between
exposure intervals to freely radiate heat.

Fig. B.6: Cross-sections of FIB trenches with 30/ k8a beam. Asymmetric beam

profiles at 12 nA beam current (left) and symmepiofiles at 600 pA beam current
(right). The times indicated correspond to theltotdling time of a single pixel wide and

10 m long line object. The dark streaks in the bulkha cross-section may result from
channeling in the (111) oriented silicon wafer.

It is also important to note that this approachrny reasonable if &psiraie™>> kiim, and on

a thermal insulator such as BatlRe thin film may experience additional heat budd
Furthermore, in the case of a thin cross secti@h s1$ during low-keV thinning, or for
very thin films, the geometric thickness approadesmean free scattering length of the
phonons which results in an overall lower thern@iductivity than in the bulk material.
A complete description of focused ion beam indusaahple heating by ab-initio or finite
elements approaches is unfortunately still lackimgpart due to the large uncertainties
regarding transfer mechanisms, and most publishetk ws limited to experimental
studies of its effects. Since the plane geometrgletsothe 30 keV direct incidence case, it
may still give an impression of the upper boundanthe expected temperature increase
in the sample. Nevertheless, even small increastsmperature, if prolonged, can lead to
the modification of metastable amorphous and clysaGST. The final thinning steps
were thus performed under liquid, Mooling of the sample stage, and the expected
sample preparation artefacts are therefore limitetallistic knock-on effects near the
surface.



Fig. B.7: Secondary electron images from crossiaetamella of GST on BaFwith thin
conductive Au coating and sacrificial Pt buffer tie FIB-cut trench before liftout (left)
and affixed to an Omniprobe Cu grid (right). Théckhframe left after low-keV Ga
thinning promotes mechanical stability of the sampl

While under ideal conditions the FIB + low-keV pess yields excellent results (see
Figure B.7), it is necessary to mention two focused milling artefacts that can
negatively impact the final sample. For one, reedépn of sputtered material can lead
to surface contamination by adsorption of sputtesgecies. The source of re-deposition
can be twofold. In cases where the ion beam doesihdhe lamella exclusively, but
rather also skirts the copper grid or the back-wahk trench during different preparation
steps, some amount of foreign material may be spadttowards the sample. This type of
extrinsic contaminant is significantly reduced lypsequent low-keV thinning steps, but
residual surface contaminants can appear as baskgjreignal in chemical mappings.
The other source of redeposition is intrinsic te gample geometry. A cross-section
lamella of a thin film coating consist of a stadkdifferent layers, e.g. Pt buffer layer,
LaAlO3; capping layer, GST thin film coating and Si susstr Each individual layer
possesses a distinct sputtering coefficient forcti@sen set of parameters. This can result
in surface steps at interfaces between harder after snaterials. If the ion beam hits
such a feature in the surface topography at ashaiicident angle, some material from
the softer layer that is sputtered in forward ey may then become absorbed on the
sloped face of the surface step, or some matdvalis removed from the slope in the
harder layer may be ejected back in the directioth® softer layer. This process can be
enhanced at low sample temperature due to the eatiaticking coefficient of sputtered
species with low energies onto the surface.

The effect is most prominent at the interface betwthe single-crystalline substrate and
a soft amorphous layer. Intrinsic redeposition iBTSSi coatings of GST onto the
substrate can be pronounced, however since thdratghss usually not of particular
interest for the investigation except for its geharystallographic orientation, does not
necessarily have a major impact on the results.



Figure B.8: BF-TEM image of amorphous GST coatingSy substrate with native SjO
interface layer, after initial low-keV argon ioninhing. Black arrows indicate slight
curtaining, while the fringes at the substrateriiaiee indicated by the red arrow result
from the local thickness gradient at the interfadge. Grainy features on the substrate
surface of the lamella can be partially relatedetaeposition effects.

The curtaining effect refers to periodic variatidnslocal thickness of a uniform layer
which align with the microstructure in the layeroab (see Figure B.8). Various
mechanisms can be responsible for curtaining effecEIB preparation. The beam tails
overlap when the pixel fill factor is chosen sutiattthe beam positions are closely
spaced, potentially leading to enhanced sputtennthe overlap regions, while a too
large spacing can lead to deficient sputteringatwieen beam positions. In the presence
of multiple crystalline grains of random orientatjoselective ion channelling along
crystallographic axes can lead to oriented remoVahaterial in some grains. The most
relevant process for the case of GST with a Pteouéfyer on top is the uneven removal
of material in the presence of density variatiamghie nanocrystalline top layer. Denser
regions are sputtered more slowly, and at shalloges the ion beam will be shadowed
by the resulting topography, thus projecting thewam thinning of the buffer layer onto
the nominally uniform thin film coating. Curtainincan be reduced by back-side ion
milling®®*”, however the effect is only pronounced in amorgh@ST (where the
absolute sample thickness is not as important) envbilstalline samples are typically
largely uniform.



Appendix C: Supplementary figures

Appendix C.1: Interface roughness evaluation, edrout on a DF-TEM image of a
columnar textured GST thin film (a). A minimum Iéwé image contrast is required. The
image is then binarized around the brightness lavéhe interface (b), and subsequently
gradient (Sobel) filtered (c). A profile perpendenuto the mean interface orientation then
yields a distribution of interface positions acrdbe profile integration width (graph
bottom right). The intensity distribution of a slari profile across the unprocessed image

is shown for comparison (bottom right), as wellFASHM fittings of a simple Gaussian
roughness model.



Appendix C.3: EDX mappings of microvoid in annea@8T225 thin film (chapter 3.2).

The Ge/O and Ge/Te maps indicate slightly more lihgef at the LaAlOx interface and

inside the void, which correlates with a rise ire tBxygen signal. Presumably, Ge
segregates at the interface and open surface adizes after the lamella is exposed to
ambient air. The overall composition within the lboif the thin film (Ge:20.3 Sb:23.6

Te:55.9 [at.%]) still matches the as-deposited amsitjpn (chapter 3.1) reasonably well,
with about 1-2 at.% of Ge and Sb (within the margjirerror) less in the post-annealing
GST compound.



Appendix C.4: Blurred convergent electron beamradfion pattern recorded from the
CCD while scanning the beam over a small focus areacrystalline thin film at large
defocus (left). Dashed green line marks the edgethef HAADF detector plate,
corresponding to 40 mrad at the chosen camerahe&gnulated LACBED pattern of
[110] zone axis cubic GST (top right) and correspiog ZOLZ deficiency lines (bottom
right), calculated with the JEMS software by P.dstmann. Solid black (left) and red

(top right) lines mark similarities in Kikuchi faaes, useful for adjusting the zone axis
orientation.



Appendix C.5: Comparison of HAADF (left, 80 - >2@frad) and ADF (right, 19.1 — 80
mrad) STEM images acquired in parallel from samgb@ealed at 250 °C. In the Z-
contrast image from high-angle scattering, only tatdce defect (stacking transition,
marked by red arrow) is readily visible. The ADFage also includes coherent scattering
contributions. As a consequence, lattice distogtican result in strong ADF contrast
changes, while the same only result in a more siffdAADF contrast. ADF contrast is
however also more sensitive to defocus changesaamatphous contributions, and the
atomic structure in the stacking defect is notlaarty resolved as in the HAADF image.



Appendix C.6: SEM image (SE detector) of uncove@SIT thin film on Si/SIQ after
annealing at 300 °C. The material has delaminateédsacrystallized into a dense needle-

like morphology. In addition, material is lost tosag@oration in the vacuum oven,
predominantly from the Germanium component.



Appendix C.7: HAADF (80 — 200 mrad) and ABF (0 —rh@ad) images of GST sample
annealed at 290 °C, acquired in parallel. The rigdit of the HAADF image shows the

unprocessed HAADF signal, while the left half asllves the ADF image were FT-

filtered (Radial Difference Filter). Red arrows icate the same layer position in both
images, exhibiting unexpected weak intensity in tbeninally empty vacancy gaps. In
the ABF signal, the contrast is inverted and predamtly composed of coherent
scattering contributions as well as the transmitiedm (i.e. maps the loss of primary
beam intensity due to coherent scattering). Thegana slightly distorted due to non-
linear drift. The additional intensity in the vacgngaps may originate from diffusive

material transport between building blocks, altHouhis is not conclusive due to the
large lamella thickness (55 nm) in conjunction watiminimal tilt out of the [01-10] zone

axis and residual condenser astigmatism. A furditernative explanation would be that
de-channelling and defocus effects are more readlile at this large lamella thickness,
however contrast delocalization due to de-chamelin image simulations is typically

predominantly observed between neighbouring fulgupied layers within one building

block, while additional HAADF intensity from thers@le past the depth of focus (about
4 nm) should only result in an increased diffusekigpound (as can be seen in the
noisiness of the unprocessed image).



Appendix C.8: NBD-STEM overview image (HAADF) of G3hin film with LaAlOy
cover layer, annealed at 320 °C (top), and twocsete NBD patterns from positions
marked in the image, corresponding to the two gradjoined by the grain boundary
shown in Figure 3.38. The sample is oriented (1) substrate zone axis parallel to
the surface and both grains are thus tilted o@$T zone axis, by approximately similar
angles (as can be seen by the Kikuchi bands scluathaindicated by the dashed red
lines). The closest low-index zone axis howeverappto be dissimilar, as confirmed by
the subsequent high-resolution investigation.



Appendix C.9: EDX-linescan of rel. at.% compositimeasurement from oriented thin
film on cleaned Si(111), deposited at 185 °C, amatesponding HAADF image below.
Composition profiles are averaged over 7 adjacesdsurement points in order to reduce
noise spikes. While the composition within the thim (right half of the plot) roughly
matches the target composition, significant dewretiin Te, Ge and Sb content are
visible in the top 3-5 nm near the surface (lefiesof plot). In particular, a slight drop in
the Ge content followed by a marked increase atvidigy surface indicates at Ge
depletion zone and Ge-rich surface layer. The shamgase in Oxygen content at the
surface can be attributed to post-deposition oidabf the Ge-rich surface layer in
ambient air, since the sample was not subsequen¥igred by a LaAlQprotection layer.
The EDX evaluation of light elements in compouratg] thus the O-K peak, by the CIiff-
Lorimer methof>® is however less precise due to the lower fluometsgield compared
to heavy elements. The particular behaviour of &aletion and surface layer formation
is enhanced at deposition temperatures above 220 °C



Appendix C.10: EDX linescan across interface betw&ST thin film and substrate,
deposited at 185 °C. In order to minimize beam dmma relatively short acquisition
time was chosen (2 min, scanning across 200 poirasline with an 18 s dwelltime),
which however lead to statistical noise in additiorthe residual spatial drift. Profiles as
shown were thus averaged over 5 adjacent measurgmoeris, and indicate a small
excess of Te in the surface passivation layer.



Appendix C.11: Simulated HAADF-STEM image (C2 = 2ffad, Detector = 80 - 200
mrad, defocus = -2 nm) of idealized defect strieetandel inv projection, based on
the GST225 model by Urban et.al. The observed @gilaclhiange in scattering intensity
approximately matches the experimental data, atthogaal defects may extend the lattice
distortion in the defect core over multiple adjageositions.



Appendix C.12: Columnar grain deposited at 110 f@ocaleaned Si(111), as seen in
Figure 3.44.



Appendix C.13: HRTEM view of interface between ded Si(111) and GST thin film
deposited at 185 °C, as seen in Figure 3.51.



Appendix C.14: 0° rotation CSL between Si(111) ékpheres) and GST(0001) (red
spheres) Te-Te planes.



Appendix C.15: 3° rotation CSL between Si(111) ékpheres) and GST(0001) (red
spheres) Te-Te planes.



Appendix C.16: 8° rotation CSL between Si(111) ékpheres) and GST(0001) (red
spheres) Te-Te planes.



Appendix D: Grain boundary symmetry between trigona
lattices

In the presented case (Figure 3.37), one graiiitésl tin zone axisv projection,
while it can be seen that the densely occupiedeglan the second grain are inclined
towards the first, within the image plane, by 5Fhe second grain however is also
rotated out of the zone axis of the image plane, #we grain boundary does not run
exactly along the + y planes of the first but rather at an out-of-plaifte
angle resulting in the gradual change in backgroumtehsity at the edge of the grain,
where the two overlap. Comparing the width of tdgesregion (variable, ca. 2.5 nm on
average) with the depth of field at the chosen asicope settings (3 nm under ideal
conditions at 25mrad C2 aperture and 300 kV acatiter voltage®® *% lets one
approximate the angle between the projection p&rtethe grain boundary to measure

%t6 1 X¢( Tw9D, however the contrast region at the grain interfas not well

defined and the depth resolution of the microsagpeased on a rough approximation,
and such an
estimate may prove unreliable. Nevertheless, frioencontrast behaviour and the visible
faceting the conclusion lies close that the grasmrgary cuts across the image at an
obliqgue angle along one specific set of planehefl¢ft-hand grain (see Figure D.1), in a
faceted arrangement so as to retain the overatl gaundary direction. For a more exact
description of the grain boundary symmetry it wobknecessary to tilt the sample until
the incident beam direction runs along the graianolary, and additionally to tilt both
grains into low-index zone axis. This is unfortielgathindered by the distance of the
objective pole pieces in the microscope and theiBpsample holder in use, which limit
the maximum tilt angle of the sample holder. It nimey reasonable to assume that the
diffuse lines seen in the right-hand side grairultesom the planes since their
spacing (0.31 nm) approximately matches the predigtlue (0.309 nm). Furthermore
the rotation angle between the zone axis vectdd][1V and a low-index viewing
direction down a + plane, e.g. [031} V is roughly 54°, and it is
possible that the right-side grain in the imagel@se to the latter projection (in which a
strong overlap between neighbouring atoms resulta diffuse line along the

plane. The residual miss-orientation between naghhg grains results in local strain at
the grain interfaces, which in turn facilitates ttoemation of the observer correlated
stacking defects and twin structures possible duthe weak bonding interaction across
the intrinsic vacancy gaps.

The preferred grain boundary orientation is furthikerstrated in Figures D.2 — D.3,
expanding on the above discussed sets of planez@mal axis projections. From the
schematic view down & projection (Figure D.2), it can be seen that thesim
probable candidate for a low-index, high-symmetignp of the left-hand grain in the



grain boundary is the (023 plane which runs at a 34° angle to the [110]
projection plane. The orientation of the right-hagrdin cannot be refined further from
the STEM image in Figure 3.38, however if it doestech the [031] zone axis orientation,
then the planes would be the closest low-index planes ¢éa3df angle of the left-
hand grain (Figure D.3). These planes however ddinwell into a low- CSL due to
their differing in-plane symmetries and the compétacking of the trigonal lattice (see
Figure D.4). Provided that the grain orientatiomsl anterface planes were identified
successfully, which for the right-hand grain is wettain, this would indicate that the
grain boundary itself is not stabilized signifidgnby octahedral bonding arrangements
across the interface.

Fig. D.1: Lattice model of 2x2x2 trigonal unit celbf GST225, in [110F V
projection. The dashed red lines indicating + planes correspond to the
dashed lines in the top-right panel and partiatiytiiose in the bottom-right panel of
Figure 3.37.



Fig. D.2: Lattice model from Figure D.1, viewingrelition rotated by 90° around the

vector into projection. The (023) planes indicated by dashechge
lines are a strong candidate for the grain boundaigrface due to their low-index
symmetry and appropriate angle towards the [116jpption plane.

Figure D.3: Lattice model of 2x2x2 trigonal unitlseanalogous to Figure D.1. Zone axis
projection [031} V (top) approximately matches the contrast featafdke right-
hand grain in Figure 3.37, although planes appear diffuse in the HAADF image
due to overlapping columns. Rotating the model adatine [210] vector by 36° results in
the V zone axis projection (bottom), possibly correspogdo the view down the
grain boundary in the right-hand grain and matchihg above described 34° angle
between image projection plane and grain boundaeyition well.



Appendix D.5: Overlay of one (green circles) and one (red circles) plane
within the hypothetical grain boundary. Large @l correspond to Te atoms,
intermediate ones to Sb-rich positions and smatles to Ge-rich positions. No low-
CSL arrangement is readily visible in which all pofis conform to octahedral
arrangements. While small rotation or shift reageanents may improve the symmetry
match, the underlying in-plane geometries (hexagdoa and tetragonal for
the plane) as well as the intrinsic vacancy gaps angshe plane make a
high-symmetry arrangement very unlikely. Furtherensuch small reorientations should

not exceed 3° since otherwise the experimentalbenked contrast features (Figure 3.37)
would no longer match.



Appendix E: Script code for intensity ratio evaloat

/I This script is a quick fix to create intensigtio maps from Digital Micrograph images
/[ and was written and tested in the DGM 2.11.1@@4ript environment.

/I It is by no means optimized. The routine to rdaée image coordinates from the

/I mouse pointer position is adapted from D.G.M#l&h“measure angles” script (see

/I DGM script database online).

/I Call image, create display object and image dont, create dialog, declare variables

image frontimage := GetFrontimage()

imageDisplay img_disp = frontimage.ImageGetimageig0)
imageDocument img_doc=getfrontimagedocument()
documentwindow img_win=ImageDocumentGetWindow(imac)d
showimage(frontimage)

updateimage(frontimage)

number zoom=0

zoom=getzoom(frontimage)

string imagename=getname(frontimage)

number xsize, ysize, mousex, mousey
getwindowsize(frontimage, xsize, ysize)

okdialog("Define three points of the lattice (oridirst) by hovering the cursor and hitting space,
move on to next step by hitting space again. Nuddtal spacing!")
updateimage(frontimage)

number annotationlD

number n, mouse_win_x, mouse_win_y

number img_view_t, img_view_l, img_view_b, img_view
number v2w_off_x, v2w_off_y, v2w_scale_x, v2w_scale
number img_win_t, img_win_l, img_win_b, img_win_r

number i2v_off x, i2v_off y, i2v_scale_x, i2v_scaje

number i2w_off_x, i2w_off vy, i2w_scale_x, i2w_scaje

number mouse_img_x, mouse_img_y

/I Loop to mark the three points of interest

for(n=1; n<4; n++)
{
While(getkey()!=32)
{
windowgetmouseposition(img_win, mouse_win_X, s®@win_y)

}



/I The transformation is to map screen to imagedioates

img_disp.ImageDisplayGetimageRectIinView( img_viewmntg_view_|, img_view_b,
img_view_r)

img_doc.ImageDocumentGetViewToWindowTransform( v x, v2w_off_y, v2w_scale_x,
v2w_scale y)

ObjectTransformTransformRect( v2w_off x, v2w_offww_scale x, v2w_scale_W\,
img_view_t, img_view_l, img_view_b, img_view_n\mg_win_t, img_win_I, img_win_Db,
img_win_r);

img_disp.ComponentGetChildToViewTransform( i2v_affi2v_off vy, i2v_scale_x, i2v_scale_y
)

ObjectTransformCompose( v2w_off_x, v2w_off vy, v2wake X, v2w_scale_y\, i2v_off_x,
i2v_off_y, i2v_scale_x, i2v_scale_y\, i2w_off_xw20ff_y, i2w_scale_x, i2w_scale_y )
ObjectTransformUntransformPoint( i2w_off x, i2w_off i2w_scale_x, i2w_scale_W\
mouse_win_x, mouse_win_y, mouse_img_x, mouse_img_y

mousex=mouse_img_Xx

mousey=mouse_img_y

string annotationstring=""+n

annotationID=createtextannotation(frontimage, mgus®usex, annotationstring)
setnumbernote(frontimage, "Angles:Annotation no,"amotationid)
SetAnnotationBackground( frontimage, annotatioril),

SetAnnotationFont( frontimage, annotationID, "héilva")
SetAnnotationJustification(frontimage, annotationiD)

SetAnnotationSize( frontimage, annotationiD, 12 )

/I Information on the position of the pointer isrgtd as an image tag

setnumbernote(frontimage, "Angles:"+annotationgtrlhX position = ",mousex)
setnumbernote(frontimage, "Angles:"+annotationgtrlhY position = ",mousey)
updateimage(frontimage)

}

I/l Loop ends
/l Data on the position of the marked points iseged from the image tags

number x1, y1, x2, y2, x3, y3

getnumbernote(frontimage, "Angles:1 X position 1},
getnumbernote(frontimage, "Angles:1 Y position yl),
getnumbernote(frontimage, "Angles:2 X position x2J,
getnumbernote(frontimage, "Angles:2 Y position y2J,
getnumbernote(frontimage, "Angles:3 X position x3),
getnumbernote(frontimage, "Angles:3 Y position ¥3),

// Data is output to the results window and onwithage



documentwindow reswin
result("Image Name = "+imagename+"\n \n")
updateimage(frontimage)

/I Pressing the space bar removes all the annogatio the image and deletes the tags

While(getkey()!=32)

{
}
for(n=1; n<4; n++)
{
getnumbernote(frontimage, "Angles:Annotation ®a,"annotationid)
deleteannotation(frontimage,annotationid)
}
deletenote(frontimage,"Angles")
openandsetprogresswindow("™,",""

Il x1,x2,x3,y1,y2,y3 are read by the main scri@. (most code above could be
/I encapsulated in an object)

/I Create lattice vectors from positions 1,2,3

/I Create offset vectors by asking for the latpegiodicity along both vectors

number multiplel, multiple2
getnumber("Multiples of vector 1:", 1, multiplel)
getnumber("Multiples of vector 2:", 1, multiple2)
number vectorlx, vectorly, vector2x, vector2y
vectorlx=x2-x1

vectorly=y2-y1l

vector2x=x3-x1

vector2y=y3-y1

number shiftlx, shiftly, shift2x, shift2y
shiftlx=(vectorlx/multiplel)
shiftly=(vectorly/multiplel)
shift2x=(vector2x/multiple2)
shift2y=(vector2y/multiple2)

/I Write vector parameters (in image scale unaghe results window for confirmation

number scalex, scaley

number lengthlv, length2v

string unitstring

getscale(frontimage, scalex, scaley)
getunitstring(frontimage, unitstring)
lengthlv=sqrt((shiftlx*shift1x)+(shiftly*shift1ly))



length2v=sqrt((shift2x*shift2x)+(shift2y*shift2y))

result("Origin set at ("+x1*scalex+" , "+yl*scalefH"+unitstring+"] \n")
result("Vectorl is ("+shiftlx*scalex+" , "+shiftlgtaley+") ["+unitstring+"], length is
"+lengthlv*scalex+" ["+unitstring+"] \n")

result("Vector2 is ("+shift2x*scalex+" , "+shift2gtaley+") ["+unitstring+"], length is
"+length2v*scaley+" ["+unitstring+"] \n \n")

/I Confirm vectors or accept manual input (if egprevious map should be recreated with
/I a different offset multiplier)

number manual
getnumber("Image shift parameters have been wiitteesults window. Substitute manual
values instead? (1=true / O=false) ", 0, manual)
if(manual==1)
{
result("Manually adjusting vectors. \n In casesablattice off-centering, measure offset
from line profiles along vectorl/2 and adjust satthew length fits desired image displacement.
\n Keep in mind that only some image shifts may&eful in case of asymmetry. \n \n")
getnumber("Vectorl x-component ["+unitstring+"]:shiftlx*scalex, shift1x)
shiftlx=shiftlx/scalex
getnumber("Vectorl y-component ["+unitstring+"]:shiftly*scaley, shiftly)
shiftly=shiftly/scaley
getnumber("Vector2 x-component ['+unitstring+"]:shift2x*scalex, shift2x)
shift2x=shift2x/scalex
getnumber("Vector2 y-component ["'+unitstring+"]:shift2y*scaley, shift2y)
shift2zy=shift2y/scaley
}

/I Ask for highest intensity limit of the weak saltiice (+ noise level)

// Doing this manually is not ideal, since it neéal®e measured beforehand

/I Should be the easiest next fix, from local maxima bimodal histogram

/I Ask for manual background level or substitute biackground level with the constant
/I global minimum. A more complex background mo@eg). a 2D spline fit between

/I minima of sectors) would be much preferablenm tase of inhomogeneous images

number limit, background
getnumber("Upper intensity limit for weak sublagtihelow will be truncated). \n HAS to lie
above background.”, 0, limit)
getnumber("Constant (global) minimum backgroundsaion? (1=true / 0O=manual background
level) ", 0, background)
image workingimage=frontimage
if(background==0)
{
getnumber("Specify constant background level miyitia0, limit)



workingimage=workingimage-min(workingimage)
}
if(background==1)
{
limit=limit-min(workingimage)
result("Global minimum background is "+min(workirmgage)+" \n \n")
workingimage=workingimage-min(workingimage)

}

/I Create four intermediate output images, eachm facshift along plus or minus one
vector

image outl=workingimage

image out2=workingimage

image out3=workingimage

image out4=workingimage
outl=offset(workingimage, shiftlx, shiftly)
out2=offset(workingimage, shift2x, shift2y)
out3=offset(workingimage, (-1)*shiftlx, (-1)*shify}
outd4=offset(workingimage, (-1)*shift2x, (-1)*shify2

/I Create binary mask of the strong sublatticeyapyask to intermediate images

outl=outl*tert(outl<limit, O, 1)
out2=out2*tert(out2<limit, 0, 1)
out3=out3*tert(out3<limit, 0, 1)
outd=out4*tert(outd<limit, O, 1)

/I Create four intermediate ratio maps by divisiath original

outl=outl/workingimage
out2=out2/workingimage
out3=out3/workingimage
out4=out4/workingimage

setunitstring(outl, unitstring)
setscale(outl, scalex, scaley)
setname(outl, "Shift by +vectorl1")
setunitstring(out2, unitstring)
setscale(out2, scalex, scaley)
setname(out2, "Shift by +vector2")
setunitstring(out3, unitstring)
setscale(out3, scalex, scaley)
setname(out3, "Shift by -vectorl")
setunitstring(out4, unitstring)



setscale(out4, scalex, scaley)
setname(out4, "Shift by -vector2")

/I Show intermediate images

showimage(outl)
showimage(out2)
showimage(out3)
showimage(out4)

/I Create final intensity ratio map, show imaget ex

workingimage=(outl+out2+out3+out4)/4
setunitstring(workingimage, unitstring)
setscale(workingimage, scalex, scaley)
setname(workingimage, "4-image average result")
showimage(workingimage)

exit(0)
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