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Abstract

The nvestigation of solidiquid interfaces is important fdundamental science, and for
many technological processes such as wetting, adhesion, solidification, crystal growth,
heteraepitaxial growthand more The concept of order in a liquid in the vicinity of a
crystalline solid has been studied for the paBtyearsusing theoretical approaches,
atomistic simulationspondirect X-ray diffraction methodsand transmission elgon
microscopy (TEM) techniques Investigation of solidiquid interfaces using TEM
enables direct imaging of the interfaces. Howewemrder to investigate the ordering
phenomena using conventional TEM microscopes delocalization artifacts should be
acounted for. Onlyecently by usingin-situ TEM investigations combined with detailed
image reconstruction, the existence of order in liquid aluminum (Al) adjacent to
crystalline alumina (AIO3) was proverto exist However, due to the complexity of the
TEM image analysisechniquenly one interface between the liquid Al and s&lidO;

was investigated.

In order to understand the effect of solid surfaces on the ordering phenomenon 8) liquid
a comparison between orderimgliquid Al at variousinterfaces withsolid Al,O3 should
be conducted The effect of the ordering phenomenon on the dmidd interface

energies should also be studied.

In the current study implementation of-€srrected high resolution TEM enabled direct

guantification of the atering phenomena. This enabled investigatibardering in liquid

Al as a function ofhe Al,O3 surface andordering at thé0006), (1210), (1014), and

the (L012)Al,O; surfaes was investigated\ higher degree of order in liquid Al was
found at Al-Al,O3 interfaces witha higher interface energylt was also found that
ordering inthe liquid is affected by the crystalline surfaces as long as the periodicity
superimposed by therystal is close to the nearest neighbor distance in bulk liquid Al.
technique which implemented-situ EELS was developed and usked investigation of

the density of liquid Al at variousAl,O; surfaces.The @mbination of HRTEM and

EELS showedprefeential oxygen segregatida specificAl-Al,Os interfaces

1



In-situ Cs-corrected HRTEMcombined withEELS wasalso used fothe investigation of

the geometricconfinement effect on order in liquid Alt was found that liquid Al
confined in a corner betwadwo Al,O3 surfaces was more ordered than the liquid Al
examined on the sanfd 03 surfaces separatelyhis confirmed the assumptigrnwhich

was made in previous studjgkat the growth of crystallindl,Os is enhancedy more
orderedregions inthe liquid. The nvestigation of order in liquid Al confined between
two approaching surfaces showtbat the distances between the ordered layers in liquid
Al follow the low-energy configuration dictated by the adjacent crystalline planes and the
bulk liquid Al periodicity. When the lowenergy periodicity of the ordered layers cannot
be achieved, the layering ceases to be an energetically favorable state, and is partially
destroyed

Evaluation ofthe entropy decrease due ttoe ordering showed that the expectgin in
energy due to the ordering process is at 16é%i of the AlAI,O;interface energyThe
Gibbs adsorption isotherm was used in order to describe the orgé@ngmenorand

the Gibbsian excess paramei&y\fas expressed in terms of ordering.
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1. Introduction

Solid-liquid interfacesplay an important role in fundamental science, andnany
technological processe€rystalline solids are described by lerange order, while only
shortrange order is found in liquids. In bulk liquids shahge order isusually
described in terms dhefirst nearest neighbor distanCehe concept of order in a liquid
adjacent to a crystalline solid has been widely discussed, andiguoidiinterface were

simulated and experimentally investigated.

Only recently the existence of order @aliquid adjacent to a crystalline solid was
unambiguously proven. Due to the complexitytbé analysis only one interface in a
model liquid Al solid Al,O; was nvestigated, and the ordet the interface was

guantified.

While it is known that ordering in liquids adjacent to crystalline solids may occur, the
extent of this phenomenon is not clear. Moreover, the factors that affetgghesof the
ordering phaomeron are unknownQOrderingis expected toeducethe overall energy of

the solidliquid systembut the extent to which the energy is reducedss ahknownA
comparative investigation obrdering at various solid-liquid interfacesmay provide
sufficient information regarding thiefluenceof the surface structure and geometry on
ordering. This, together with understanding of the energy consideratioag help in
understanding basic phenomena such as wetting and crystal growth. Moreover, an

improved control of crystal growth and heterepitaxial growth may be achieved.



2. Literature Survey

1.1. Solid -Liquid Interfaces

The nvestigation of solidiquid interfaces is important fdundamental science, and for
many technological processes such as wettingesidn, solidification, crystal growth,
hetereepitaxial growthand more The concept of order in a liquid in the vicinity of a
crystalline solid has been studied for the f#kstyears. The early studies of the solid
liquid interfaces were based on thdaa& or computational approaches. In the early
theoretical studies of soliliquid interactions the liquid (and the solid) were assumed to

maintain their bulk properties up to the sdiglid interface.

2.1.1. Solid -liquid interface energy

The most common athod to measursolid-liquid interface energis by the sessile drop
experiment.For the case thata liquid drop is equilibrated on a flat surfaeed the
interface is flat and coplanar with the surface of the subdisatFigure 1), the solid

liquid interface energgan be describeih terms of thecontactangle oftheliquid on the
solid substratedfu si ng YoungoOs[llequation (Eq. 1)

[ o wEi — 1)

where 25y, 95, and 3y, are the solidvapor, solidliquid and liquidvapor interface

energies respectively.

T

Liquid

Figurel: Schematic drawing of a ligd sessile drop on a flat solid surface.



The change in solitlquid interface energyd p as a function of adsorption to the

interfaceat aconstant temperaturean be described by the Gibbs adsorption isotherm
(Eqa. 2)[2]:

Qr 30 )

where {i; and g; are the surface excess and the chemical potentiatlofcomponent

respectively.

2.2. Order Measurements at Solid -Liquid Interfaces
2.2.1. Early order measurements

The first model that considered an adjustment of the liquid structure toytiel qurface

at solidliquid interfaces was by Turnbull3]. The decrease in surface energy was

expressed in terms of surface tension reductitmwever, Turnbull did not use specific

information regarding the structure of the liquathd expected the sdified liquid at the

interface with a solidi.e. the interfacejo be amorphousSpaepen used the structural

information of solid and liquids in his model for solidiquid interfacesor monoatomic

systems 4]. Spaeperpostulatedthat while a dense rdom packing of equal sized hard
spheres (which resemble | i cchortdange sdermsirtayd,
crystalline close packing of sphereséim ol i d) i s char atmmgeangezed by
densityo. Theref or e, GPr(fduefald) solgl artdl @ tetnabeelral a F CC
(five-fold) liquid was modeled. The rules used for the modeling were made in order to
maximize the interfacial densit@rdering ofthe liquid at the solidliquid interfacewas
predicted.Spaepemalso concluded that ame degree of ordering perpendicular to the

crystal layer(layering), should be expectedp to the third layerin a liquid, and the

density of those layers was predicted to decay with distance from the intéttaed¢so

stated that theeriodicity withinthe ordered layers (@iplane order)n the liquid will be

destroyed at the first liquid laye®. p a e p eométrical model enabled him to evaluate



the reduction of configurational entrgpwhich occurs as a consequence of liquid
ordering.

Bonnissent and Mtaftschiev conducted a simulation of an interface between a close
packed crystal face and a melt of a monoatomic subst&8hcengy found that inhefew

first layers at the soliiquid interface, the average density of the liquid was lower than in
the bulk liquid. This was attributed to the formation of high density islands that were
separated by relatively large voids at the interface. Henderson et al. used the Ornstein
Zernike equation in order to calculate a correlation between a fluid (regardeddas h
spheres) and a structureless surfaije The system in contact with the hasall was
treated as a uniform mixture in which one of the components becomes infdiitety

and then infinitely large in size. Similar to Spaepen, Henderson et al. fazordetation
between the surface and the liquid up to three atomic layers away from the interface.
Bonissent and Abraham applied the Abrakaimgh perturbation theory to solidjuid
systems of FCC crystals and their liquidk [n this theory it was assuwed that the solid

liquid interaction potential depends only on the normal distance between the solid and the
liquid atoms. In order to account for thermal motion of the surface atoms, it was assumed
that the liquid structure in the crystal vicinity is @ited by the configuration distribution

of surface sites of the crystal lattice. In order to obth@ébest approximation for the
solid-liquid potentialinteraction a lateral average of the interactions with atoms of each
of the crystal planes was usekhe results, which showed pronounced layering of the
liquid adjacent to the solid surfaceserein good agreement with molecular dynamic
simul ations. The degr e avasdfdundiiol redycas a fumctipd  w i
of distance from the solidusfaces Figure?2).
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Figure2: Density profile of the melt adjacent to (100) and (111) faces, as predicted AlygrtifeamSingh
perturbation theory, compared to molecular dynamicsIsitions [7].

Tarazona and Vincente modeled density oscillations in liquids located between two solid

walls (liquids confined in two dimensionsd][ They stated that ordering of the liquid at

the solid wall § strongly related to the liquid density. The higher the liquid density, the
higher degree of ordering will be achieved adjacent to the solid, and their simulations
showed ordering in the liquid adjacent to the solid walls. When the distances between the
two walls were reduced to a certain degree, no bulk phase was found between the walls,
however, the degree of order in the liquid was found to increase or decrease according to
positive or negative interference of order of the solid walls. The orderirge gfdrticles

(atoms) and the attractive interactions (van der Waals and electrostatic forces) were also

found to contribute to the change of amplitude in the ordering in the ligardzona and

Vincentewere among the first to statieat in order to undstand ordering at sohliquid

interfaces, all types of interactions between the particles shoalccbented far

2.2.2.

DLVO theory

DLVO theory of colloidal stability(named after Derjaguin, Landau, Verwey and

Overbeek)assumes that the net force betweertigdas is a combination of electrical

doublelayer repulsion and dispersion attraction forcgs The DLVO theory is widely
used to study interactions between liquids and solids not only in colloidal chemistry but

also in solidliquid interface investigains. For instanceHorn stated that whereas there

S

a

reasonabl y

good

understanding

of

understanding of sherange contact forces is limited®][ Kaplan and Kauffmann
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suggestedhatin order to study solidiquid interfaces, surface forces between the phases
should be considered(]. The surface forces include Coulombic forces (due to interface
charges), van der Waals forces (that on the atomic scale are considered tcraaedeng
forces), and shomange forces that appear due to electron transfer and covalent bonding.
The longrange van der Waals forces consist of the London dispersion forces
(interactions between local induced dipoles), Debye forces (polarization of the elements
by a permanent dipole) and Keesom interactions between permanent dipgjles [
Johnston and Finnis conducted a theoretical study of electrostatic and entropic
interactions between two parallel solid interfaces separated by a glassy 3]inTle
continuum Clake model was used as a base for their resed@h Attractive forces
attributed to van der Waals interactions together with electrostatic interactions were
compared with the repulsive part of the DLVO forces. It was found that for the eopper
alumina inteface, the attractive forces dominated the repulsive DLVO forces at distances
of ~1-2nm. This study may explain the intergranular films phenomena, which will be

discussed later.

Horn and Israelachvili investigated the combined effect of forces actingebetiiquid
particles and molecular ordering of a liquid confined by two solid surfaegsThis was

the first experimental investigation of the ordering phenomenbaforce as a function

of separation between two molecularly smooth mica surfaces imgnense
octamethylcyclotetrasiloxane ([(GHSIO],) liquid was measured. It was found that the
measured force exhibits oscillations with periodicity equal to the size of the liquid
molecules(Figure 3). Thus, the redts correlated with the theoretical study by Tarazona
and Vincente, in which the degree of order in the liquid was found to change not only as
a function of distance from the solid walls but also as a function of positive interference
of particle (atom) atering at the wallsg]. Horn and Israelachvili found that the decay of
the force oscillations is also periodic with respect to the size of the liquid molecules, and
the oscillations were measured up to abduiriblecular diameters. Moreover, they found
that the decay is determined by the properties of the liquid molecules. The authors
suggestd that macroscopic particles or macroscopic walls will have a more restrictive

effect on the packing of molecules tharncrascopic objects or molecules, while the
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density profile between walls is modulated for a longer range than the profile density
between molecules. The authors compared the measured forces with net forces between
particles and found that the amplitudetlod measured forces exceeded the van der Waals

force at distances below about six molecular diameters.

Figure3: Schematic drawing of a liquid film confined between two solid lag@ssdescribed bylH]). The

ordering of the liquid adjacent to the solid layers is represented as a functioncohfimement distance.

The ordering in (a) occurs adjacent to the solid layers, but does not extend over the whole confined region.
In (b) the distance between solid layers is decreased, but the ordering in the liquid is reduced due to the fact
that the distance is not an integral value of liquid molecular distances. In (c) the distance between the solid
layers is increased (relatively to Hut due to the fact that the distance is an integral value of liquid
molecular distances, the ordering in the confined liquid is incredskd [

It can be concluded, that to conduct further studies of liqeodéined by solids, the size

of the confinement as a function of the liquid molecule size should be taken into
consideration. Moreover, in order to check ordering of liquids confined at the atomistic
lengthscale and at largescale confinements, controlver the confinement size should

be obtained.
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2.2.3. Simulations

Atomistic simulationsare widelyemployedfor investigationsof solid-liquid interfaces.
Atomistic simulations are more flexible than experimental methods, and can provide
more microscopic detai regarding the investigated interface. However, in order to use
atomistic simulations, appropriate interaction modetsall the simulated components

are needed. To simulate a system with solid and liquid phases of the same material, only
one interatomd potential is required. However, for simulations of a system that consists
of different solid and liquid materials, the use of three different potentials is required: a
potential model that describes the solid; a model that describes the liquid; aner anoth
model for the interaction of the solid with the liquid at the interface. Simulations of
complex interfaces that include liquid metals and ceramic solids are even more
complicated and shouldke into accouninteractions that occur due to ionic charges
possible changes in chemical composition at the interface. In general, in order to avoid
inaccuracies, atomistic simulations of sdigluid interfaces often use simplified models
which enable acquisition of information on general trends regardirigahkorder at the

interface, but do not provide full information regarding a specific systémn [

Due to difficulties in experimental investigations of compositionally homogeneous solid
liquid interfaces, emputer simulations remain the preferred techniques for those types of
investigations. Buta, Asta and Hoyt investigated ordexr $ melt adjacent to (111) and
(100) crystalline Si surface4d]. The interfaces were modeled with the Stilliniféeber
potertial usingmolecular dynamicsMD) simulations. The ordering dhe Si melt was

found to depend on the crystalline Si surface, while in both cases large crystalline clusters
in the Si melt were found adjacent to Si surfaces. The resultheoturrent stdy
reinforcethe argumentsvhich state that kinetic coefficients for step growthtba (111)

Si surface is enhanced by ordethe Si melt [L6].
Rull and Toxvaerdalso usedMD simulations to investigatenonoatomicsolid-liquid

interfaces of a liquid adjaent to FCC and BC®&olids[17]. It was found that the density
of ordered layers in the liquid decaxponentidly, proportionaly to expfz/(x.Dz%)],

12



whereDz is the distance between layers anis a characteristic length of the seliquid
interface. e order within the layers (#plane orderwas found to decay exponentially

in proportion to {z/x;], and the decay of the-plane order was faster than the decay of
layering Kyrlidis and Brown studied an interface of a solid and its melt by means of
Monte Carlo (MC) simulations 1B]. The length of partially ordered solid-liquid
interfaces was found to range from 4 hard sphere diameters for the (110) FGC solid
liquid interface to 6 diameters for the (111) FCC sttidid interface.

Hashibon et al. usddD simulations to investigate ordering of liquid Al adjacent to solid
FCC surfaces19. The solid atoms were pinned to an FCC lattice structure. Large
density oscillations of the liquid Al were found at the interface, and these were attributed
to layering(ordering) of the liquid. The ordering of the liquid was found to be more
extended for close packed interfaces (with FCC (111) and FCC tg@@ipating planés

than with FCC (110jerminating planesThe liquid Al density was found to drop as a
functionof distance from the interface (z) according to Eq.

" OQond, o (3)

wheresz-is defined ashe structural correlation length amslrelatedto the degreef order

at an interfacex is the distance from the crystalline solid surfaecés a normalization
factor andb accounts for the backgund density. This equatigorovides the meant®
compare ordering phenomenon for various slidjdid systems.With an increase in
temperatures- was found todecreasdinearly for the interface with the (110) surface,
while for the (100) and (111) surfex it reached saturation. In their later work Hashibon
et al. used MD simulations to investigate ordering in liquid Al adjacent to BCC (100) and
(110) substrate2)]. The results for layering of the liquid Al resembled those previously
obtained for the FCGtructures 19]. However, inplane ordering was found to be greater
for Al adjacent to the (100) substrate.
additional Al atoms from the liquid phase and thugittansfornd into an FCC (100)
plane. Consequently, 4plane ordering of the liquid Al adjacent tbe BCC (100)
substrate was found to be greater than that of liquid Al adjacetitet8CC (110)

substrate. From this work by it is evident that not only liagebut also ifplane ordering

13
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of a liquid adjacent to a solid substrate changes as a function of the solid structure and

density.

2.2.4. Non -direct order measurements at solid -liquid interfaces

Grey et al. conducted-ray measurements of a single liquid Pgelaon Ge (111) at
temperatures above 18D [21]. The ring of diffuse scattering attributed to Pb was found

to be azimuthally anisotropic, and this was explained as being due to interactions with the
Ge substrate. However, no information was provided abalgring of the liquid in the

vicinity of the interface. Moreover, the order of the liquid Pb layer was not quantified.

Huisman et al. studied ordering of supercooled liquid Ga in contact with a (111) diamond
surface using synchrotron-bay scattering42]. Layering of the liquid Ga in the vicinity

of the diamond surface was found. The layering was found to decay exponentially as a
function of distance from the solid surface, and the layer spacing was found to correlate
with the (001) distance ai-Ga dime planes. The authors assumed that the Ga dimers
that are present in liquid Ga tend to accumudtbe Gadiamond interface. However, in

this case, the effect of the Ga proximity to the freezing point of Ga on ordering is evident,
and more information isequired regarding ordering of liquids far from their freezing

point.

Yu et al. used specular-ray reflectivity in order to investigate thin liquid films of
tetrakis (2ethylhexoxy) silane (THEOS) located adjacent to (111) oxidize@3hi They

found tree layers of density oscillations near the shjdid interface. The distance
between the oscillations was found to correlate with the THEOS molecule dimensions. It
was also foundhat the substrate roughness affected the density oscillations aftife |
However, in this case no information was obtained about the effect of the solid structure
on the density perturbations in the liquid. In their later research, Yu et al. investigated the
influence of the liquid layer thickness and its compositiotagering adjacent to a solid
surface P4]. Layering at the soldiquid interface wasdetectedfor both thicker

(~500nm) and thinner (49nm) liquid layers, implying that the layering mechanism is
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independent of the liquid thickness. Ordering was foundafioinvestigated layers, and
measured to decay after63layers. The distance between the oscillations was found to
correlate to the molecular dimensions of the liquids. However, similar to their previous
research, the solid interface was not crystallamelordering of the liquid was not studied

as a function of the solid structui23[24].

Reedjik et al. used an-ray diffraction technique to investigatbe interface between
monolayer thick Sradsorbediiquido in contact with (111) Ge2p]. Both perpendicular

and lateral ordering were found in the Sn. The order ofStmetructure was found to
reduce with increase in temperature. Unlike Yu et al., Reedjik etvastigated ordering

of theSn monolayem the vicinity of the ordered solid, and found that the order of liquid
Sn monolayeris imposed by the Ge (111) lattice. The authors remarked that due to
incomplete wetting of Ge by Sn, ordering of the lig@d monolayeron the Ge solid

could not be investigated in three dimensions.

The main problem in the application ofrdy methods for the analysis of seliquid
interfaces is the fact that the obtained information is averaged over the investigated
region. This also makes it difficult to acquire detailed information regardinglane

ordering as a function of liquid distance from an investigated interface.

2.2.5. Investigation of ordering at solid -liquid interfaces by
TEM

Transmission electron microscopy (TEMpvestigations of solidliquid interfaces
oriented parallel to the incident electron beam can provide valuable information
regardingthe ordering phenomen at solidliquid interfaces. Howevernn traditional

TEM microscopes (which have no spherical adtgwn correction of the objective lens)
direct interpretation of TEM micrographs is impossitlee to the delocalization effect
and the role of the microscope contrast transfer function in the image formation
Delocalization is the term for the phenoroamn which image details are displaced from
their true locationsn the image plang26]. The maximumdelocalization distance in the

image planeR(g)can be calculated using:

15



YQ w_"Q0LQ 4)

whereZ is the defocus valué, is the electro wavelengthg is thediffraction vector in
reciprocal space (one divided by the information limit of the microsc@pe)Csis the
spherical aberration coefficient of the objective lens. It can be immediately deduced that
delocalization will be less prmunced for smalledefocusvalues smaller value®f Cs

and higher voltage The delocalization effect is especially severe for microscopes
equipped with field emission guns (FEG) due to their high coherence which transfers
delocalized spatial frequensig26]. A good example of the delocalization effect is
provided by Kauffmann, who simulated an interface between crystallig®; Aind
vacuum R7]. The average intensity lirgcan of the interface shows contrast perturbation
due to the delocalization effecFigure 4), which of course are not related to density

perturbatios.

O ooy, A
Sapphire Vacuum | Sapphire Vacuum
g A4 . -
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Figure4: Simulated micrographs of an interface between a crys@hAind vacuum. fie white line is an
averagentensity line scan perpendicular to the interface. The atom positions of tbg(fdd for oxygen
and blue for aluminum) are notg2i7].

Careful quantitative analysis of the TEM micrographs nimgstione to reach conclusions
about the local structure. Usually, one or more of the following techniques are used:
- lterative digital image matching (IDIM). This is iteratigeantitative comparison
of experimental TEM micrographs with simulated imagksined by multislice
image calculations2B,29]. This method is mainly implemented ftre study of
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bulk materialssolid and interfaces30]. In order to implement this method for
investigation of solidiquid interfaces, simulated imagescalculated from
atamistic models are required herefore, in order to implement IDIM on salid
liquid interfaces time consumingatomistic simulations that rely on precise
atomistic potentials are needed.

- Exit-wave reconstruction techniqué&he most common technique is ttract a
complex electron wave function from a series of micrographs acquired at different
defocus valuesThe exit wave reconstruction techniques do not require a prior
knowledge of the specimen structure. While some reconstruction algorithms
converge foronly very thin (weakphase) specimens, more robust algorithms can
be used for exit wave reconstruction from thicker specinigh82]. However,
acquisition of a defocus series is a tiFmnsuming process. Fom-situ
investigations of solidiquid interface (which are usually conducted at elevated
temperatures), drift of the specimen as well as change of the interface structure
may occur. These factors complicate the use of-vexite reconstruction
techniques for solidiquid interface studies.

- Negative Camaging (NCSI) NCSI is used to acquire micrographs in whilch
local intensity convergeswith atomic column positiong33,34]. The NCSI
technique can be implemented ordg microscopes with spherical aberration
correction ofthe objective lens. However, #@lso should be combined with image
simulatiors of at least part of the structure order to confirm the NCSI
conditions.The matching process not trivial andits precision should be also
evaluated for each specific ca3e.the best of our knowledgdye to the fact that
microscopes with spherical aberration correction of objective lens are rare and
expensive, nan-situ heating experiments investigating seliguid interfaces by

implementing Cs corrected microscopy were reported.

In recent studies fosolid-liquid interfacesvia traditional TEM microscopes, TEM
analysis wasot alwayscombined with computational techniques of the investigated
interface. Arai et al. investigated interfaces between Si and liquid Al(Sindsitu

heating experiments5,36] . They found an order diguditransi i
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interface, althougltheydid not take into account delocalization in their analysis. In later
investigations of ordering at interfaces between solid Si and liquidi Ay Howe and
Saka,ordering at the interface was found over 3 atomic lay€igufe5) [37]. In-plane
ordering was found in the first liquid layer. The TEM results were compatible with
simulations that contained a mixture of-8i liquid and solid Si in the first liquid layer.
However, it was not proven that the solid Si surface was not inclined, and that the order

in the first liquid layer was not due to reconstruction of the Si surface.
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Figure 5: (@) HRTEM micrograph of a Si{111} solidiquid interface with AiSi alloy and (b)
corresponding (inverted) intensity profile taken across the intergage [

Howe showed that order in a 4g8ix liquid alloy adjacentto the solid extends-8
interplanar spacings into the liquidg. However, the PgSiy liquid was supercooled,
which probably enhanced the ordering. Donnelly et al. investigated liquid Xe confined by
crystalline Al B9]. The authors found layering in thiguid Xe that extended over three
layers in the liquidKigure6). In order to detect the layering in the liquid Xe, the contrast
from the Al crystal was reduced by tilting the specimens a few degrees away lfvom a
index zone axis and moving away from Scherzer defocus. The experimental results

correlate tomages that were simulated usiMp results regarding atomic positions in
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the solid and liquid phaseBlowever, due to the fact that the specimens weretiled

comparison between simulated images and experimental microgrggbblematic
Y
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Figure6: HRTEM micrograph of Xe containing cavities in AI acquwed at room temperagfe [

Investigation of ordering  in liquid Al adjacent to crystalline Al 203

Underan electron beam at elevated temperatures crystalline alumina is partially reduced
to liquid aluminum droplets, which makes the,®@d-Al solid-liquid system very
convenient dr in-situ TEM investigationg40]. Oh et al.investigated the ADs-Al solid-
liquid system anactonfirmed ordering of liquid Al at an interface with,8 [40]. The
Al, O3 TEM specimens were heated (up to 80Pin a high voltag electron microscope
(HVEM). The combined effect of elevated temperatwith the electron beam damage
enhanced anisotropiemoval ofoxygen, resulting in formation of liquid Al drops. The
interfaces between the A); and the Al drops were carefully examad and only drops
with a flat edge at the interface were studiéd.novel technique for single image
reconstruction was developed, and reconstructed experimental micrographd that
the order observed at the seliquid interface is due to the ordieg in the liquid, and not
due to delocalization effects or inclination of the@d surface.The terminating plane of

solid Al,Os at the interfacevas also determingdFigure?).
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intensity linescan perpendicular to the interface. The atom positions of t{@; Aed for oxygen and
yellow for aluminum) were determined using iterative matghiof the simulated images to the
experimental micrograpt(].

Quantification of the ordering of Al on the (000684 surface was conductessing the
micrographsreconstructedszia single image reconstructiomethod (SIWFR) [40,41].

The layering in the liquid phase was found to extend for about 5 atomic (afers into

the liquid) while the distances between the layers were found to be 2.0+0.09A, which
resembe d-space of (0006) plane (2.156A)-prane order was detected at three ordered
layers adjacent to the alumina surface. @keay inintensity of the ordered layers was
expressed using an exponential approximatitj [, and the ordering pa
found to be 3.01+0.28A.

In aninvestigation of vapaeliquid-solid (VLS) growth of A}O; nanowiresit was found

that growth ofthe alumina (0006) plane into the liquid aluminum region occurs due to
oxygen segregtion into the AJOs-Al interface @2]. The authors also shadorder on a

{1120} plain (online supporting material). However, no image reconstruction was

conducted, and the contrast delocalizati@synored.

Lee et al.also nvestigated order irthe Al,O3-Al solid-liquid system[43]. Al,O

segregation to ai{120} planewas reportedOver a distance of about 1rinto the liquid
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4 layers of A}JO were suggested to segregate to the alumina flass. regulacontrast
perturbations were regarded as contrast delocalizatdmgjuantitative analysis of the
HRTEM micrographs was conducted. The experimental micrographs were compared
with simulated image®f an interface ofsolid alumina with vacuumThe maximum
contrast delocalization distance foetBtuttgart JEOL JEM\RM-1250, agcalculated for
imaging conditions described @3] using the information limit as evaluated for the
mentioned microscopedfl] yields a value of 118m. Ths value ofR(g) makes direct
order observations impossible, sinde is significantly larger than thedistance of
observed Al,O segregation Since liquid aluminum also affects the intensity of
delocalization,comparison of experimental images with a sirtedainterface between

thesuggested structure and vacuum is insufficienofdering analysis

2.2.6. Intergranular films

Intergranular films (IGFs) caserve for comparison to solldjuid interfaceq10]. IGFs

were found bothat ceramieceramic and ceramimetal interfaces4b,46,47,48]. IGFs

have been extensively studied due to their influence on electrical andehglerature
mechanical and chemical properties of ceramic materials, and as an aspect of wetting
phenanena B9]. The IGFs are defined as equilibrium films with a constant thickness in
the nanometer lengtbcale, and a composition that is based on glass formerg (Q

etc.). The thickness of the IGFs was found to depend on their composition and the
composition of the confining grains. The IGF thickness is often described using the
DLVO theory, by a balance between attractive and repulsive fo®50/51,10].
Ordeing in IGFs was studied both by experimental and simulation techniques. Garofalini
and coworkers studied IGFs at various ceramic interfaces by MD simulations
[52,5354,55. For most cases, they found an ordered region in IGFs. Experimental
evidence of orderingf adsorbing cations in IGFs was demonstrated by Winkelman et al.,
who studied the distribution of ragarth elements in IGFs at38j, grain boundaries by

high angle annular dark field (HAADF) scanning transmission electron microscopy
(STEM) [66,57]. Theyfound significant order of the ragarth elements, while their sites
conformed to the periodicity of the terminating crystal planes of ti¢,3However, due

to the sampling technique, the ordering was detected only for the rare earth elements.
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Baram ad Kaplan investigated IGFs at Al,03 interfacesn the presence oanorthite
glass[5859. The existence of the IGFs was found to decrease the interface energy
betweenAu and Al,Os. A significant degree of order was detected within the films
(Figure 8). However, the effect of confinement on ordering in IGFs has not yet been

guantified.

.0

' Al C

Figure8: Cs corrected HRTEM micrograph of an IGF confined at theAD; interface BQ].

2.2.7. Solid -liquid interfaces in confined systems

It is believed that confinement of liquids within geometrically small volumes in solids
may alter the physical properties of the liquid, and even the crystallographic rotctur
the liquid after solidification §0,61]. Using first principle calculations Walker et al.
concluded that layering in the liquid at seliguid interfaces is more pronounced in
confined systems. Moreover, they stated that the layering will be stromgéigdids
bound by their own solid$p]. Donnelly et al. addressed the confinement effect on the
ordering of liquid Xe B9]. Following their experimental observations of liquid Xe
confined by crystalline Al tby simulated fully confined liquid Xe in crystalline Al
(2.06nm by 2.26nm by 1.88nm). They found that Xe would be expected to solidify in a
BCC structure rather than FCC. MD simulations conducted by Kaplan and Kauffmann
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proved that layering in a liquid iore pronounced at the corners of a confining solid
[10].

a) | | b)

Figure9: (a) Snapshotof MD simulation of partially confined liquid Al acquired at 1200K. The liquid is
partially confinal in a 5nm three dimensional square well of crystalline Al (FCC structang)) a cross
section of the structure is presentém) Three dimensional order analysis of the drop presented in (a). The
color scale represents the average distance to firststeaeghbor of each atom, indicating the local
density [L0]. An enhancement or order of liquid Al partially confined in a corner between two solid wells is
found.

It is clear that the analysis of ordering @fuids confined by solids should be done by
both experimental and theoretical techniques. However, there is lack of experimental data
dealing with ordering of confined liquids. In addition to the experimental constraints that
exist for in-situ experimentsof solidliquid interfaces, the experimental setup for
investigations of confined liquids demands complete understanding afrdieeing of
liquids on solid surfaces that comprise tlenfinemend. In addition to that,

reconstruction at the interfacshold also be accounted for

In summary, while ordering at solldjuid interfaces has been experimentally and
theoretically studied, the ordering effect is expected to be enhanced and/or significantly
changed for geometrically confined systems. The compositf the liquid and the
confining materialthe interfacial energies between the liquid and the confining facets
and reconstruction of the solid surface in contact with the liquid, may also have a critical

effect on ordering.
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2.3. Al,0O;-Al solid -liquid int  erface

2.3.1. The Al 203 surface energies

Alumina is a widely used ceramic materigb3]. The fact that the stoichiometry of
alumina does not change in the presence of oxygen makes it a convenient material for
situ experiments §4]. Due to its high stability, tere is agreement regarding the low
energy facets adi-Al,Os. Thelow energyfacets were determined experimentally by Choi

et al., who investigated cavities formed from indentation cracks during annealing at
1600 C; and by Kitayama and Glaeser who investiigl cavities equilibrated at 16@

and 1800C [65,66]. The low energy planes in air and vacuum were found to be: the

basal (Gplane) {0001}; the rhombohedral {Rane) {10_14; the prismatic (Aplane)
{1214 ; the pyranidal (Pplane) {1123 ; and the structurahombohedral ($lane)

{10_1} , While the surface energy of sapphire becomes more isotropi@witicrease in

temperatureq5,66]. The relative surface energies of alumina as determined by Choi and
Kitayama are given inTable 1. Sadan provided a convenient illustration of the
crystallographiglanes of sapphird={gure10) [64].

Table 1. Relative energies odi-Al,O; surfaces found by investigation of relative length of equilibrated
facets in aluminagb,66].

1600 C (Choi et al. 1600 C (Kitayama and | 1800 C (Kitayama and
[65]) Glaeser §6]) Glaeser §6])
Surface | Relativeg | Standard | Relativeg | Standard | Relativeg | Standard
deviation deviation deviation
c(0001) |1.00 1.00 1.00
r {1012} 1.05 0.04 0.855 0.017 0.950 0.03
s{Lt10y |1.07 0.06 0.947 0.016 1.042 0.019
a{l120y |1.12 0.07 0.974 0.026 1.080 0.017
p{1123 |1.06 0.05 0.957 0.026 1.029 0.016
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Figure10: Schematic illustration of the crystallographic planes in sapphireoBReped with permission
from [64)].

The prismatic (Mplane) {10_1(} was not found to be stable at temperatures above

1600 C. This was characterized within a study conducted by Susnitzky artdrCin

which the prismatic plane was found to be unstable and to break u{)lﬁn@@ and

{101} facets, forming a hilandvalley morphology at temperatures close to 1400
[67]. However, Curiotto and Chatain fod that the Mplane can be stable & clean
environment at 98@ [68]. The authors attribut¢he stability of the M-planeto low
concentration of impuritiesThe {1014} plane also was not found to be stable at
temperatures above 16@0 However, the{1014} facet together witf1012} facet were

found adjacent to the basal plane durimgitu TEM investigation of liquidsolid-vapor

growth of ALO3; nanowires by Oh et adlp].

2.3.2. The Al 203-Al solid -liquid interface energy

The interface between liquid Al and the (0006) planecmfstalline a-alumina was
investigatedduring sessile drop experimeniader low pressure (~fUorr) at various
temperaturesby Levi ard Kaplan [69]. It was found that two different dominant

processes occur at the liquid -Adolid sapphire interface: epitaxial growth of new

25



alumina layers at temperatures below 11M0and dissolution of the sapphire substrate
above 1100C. The contact angl of liquid Al below 1100C was found to decrease from
above 90 to below 90 in time. The aithors explaird the change in the contact angle
from above 90 to below 90 by oxygen segregation towards the- £0006) alumina
interface.Oxygen segregatioalso explains the sapphire growth at low temperatiites.
statement regarding oxygen segregation into thAlAXD; interface was reinforced gn
additional study by Levi and Kaplan, where iron was used as an oxygenatrdeer Al
Al,Ozinterface [Q].

Unfortunately very little information regarding the interfaces of liquid Al with additional
Al,O3 surfaces is availabl&hen et al. studied the contact angle of liquid Al on various
alumina surfacesr/[l]. Droplets originaing from an aluminum rod were imtduced onto

Al,O3 surfaces ina reducing atmosphere, and the contact angle between liquid Al and
various AbOs surfaces was measured as a function of temperature, substrate surface
roughness, substrate crystallographic orientation and time. It was foahddntact

angles of Al on AIO; surfaces at temperaturbstween 100500 C are in the range of

76-85 for the {0112} and {1120} planes and in the range of-880 for the (0006) plane.
It was also foundhat thecontactangle of Al on thef1120} planewas larger than on the

{0112} plane. Thecontactangles ofliquid Al were found to reduce as a function of time

for all alumina surfaceat all temperatureswith the exception fothe (0006) surface at
1000 and 110CC. At higher temperatures thentactangles of liquid Al on the (0006)
alumina plane were found to reduce with time, while during experiments conducted at
130061500 C a transitionfrom a contactangle higher than 90to contactangle lower

than 90 occurred.

2.4. Macroscopic reconstruction of Si

Single crystalline Si isa widely-used semiconductor material, which may serve as a

model material for investigations of processes that occur under electronrtaiation
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Perhaps due to the lack of understanding of the impurity effects on Si equilibration, or
due to insufficient detection of impurities, the equilibrium crystal shape of Si has yet to
be determined in a manner that is accepted. The equilibrium shape ofuSliaity
investigated using SEM or optical microscopy of micromsieed partially equilibrated
wafers of monocrystalline columns, or by TEM analysis of equilibrated voids or
nanoparticles, and by computer simulation®73,74,75,76,77,78,79,80,81,82,83,84,85|.

Due tothe high impact of experimental environment on the equilibrium Si shape, it was
concluded thafor each set of experiments the equilibrium Si shape and its stable facets

should be determined separately.

2.5. Nanometric Holes

In order to produce small volues for confinement experiments, possible processes to
form nanometric holewere evaluatedWhile the route of investigation of fully confined
' i quids was not taken, i nvestigation of

crystalline Si was conductediding this research.

Single nanometric holes membranes have been an issue of interest for the last seven
years. Such holes are used to control the flow of organic molecules, as sensors for
biological molecules, for the separation of specific DNA mdiEgu and other
applications §6,87,88,89,90,91]. Usually, single nanometric holes are created using
focused ion beam (FIB) miling or FEGEM irradiation B6,87,88,89,90,
,92,93,94,95,96]. The nanometric holes are usually created in amorphous materials, such
as SiN4, Si0,, or polymers. Fewtadies investigated the three dimensioshape of
nanometric holes. Conical shapes and lglass shapes were reported7,88]. A
technique for controlling the three dimensionbhge of nanopores by implementing
varying electron beam diameters in TEM (parallel illumination mode) was also suggested
[97]. The stability of the nanopore shape as a function of time is very important to

maintain a constant charge distribution on theas@fof the nanopores. The dependence
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of the nanopore stability on the nanopore shape was recently ref@fteddwever, no
explanation for this phenomenon has been preseXt&y. few studies have examined

the formation of nanometric holes in crystalline materials. The formation of nanometric
holes in crystalline materials require the investigation of the damage induced by the
process at the hole edge, or as in the case of crystalline Si, oxidation of trexigele
[96,98]. A rather detailed literature search has not shown studies on nanometric holes
created in crystalline materials that remained crystadliter hole formation. Moreover,
single completely penetrag nanometric holes created using the TEM were never used
in order to study macroscopic and microscopic reconstruction of materials. Therefore, a
technique forthe creation of nanometric holes ierystalline Si in particular, and in

crystalline materialsni generalshould be established.

2.6. Electron beam induced damage

In the current research TEM was used both for formation of specimens with a specific
geometry, and for the specimeasalysis. Thereforet is crucial tounderstandhe effects
of e-beam iradiationon the TEM specimens.

During direct electron beam irradiation of materials, krookdamage, radiolysis, and
heating of the specimen may occ@9|[ Local heating ofthe irradiated regions may

occur due to inelastic interactions with incidentcelens. Knockon damage, which is
described as atomic displacement, occurs if the energy transferred to atoms by an incident
electron beam exceeds the energy necessary for the displacement of anaspecific
structure. The maximal energy transfertedgspecimen atoms by an electron b&&m.y)

can be calculated usii§9,10Q:

(0] O p8ig OFpmT1 0B B (5)

wherek, is the incident electron energy (in eV), aht the atomic mass diie nucleus.
Radiolysis (partial breakage of bonds between atoms) occurs due to fast edémtnon
interactions, which resudin localized electronic excitations which last longer than ~1ps
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(thetime which exceeds the amplitude of atomic vibratio88).[Hobbsconcludedthat
while radiolysis was not observed in metals, it was frequently observed i non
conducing solids.Limited amount ofradiolysisdamages expected tde found alsan
semiconductorsdo,101].
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2.7. Researc h goals

The maingoal of thisstudyis to investigate the influence of solid surface structure on
ordering of liquids at solidliquid interfaces, including thénvestigation oforder ina

liquid partially confined by crystallinsurfaces.

In orderto fulfill this goal, ordering of liquidAl on variousAl,O3; planeswas studied
using Cscorrected HRTEMIn was important to understanide processes that ocaar
the Al O3 specimen under an electron beahereforethe effect of TEM irradiation ma
crystalline material was investigated using singteystalline Sias a modebystem.In
addition calculations and experiments were conducted in orddefioe conditions for
direct ordering investigatiosivia Cscorrected HRTEMAnN alditional techniqueif-situ
low-loss EELS) had to be developed in order to gather complimentary information

regardingthe chemical compositioand orderingat various AlAl,Oz interfaces.

The information regarding ordering Iquid Al adjacent to various crystalline Ab;
surfaces was used &xperimentallyinvestigate the effect gjeometricconfinements on

ordering in liquid Al.

The correlation bdensity and composition in liquid Al adjacent to various crystalline
Al,O3 surfaces with surface energy and structure of the surfaces may provide important
information regarding thermodynamic processes that occur at-lsplid interfaces.
Additional information regardingrystal growth and solidification processes nabsp be
obtained.
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3. Experimental Procedures and Characterization
Techniques

3.1. Specimen preparation

Electron beam irradiation damage of crystall@xa@luminaat room temperaturean lead
to partial alumina reduction and formation of solid A1J2103104. The ®mbined
effect of electron irradiation witkelevated temperaturesay lead tothe formation of
liquid aluminumadjacent to the crystalline aluminahich produces a convenient selid
liquid system for studies of ordering in ligsidadjacent to crystalline solids
[40,41,42,43,105104]. Therefore, the soliad-Al,Os-liquid Al system was chosen for the

current ordering invegations.

Crystalline Si is a welknown semiconductor material withrelatively simple, diamond
structure. Crystalline Si was used as a model system in order to investigate the processes
that occur under electron beamadiation both at room tempenates and at elevated

temperatures.

3.1.1. TEM specimen preparation

The TEM specimens from both materials were prepared by conventional specimen
preparation using mechanical polishing and dingplfollowed by argon ion milling
using theGatan 691precision ionpolishing system (PIPS). Specimens from crystalline

Al,O3; were producedn [1010] and [1210]orientations, while TEM specimens from

crystalline Si were produced [111] and[100] crystalline orientations.

3.1.2. Nanopore preparation

Nanometric pores (nanopores) were prepared in crystalline Si and crystal®e aAl

room temperature in order to investigatbeam irradiation effectd he nanopores were
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drilled in TEM specimens sy a converged electron beam in STEM mode at 300 kV.
The ability to manually move the converged beam in STEM mode at a selected velocity
enables control of the twdimensional shape of the nanopore and the rate of atom
removal. The initial pore is creatdry prolongedfparking of the converged electron
beam in one spot. The void is enlarged by the removal of atoms via the-&mock
mechanism, which is the result of local exposure to the electron @Ah0(. The
radius of the STEM beam used was less than 0.2 nm. Therefore the use of high
magnifications (up tx6000000) together with careful placement of the beam at the very
edge of the formed nanopore enabled the removal of atomic layers fromartbpone

edge, and limited amorphization of the adjacent crystalline maté&tal.use of high
angle annular dark field STEM (HAADF) enabled evaluation of changes in thickness
during nanopore drilling(Figure 11). If the electron beam is moved at a higher velocity
there are fewer collisions of electrons with atoms, reducing the atom removal rate
(drilling rate), and the amorphization of the crystallsmecimenss also reduced. In
order to minimize amorphizaticend increase the knoaa (drilling rate), the nanopores
were drilled at the highest possible electron beam accelerating voltage (300 kV).

Figure11: HAADF STEM micrograph of a nanopore created inT3ie electron beanwas parkedin the
center of the pore (denoted by a red circle), and the relative thickness is shown by an aerewthevh
purple region of the micrograph is ttieckest.
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3.2. Characterization methods

3.2.1. High resolution transmission electron microscopy
(HRTEM)

The main experimental characterization tool for the current stiadyamonochromated
and Cs correctedcEG TEM (FEI Titan 80300 S/TEM) This microscope is equipped
with a Gatandoubletilt hot-stage forin-situ experiments at elevated temperatures up to
1000 C (Figure12), andthe GatanTridiem 866high resolution energy filter for sedV
EELS investigations and for acquisition of energy filtered TEM micrograpisTEM
point resolution and information limit afhis microscope at our working conditions
(300keV, Cscorrected, and not monochromated)0i®8nm, its STEM resolution is
0.136nmand EELS energy resolution &6eV [106§].

Figure 122 Gatan doublilt hot-stage mounted into a punmgi station during preliminary heating
experiment. The inner diameter of the specimen holder region equals to 3mm.

As a part of standard alignments the spherical aberration value of the microscope was
reduced and adjusted, and higher order aberrationshef microscope (twold
astigmatism, threéold astigmatism, coma and more) were correctadjustment ofthe
aberrations was conducteda the hexapole correction systeriOf] mounted in the
Technion Titan microscop@ndthe Cs correction progranfCEOS GU). The Cs value

was repeatedly measured before and after heating experiments, and the maximal
di fference between the values was 2. 4¢em.

measurement error.
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In addition to increase in resolution, the correction of spHealwarration of the objective

lens reduces the maximum contrast delocalization distance in the imaging plane R(Q)
[108 (seeEq. 2). The value of R(g) can be further reduced by tuning the Cs towards
specificnegative valugin combination with defocus tunéd specific positive value In
addition to R(g) minimizationthe negative Cs imaging (NCS&onditionsresult in
micrographs in which bright region®iacide with atomic column positions1p9110Q.

The minimal value of R(g) for Technion Titan microscofee optimum imaging
conditions (as calculated in Appendix )lis 0.02A. However,due to specimen drift

paralel to the electron beam, the defocus of eaciicrograph should bdetermined to

find the absolute value of the delocalization.

3.2.2. Scanning transmission electron microscopy (STEM)

In STEM mode, the region of interest is scanned uaingnverged electron bearfhe
HAADF detector collectselectrons that are scattered to high andbes described in
Figure 13 [111]). Due to the higtangle detector geometry, lateral coherence involving
scattering between atoms located in different atomic columns is reraodegimost only
incoherent Rutherford scattering contributeshi® image. Thereby, contrasimagingis
achieved 117.
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Figure 13: Schematic of HAADF detector in STEM mode. The bright field (BF) and annular dark field
(ADF) detectors are also shown together with a range of correspondirg &mgéach detectpi1]].

Provided relatively flat specimes) the HAADF STEM technique can be used to
differentiate between compounds that vary in atomic nunfioerexample 113). In
addition, for single phasespecimens th HAADF STEM technique can be used to

evaluate changes in the thickness of investigated repidds
3.2.3. Electron energy  loss spectroscopy  (EELS)

In the EELS technique,analysis ofthe energy distribution of electrons that lost energy
due to inelastic scaring with the specimers conducted The inelastic collisions can
provide information aboute electronic structure of the investigated specimen including
information regardingthe nature of the atoms, their bonding, nearest neighbor
distributiors, andtheir dielectric responsd.15. A typical EELS spectrum is presented in

Figurel4.

In addition to acquisition ofhe energy spectraEELS can be used to acquire energy
filltered (EF) TEM micographs. Inthis technigugean adjustable slit is used acquire
only electrons that Idsenergyin a specificenergyrange The slit can be also used to

filter out all electrons that undergo inelastic scattering.
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Figurel4: An example of typical EELS spectruifii1q. Zeroloss peakPlasmonpeak, and coHpss
peaks are showiNote the x500 gain that was used in order to present low intensitjossrpeaks.

In addition to gathering EELS aeFTEM dataat room temperaturehe locatiorof the

Gatan postolumn energy filterenablesoperaiton during in-situ heating experiments

[117.

3.3. Analysis techniques

3.3.1. Surface Evolver

In order to understand thefluenceof e-beam irradiationthe threedimensionakhape of

Si nanopores was investigdt The Surface Evolver program was usesttly the low
energy shapes of Si nanopor8sirface Evolver is a program that minimizes the energy
of a surface subjected tearious constraits [11§. In our case the initial nhanopore
structure was cylindrical, e the equilibrium shape of Si served #e driving force for

changes to the pore shape
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3.3.2. Electron microscopy simulation (EMS)

In order to calculate maximal contrast delocalization distance for each micrograph that
was used for order analys(ssing K. 4) the defocus of the micrograph had to be
determined The defocus of micrographgas found by compasdn of the crystalline part

of the experimental micrographs smulated A}O; images. The images were simulated
using multi-slice simulationswithin the 3.5714U2010version of Jav&MS (JEMS)
software package (developed by P. Stadelmann bas@8|pn [

3.3.3. Molecular dynamics (MD) simulations

Molecular dynamics simulations were carried out in order to investigatiensity of A
droplets equilibrated at various temperatumeserms of first neighbor distances. During
the simulationsthe Al atoms were allowed to move and interact. The embedded atom
potential for aluminum developed by Ercolessi was implement&d.[The MD progam

was written in FORTRAN9O0 by Ercolessind improved and rewritten in C by Hashibon
and Kauffmann120,27].

3.3.4. Ordering analysis

Similar to previous theoretical and experimental studies, we define two types of order in
the liquid adjacent to crystalline solids: layering of more dense regiortseitiquid
parallel to the interface; and-plane periodicity which is sometimes fouimmdthe layers.

Both types of order an#ustrated inFigure15.
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Figure 15: An illustration of liquid (orange) adjacent to crystalline solid (blue). The liquid is partially
ordered at the interface with the solid, and two types of order (layering -gutahi@ order) araoted
Special attention was given to choice of investigated region$y flat and well defined

interfaces between liquid Al and crystalline,®% wereinvestigated.

Investigation of layering

The layeringwasinvestigated as illustrated Figure16. An average intensity scan of a
TEM micrograph ovethe region of interest perpendicular to the interfaes acquired
The peaks in the liquid regiompresent the density perturbations in the liquid, and the
number of peakis regarded as a number of more dense layers. Only the peaktaioat
above the background arde located at similar distances one from anothere taken

into account.
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Figure 16; A schematic presentation of layering invgation. Theexperimental micrograpis scannedn
theregion of interesperpendicularly to the soliiquid interface, and the average relative intensity provide
information regarding layering both in crystalline (ordered) and liquid (partially ordexgitns.

The decay in intensity ahe ordered layersvas fitted exponentially, andhe ordering

p ar a mewagdeterfnigaedsing Eq. 3.

Investigation of in-plane order

The inplaneperiodicity of the ordered layevgasinvestigated as illustrated Figurel7.

The region of interest in exparental micrographwsasscanned parallel to the interface.
Eachpixel-sizedscanof the micrograptlwasFourier transformedand a mamvascreated.

An intensity scawasconducted on the FFT maplfere they-axis is in reciprocal space
andthe x-axis in realspace) and regions the liquid that have irplane periodicity are
distinguished as peaks. The distance between the peaks should be similar to the distance
between ordered layersThe exponential decay of iplane periodicity was also

investigated.
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Figurel7: A schematic presentation wfplane periodicity Theexperimental micrograpis scannedn the
region of interest in paralleto the solidliquid interface, each pixel in the saxis undergoes ore
dimersional FFT inand tle average relative intensiyf higher frequency lineprovides information
regardingn-plane periodicityooth in crystalline (ordered) and liquid (partially ordered) regions.
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3.3.5. Investigation of metal density via low -loss EELS

In order to develo@n addtional technique fothe investigation of order in liquid Al
adjacent to AIO;3 surfaces, the bulk plasmon energynoétal Al was investigatedhe
simplified DrudelLorentz freeelectron gas model of solids, in which interactions
between plasmons amdreelectrons of the metal are neglectedis used. Following this

mode] the energy of metal bulk plasms Ep) can be calculated usin§g1,127:

7
LQ
0 Uct —— (6)

whereh is Plancld sonstantgis the electron chargéjis the permittivity of vacuun
is the still electron mass; amdis the valence electron density, which equal&8am for
Al.

The dependendeetween bulk plasmon energy and valence electron density can provide
information regarding changes the density ofthe Al metal. The density ofthe Al
(together with its bulk plasmon energy) is expected to decrease with an increase in
temperature, wheas an increase in density tife Al at the interface with crystalline
Al,O3 (anda corresponding increaséthe Al plasmon energyg expected in comparison

with bulk liquid Al at the same temperatures.

Al density as a function of temperature

Thedepenlence obulk plasmon energy afolid aluminumwith temperature was shown
by Abe et al. 123. The bulk plasmon energy was found to decrease as a function of
temperaturéseeFigure18).
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Figure 18 EELS lowloss spectra of solid Al as a function of temperature. The decrease in bulk plasmon
energy of the Al with an increase in temperature was detet®} |

We were successful in showing the sadependence for liquid bulk Aln Figure 19,
low-loss EELS spectra of bulk Al acquired at a range e72BC are presentedBoth
zercloss peaks (ZLP) and bulk plasmon peaks of Al are shdiva surface Al plasons

and bulk AbO3z plasmons are not resolved duethe large intensity scaleEach graph
consists of 20 spectra acquired for 0.01sec, and aligned by the ZLP using a routine by
Mitchell and Shaffer24]. The zercloss peaksverealso used to align spectracpired

at different temperatures, which enablpcecise quantification othe bulk plasmon
energy of Al at various temperaturd$ie EELS spectra were acquired usmg00keV
accelerating voltage convergent angle of 9.5mraadispersion of 0.03eV/pixeandan

entrance aperture of 0.25mm.
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Figure19: Low-loss EELS spectra of bulk Al at temperatures from 25 to@5Bach graph is a sum of 20
spectra acquired for 0.01 seconds, and aligned by ZLP using a routine by Mitch8tifzaffer 124).

Al density as a function of ordering

In order to investigatéhe change in liquid Al density at various 283 interfaces low-
loss EELS spectra were acquired from regions that included both crystal}iDg akid
the interface between Al and /85 (Figure 20a). A low-loss EELS spectrum, which
included the ZLP, Al surface plasmon peak, A&); bulk plasmon peak and Al bulk
plasmon peak was acquired (as showrFmure 20b). The EELS spectra were acquired
at a 300keV accelerating voltagea convergent angle of 9.5mra@, dispersion of
0.03eV/pixel andan entrance aperture of 0.25mWhile the ZLP served as an internal
standard, oly the Al bulk plasmon peak was investigat&dtting this peak using a
Lorentzian fit enabled to increase the precision of peak emeegguremenbeyondthe
dispersion valuef the EELS measuremenhifter the EELS spectra acquisition, HRTEM
investigatias of Al-Al,Osinterfaces wreconducted, and only spectra from well defined
flat interfaces were analyzed. At least two EELS spectra were acquired from each Al

Al,O3 interface. When an interface between Al and specific AbO; plane was
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investigated severaimes all the available information regarding the location of Al bulk

plasmon peak was averaged, and the error was calculated as a maximum deviation from
the average value.

a) b) 1.4x10°
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Figure20: (a) A typical HAADF STEMmicrograph of liquid Alcrystalline AbO; system that was used for
EELS investigations of Al density. Typical interface regions between the Al a@; Abm which the
EELS spectra were acquired are marked. (b) Typicalltms EELS spectra from ARAI,O; interface. The

bulk plasmon peak of Al, which location is investigated can be easily differentiated from additional low
loss peaks.
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4. Results

4.1. Investigation of electron irradiation damage
4.1.1. Investi gation of electron irradiation damage at RT
Investiga tion of an e lectron irradiation  damage to model Si crystal

Our analysis of nanopores created in crystalline Siuremarizedn [114]. Figure 21
presents a HRTEM micrograpf a single nanopore drilled in crystalline Si. Isi®own

that nanopore preparatiarsing convergecelectronbeam(in the STEM mode) produces
single nanopores without obvious damage to the Si crystal. While no damage was
detected in the adjacent Si, tgpthree atomic layers at the edge of the nanopatka

less ordexd structurgcompared tahe bulk S). The length of the less ordered region
was quantitatively determined from intensity lseans along <111> planes in the
HRTEM micrograph (inset ifigure21).

Less ordered | Vacuum

Figure 21: Cs corrected (Cs#.3em) HRTEM micrograph o a single nanopore drilled in crystalline Si.
The insets are a fast Fourier transform (FFT) of the micrograph, and an intensgigdiméacquired along
the white line).
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In order to investigate the composition of the less orderger$ detected at the edges of
the nanopores, EELS spectra from the nanoporevgdlenaterial (nanopore edge) and
from the Si at least 20nm away from the nanopore were acqéigade 22 presents Si
L-peaks acqued from the edge of the nanopore, and from the bulk Si. A reference
spectrum of the Sidpeak acquired from thermally grown Si® also presented in figure

2 (red dashed line). The background was subtracted using the same subtraction method
for all peals. All the spectra have Sihkpeaks at about 108 eV, which originate from
SiO, (the peaks marked iRigure21 by an asterisk). However, in addition to this peak,
the spectrum acquired far from the nanopore ddgetinuous black line) has a peak at
about 100eV (marked with an arrow), which is attributed to the-&lde of pure Si
[129. The difference in intensity between the spectra is due to the varying thickness

across the TEM samples.

2.0x10° L 1 1 1 1 ] L 1 L 1 L L L 1 1 1
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—— Si peak on the pore edge
- - - - - Reference spectrum of Si from SiO,
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C 1.5x10°
S
o
Q
>
=
e 1.0x10° -
[T}
)
=
(]
2
= 5
8 5.0x10°
[}
14
00 N T T T T T T T T T T T T T T T
80 100 120 140 160 180 200 220 240

Energy Loss (eV)

Figure 22 EELS spectra of Sidedges acquired away from the nanopore (thick black), at the nanopore
sidewall (red) andfrom a reference Si{sample (dashed red line). The asterisks inditedatureson the

Si L, zedge which are typical for SgOand the arrow indicates the L edge typical of pure Si (acquired away
from the nanopore edge).
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The relative composition of Si to O was also determined using EELS. Measurements
from the nanopore edge and away from the nanopore edge were taken using eal identi
EELS setup and each spectrum contained both theaBd the GK peaks. The relative
composition measured by EELS (using the same quantification setup) shows a Si:O ratio
of 44.7:55.3 at.% away from the nanopore, and 33.2:66.8 at.% at the nanopqre edge
respectively (5% error for Si and 9% error for O). The amount of oxygen detected
from the nanopore sideall can be explained bgxidation of the sidevall surface,

which also explains part of the lessglered layers seen Figure21. The lower oxygen
concentration measured from the bulk Si is due to the native oxide on the surface of the
TEM specimen. This is confirmdaly the relevant spectrum IRigure22, which contin

Si L-peaks both from Si and SiOOxidation of the surface of the Si TEM specimen
away from the nanoporedge is expected, since a native oxide forms on the Si surface
after TEM specimen preparation and during transfer to the microscope. However, the
composition of the edge of the Si nanopore is similar to that of @&Perence sample),
which means that most of the nanopore siddl is oxidized. This can be explained by
oxidation in the TEM during nanopore formation. The partial pressure of oxyg®g) X P(
inside the Titan TEM under the electron beam is unknown. However, the base pressure
measured in the Titan TEM is ~i@tm., which together with oxidation of the nanopore
sidewall (compared to the TEM sample surface) implies that the,)Pif@ide the
microscope at room temperature is higher than that needed for Si oxid&x&hnHased

on the EELS results we can state that the thin, less ordered layer detected on the edges of
the Si nanopores, partially originates from oxidation of Si and not only &lectron

beam damagelhis means that under carefully chosen conditions the radiolysis damage
introduced to semiconductors by a comest ebeam can be removed, akdockon

damage will prevalil.

In order to examineadiolysis damagéhat may bdantroducd by ebeamirradiationin
Si, amorphization of thespecimen under -beam was observed.An example of
amorphization due to radiolysis is presente#ligure23 (in a regionmarkedby a circle).
The anorphous regin was formed irthe vicinity of a previously drilled nanopore, after

several seconds of exposure to a static converged electron beam. From this experiment it
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is evident thaunder TEM e-beam irradiationradiolysisin semiconductors may occur

prior toknok-on damageandcanbe extensive

Figure23: Aberrationcorrected(. 8 ) HT M .. crograph of a nanopore
After formation of the nanopore, the electron beam was held over the region indicatedowitte, and
amorphization occurred. The inset is a FFT of the circled region demonstrating the existence of both
crystalline and amorphous material.

Information regarding the heating that occurred during nanopore formation was gathered
following analyss of threedimersional shaps of the Si nanopores. In order to
investigate the thredimensional shapeof the nanopores created in crystalline Si,
micrographs of nanopores tilted by 3@ere acquiredRigure24). The threedimensional

shape of the nanopores was examined as a function of the nanopore diameter and length,
while the nanopore lengtivastaken as the thickness of Si TEM sample in which the
nanopores were created. The thickness of the Si was deternsimgd EELS and the
calibrated plasmon mean free patbllowing Meltzman et al. 127. The three
dimensional shape of the nanopores was investigated immediately after nanopore
formation, without thermal annealinghich enables the assumption tlia¢ nanopres

have not reached their lowest energy (equilibrium) shape.
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Figure 24: TEM micrographs of representative nanopores drilled in Si with different thickness (t). The
samples were tilted 30or image acquisition. The thickneasd diameter of the nanopores are noted on the
micrographs.

An elongated noisymmetrical houglass shape was found for nanopores with a small
diameterto-length ratio Figure24a). Similar results were reporteg Storm et al., Wu et

al., and others93,95. A conical shape was found for nanopores with a dianteter
length ratio approaching 0.Figure24b). For nanopores with a diameterlength ratio
larger than 0.5, the three dimensional shape was cylindFicalré 3c). These results are

in agreement with the results from Kim et &7]] While hourglass shapes and conical
shapes were also reported for amorphous nanopores, the reason for those shapes was not
discussedin order to understand the reason for hglaiss shapeofmation,Monte-Carlo
simulations of electron trajectory in solids were condu¢@aking Version 2.42 The
cross-section of 200,000 electrons in 40nm thick Si was simulateafetectron energy

of 300keV). The initial diameter ofthe simulated elecan beam was 0.5nnfkigure 25
showsan increase in electromajectory diameter as the electrons pass through the Si
specimen. However, the probability of increase in diameter is small (only ~10 out of

20,000 electrn trajectories were scattered).
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Figure25: Monte-Carlo simulations of 300kV electron trajectory in 40nm Si solid. 200,000 electrons were
simulated, and 20,000 electron trajectories are presented.

The MonteCarlo simulations dichot providean explanationfor the hourglass shape of

Si nanopors Stopping range ion motion (SRIM) simulations of Si atoms aitenergy

of 30keV (maximal energy that can be transferred to the Si atoma 3keV e-beam,
calculated using Eq.5) shodi¢hat only 2% of the ionized atoms are sputtered in the
backward directionKigure 26). Therefore, the movement of knockedt Si atoms also
cannot explain the hotglass shape of the Si nanopores.

|+25“’L I I I I

_ Depth vs. Y-Axis

-- Target Depth - 50

Figure 26: Stopping range ion motion simulatioB$ ions movement in Si material. The Si ion energy is
30kV.

Surface Evolver11§ can provide information regarding stable (lewergy) shapes of

Si nanopores. In order to find stable shapethefSi nanopores, the poresth various
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diameter to thickness ratiwere equilibratedfrom an initially hexagonal cylindrical
shape. A symplified Si equilibrium shape, which contained only {111} facets s&s u

for the simulations. The results of the simulations are presentgdure27. It should be
noted, thatwhile all precautions were taken to reach the true equilibrium shape of the
nanopores, it has not beerncadained whether the numerical solutions approximate a
global minimum, since the energy landscape for faceted surfaces probably has many low

curvature metastable configurations.

Figure 27: Holes of different initial diameteto-length ratio for a simplified equilibrium crystal shape
equilibrated using Surface Evolvet1g. (a) equilibrated hole with a 1:1 diameterlength ratio, which
collapsed into a closed shape. (b), (c) are equilibrated pottesa 1.1:1 and 2:1 diamet&s-length ratio,
respectively. The inset is a schematic drawing of the anisotropic equilibrium crystal shape used for the
calculations.

Egerton et al. showed that surface diffusion may occur under the electron iz&m |[
The energy transferred to the Si nuclei by the electron be&@eV)is higher than the

threshold energy for Si surface diffusion (0:1.8eV) [12913(, and thus surface

diffusion may also occur in Si irradiated with 300kV electrddstface diffusionmay

explainthe partial equilibration of Si nanopores.

Investigation of electron irradiation damage to Al 203

A typical nanopore drilled in crystalline AD; at room temperature is presentedrigure

28. Partial equilibrabn of the nanoporevas detecteg and the (0006), (1216), and

(1210)partial facets were foundhin crystalline and amorphous regions were found at

the nanopore edges.
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Figure 28: Abrrati rreced (Cs5.9¢ m) HRTEM mi c padigly egpilibratenfanoore
created in crystallin@l,Osat RT. The Al,Osis oriented in[10 10]zone axis.

An additional nanopore drilled in crystalline 8 at room temperature is pergedin
Figure 29. A small crystalline grain which differed in crystallographic orientation from
the bulk ALO3; was detected at the nanopore edge (inseigare 29). FFT of the patrticle
showed that its periodicity resembles the periodicity of crystalline Al oriented in a [110]
zone axis. This result is similar to results reportedBbyevichet al. regarding partial
reduction of crystallineAl,O3 to crystalline Al as a milt of ebeam damage at room
temperature J02. Due to the fact that edges of 8 nanopores were more deformed
than the edges of Si nanopores, tkilBeensional investigation of the Ab; nanopores
was not conducted.
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Figure 29: Aberration corrected (Cs59¢ m) HRTEM micrograph of a nanopore
Al,O; at RT. The Al,O; is oriented in[10 10]zone axisThe insets are the enlargement of a crystalline
particle indicated on the micrograph, and an FFT of the indicated cnystphrticle.

4.1.2. Investigation of  electron irradiation damage at elevated
temperatures

Investigation of e lectron irradiation  damage introduced to Si at elevated
temperatures

In order to investigatethe combined effect ofe-beam irradiation and elevated
temperatures on semiconductoas) in-situ study of Si nanopores was conductédvas
found that nanopore size had an effactheequilibration procesd.arge nanopores were
destroyed prior to achieving full equilibratiofrigure 30 presents an example @af
relatively large nanopore (probably withigh initial diameter tdengthratio). At 600C
the nanopar was only partially equilibrated<Q11> and <010> facets shown on the

micrograph) before it was completelesdroyed bytemperatureaccelerated knoekn
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damageNo amorphous region was fouatthe nanopore edg&he low resolution of the

micrograph is due to specimen drift and possible specimen deformation.

Wy

Figure 30: HRTEM micrografn of partially equilibrated large Si hole, acquired at @&0The hole was
destroyed before complete equilibration.

Fully equilibrated nanopores are presentedrigure 31. Micrographs (a) and (b) were
acquired 8600 and 66QC respectively.The nanoporén Figure 31a was found to be
parially closed. In both nanoporesly {013 and{011} facets were found. The relative
size of the facets was found to change as a funcfidamperature, in accordance with
thetheoretical study by Mukherjee et &l.3l].
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Figure31: HRTEM micrographs of equilibrated and partially closed small Si holes, acquired & €20
and at 660C (b). The relative facetz varies as a function of annealing temperature

It can be concluded that at elevated temperatures kmodamage and surface diffusion

are more pronounced that radiolykis pore formation in Si

Investigation of electron irradiation damage introduce d to Al >0z at
elevated temperatures

At elevated temperaturesd under an electron bearpartial reduction ofcrystalline
Al,O3 to liquid Al occurs[40,41,42,43105. This providesa convenient solidiquid
model system.In Figure 32, liquid Al droplets that were formed aacrystalline Al ,O3
surface following parallee-beam irradiation (TEM mode) at 78D are presented. In
addition to liquid Al formation, damage introduced intee Al,Os; in the form of
amorphization (top right corner of the micrograph) is visible. The micrograph is slightly
under focused.
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Figure 32 TEM micrograph of liquid Al droplets adjacent to crystalline@y surface. The micrograph

was acquired at 75C.

4.2. Investigation of order in liquid Al via Cs-corrected
HRTEM

4.2.1. Investigation of order at 750 C

Figure33 presents a HRTEM micrograph of an Al droplet adjacettiéq1210)plane of

crystalline Al,O3. The micrograph was acquired at 760 The derration correction

procedure was carried out before the hegtirocedure, and the Cs value was set to be

negative 2 . 4 ¢ Im prder todetermine thdrue defocus value of the microghaphe
Al,O3 structure adjacent to the soliquid interface was simulated using JEMS. The
simulation parameters that were usedsaramarized imMable2. The drift in x and y axis
was set to 0.1nreec.

Table2: Simulation parameters used for JEMS simulations of crystallig@;Al

Parameter Value
Accelerating Voltage (keV) 300
Chromatic aberration coefficient (mm] 1
Convergence seraingle (mrad) 0.3
Defocus spread (nm) 3
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Figure33: Cs corrected (Csﬂ.) HRTEM micrograph of liquid AlAl,O; interface acquiredt 750C.

Z.A.=[1010]. The inset in right upper cornertise region marked by a black rectangle. The inset on the
micrograph marked by a white rectangl¢hesimulated A}JO; image

A magnified simulation with superimposed atomic positions is presentéigume 34. It

can be seen that two Al atoms form one bright dot, while an additional bright dot is
formed betweenhe Al atoms. From the simulated imadbe defocus ofthe micrograph
presented irFigure 33 was found to be 21nnThe maximum delocalization distance in

the image planeR(g) was calculated using equation 4, and found to be 4.8+(.Bi&
means that for the current experimental conditions, direct investigation ofrdeeirg
phenomenon beyond the distance of 5.1A from a crystalline edge is possible.
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Figure 34: Magnified simulation of crystalline AD; structure presented as an insetFigure 34. The
atomic positions Al (red) and O (blue) are superimpoddues of thickness and defocus are 33nm and
21nm respectively.

30 20 10 0 -0 -20
Position Perpnedicular to the Interface (A)

Figure 35: (a) Solidliquid interface marked irFigure 33, and b) averaged intensity scan dg) in
perpendicular to the interfacAn exponential fit to intensities attributed to layering in liquid (marked by
red dots) is marked by a red line.

Figure 35b presents an averag#ensity scan othe regionindicatedon Figure 33 and
enlarged inFigure 35a. The highest peak of the sc@ocated at zero on the-axis) is
attributed to the last layesf crystalline AbOs. Periodic peakdo the right of the high
intensity peakare fromthe ALOj; crystal Six peaks to the left of the high intensity peak
(marked by red dotswhich extend 1.5nm into the liquiggionare attributed to density
perturbatims in the liquidDistances between the peaks vary from 2.66A to 2.2kch

is similar to the espace of1210} planes (2.38A)Theerror in measurement of distances

from the intensity scans is 0.44AThe intensites of the peaks irthe liquid werefitted
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exponentially (according to Eq®) and theor der i ng par ameotber 3  wa s
2.76+0.47A.

An array of onadimensional FFTs, which was acquired in parallel to the entire-solid
liquid interface shown ifrigure 33, is presented ifrigure 36a. An intensity scan othe
region markedn Figure36ais presented ifrigure36b. Peaks located at the negative part
of the xaxis represent Hplane periodicity of theAl,O; crystal. Four additional peaks
detectedn the positive part of the-axis represent uplane periodicity found in liquid
Al. In-plane periodicity in the ordered liquid layers extends for 1nm into the ligud.
plane periodiity of layers inthe liquid is represented bthe samefrequencies which
represent the #Hplane periodicity of the crystal. This indicates thte in-plane
periodicities in the liquid and in the solid are the saifftee ntensities of peaks that
representhein-plane periodicity in the liquid were fitted exponentially (according to Eq.
3)andtheim | ane or der pmgvasgoand ez 26:6.82A.3

Forthe current experimental conditions both the layering (that exceeds for 1.5nm into the
liquid) and the iaplane order (that exceeds for 1nm into the liquid) can be investigated
and quantifieddirectly, due to the fact that both ordering types are found for distances

beyond the calculated maxim delocalization distance.
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Figure36: (a) FFT mapacquired from entire soliiquid interface orFigure 33 parallel to the interface in
accordance witt8.3.4 and (b) averaged intensity scanafegion marked irfa). An exponential fit to
intensities attributed tm-planeperiodicityin liquid (marked by red dots) is marked by a red line.
Using the techniques presentedsattion3.3.4and shown above, order in liquid Al on
additional AbO; surfaces was investigated. Moreover, interfacescharacterizedat
preciselythe sameimaging conditionscanbe comparedfor the case whertwo or more

solid-liquid interfaces are acquireth the same HRTEM micrographbAn example is
presented irFigure 37. Interfaces between liquid Al and (0006) at014) Al,Os
surfaces are presented. The micrograph was awhair750C with a Cs of5 . 2 dha.
smulated Al ,O3 imageis shown as an inset the micrograph, and marked by a white
square. The simulation parameters that were used are summarikadle?, and the

drift in x and y ais was set to 0.1nfsec. Similar toFigure33, two Al atoms were found
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to form one bright spoin Figure 37. All bright regions of theAl,O3 structure are
attributed to Al ators. The best fit betweesimulatiors and the experimental micrograph
was obtained fothe simulated image witta thicknessof 12nm anda defocusof 16nm.

The maxinum delocalization value was calculated to be 3.2+0.3A. Average intensity

scans of the interfas between liquid Al and (0006) ar{d014) Al,Os surfaces are

shown inFigure37b andFigure37c respectively.
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750 C. Z.A.=[1210]. A border between liquid Al and vacuum is marked by a dashed Tine.inses

marked by (b) and (c) arenlarged regiom marked byblack rectangle The inset on the micrograph
marked by a white rectangle is simulated@y structure.(b) and (c) are the average intensity scans
acquired from regions (b) and (c) respectively, in perpendicular to thelispiid interfaces. Exponentia
fits to layering intensities (marked by red dots in both scans) are marked by red lines.

Seven layers were found ihe Al liquid adjacent to the (000&I 03 surface(marked by
red squaresn Figure 37c). The layers extended 1.7nm into the liquithe distance
between layerd-6 was 2.3-3A, which is slightly larger thathe d-space of the (0006)
plane (2.85A). The first layer was located 3.3&wayfrom the crystalline surface, and
the distance betweghe 6™ andthe 7" layer was 1.3AThe ntensities of the peaks the

l iquid were fitted exponentially (according

found tobe2.07+0.51A.
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Figure 38 (a) An interface between liquid Al and (0006) plane ofQlpartially shown on insefc) in
Figure 37. (b) One-dimensionalFFT map acquirefom (a) in parallel to the interface in accordance with
3.34
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Figure39: Averaged intensity scan afregionmarked by a red rectangle Figure38b. Three regions with
partial inplane periodicity in liquid are marked by red dots.

Investigation of the ifplane periodicity in Al on the (0006) AD; surface wasanducted.
Figure 38a presentsan interface between liquid Al anthe (0006) plane of AIO;
acquired at 75 (partially shown inFigure37 inset ¢) andh onedimensional FF map
acquiredfrom Figure 38a parallel to the interfaceAn averaged intensity scan of the
region marked irrigure38b is shown irFigure39. Partial inrplane periodicity was found

in three regions in the liquid Al adjacent to the (0006 Alsurface. Irplane periodicity
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in the ordered liquid layers was found to extenddf@nm into the liquid.The in-plane
periodicities in theiguid and in the solidvere found to béhe sameThe intensities of
the peaks that represent -plane periodicity in the liquidcould not be fitted

exponentially

Four layers were found in Al liquid adjacent to tfi®14) Al,Os surfa@ (marked by red
squaresin Figure 37b). The layers extended for 1.1nm into the liquid. The distances
between the layers in liquid varied between 2.3 to 2.7A, which is similar (within a
measurement error of 0.44£) the dspace othe {1014} plane (2.55A). The first layer
was located 3.7A from the crystalline surfatle ntensities of the peaks the liquid
were fitted exponentially (according to Eq.
be0.93+0.92A.

Figure 40: (a) An interface between liquid Al an(ﬂ014)plane of AbO; partially shown on inset (b) in

Figure37. (b) Onedimensional FFT map acijad from (a) in parallel to the interface in accordance with
3.34
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Figure 41: Averaged intensity scan of a region marked by a red rectandigure 40b. Four regions in
liquid that show partial iplane periodicity are marked by red dots.

In-plane periodicity was fountbr all four layers inthe liquid Al adjacent tathe (1014)

Al,O3 plane Figure40 andFigure4l). The inplaneperiodicityin the liquid is similar to
that in the solid. Similar to the liquid at (0006).8% surface, no exponential fit to the
intensities of irplane pemdicity could be made.

An interface betweerthe (1012) Al,O3 surface and vacuum and its analysi®

presented ifFigure42. The lack of ordered layers in the vacuum is cleasible in the
averaged intensity scafrigure42) conducted parallel to the interface (inset (b}aure
42a).
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Figure42: (a) Cs corrected (Cs5.2nyim) HRTEM micrograph of interfaces between liquid Al and vacuum
and crystalline AlO; acquiredat 750C. Z.A.=[1210]. The inset marked by (b) is an enlarged region of

an interface between vacuum aﬁ]:lO_ZI.Z) Al,O; plane. (b) Isthe average intensity scan acquired from
region (b) in perpendicular to the seliquid interfaces.

Similar to the interface investigatedkigure33, we have shown that direct investigation

of the interfaces Figure37 andFigure42 using Cscorrected microscope is possible.

4.2.2. Investigation of order at 670 C

Ordering in liquid Al adjacent to various A); surfaces was alsmvestigated as a
function of temperatureliquid Al orderingat (0006) and(1012) Al,O; surfaces was

investigated at 67 (Figure43), with aCs valueof -5 . 2 §ha smulatedAl,Oz; image

is shown as an inséb the micrograph, and marked by a white square. The simulation
parameters that were used are summariz&alobe2, and the drift in x and y axis was set
to 0.1nmisec. As seen irFigure44, all bright regions of the AD; structure are attributed

to Al atoms, while each bright spot was formedtiwp Al atoms A best fit between
simulations and the experimental micrograpdsvebtained for the simulated image with

a thicknessof 16nm anda defocusof 18nm. The maximm delocalization value was
calculated to be 8+0.3A. Average intensity scans of the interfaces between liquid Al
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and (1012) and (0006) Al,O; surfaces are shown iffigure 37b and Figure 37c

respectively.

Figure43: (a) Cs corrected (Cs6.6nm) HRTEM micrograph of liquid Al Al,O; interfaces acquiredt
670C. Z.A.=[12_10]. The insets marked by (b) and (c) are enlarged regions marked by black rectangles.

The inset on the micrograph marked by a white rectangle is simulat®d #tucture. (b) and (c) are the
average itensity scans acquired from regions (b) and (c) respectively, in perpendicular to tHeysmlid
interfaces. Exponential fits to layering intensities (marked by red dots in both scans) are marked by red
lines.

Figure 44: Magnified simulation of crystalline AD; structure presented as an insetFigure 43 The

atomic positions Al (red) and O (blue) are superimposed. Values of thickness and defocus are 16nm and
18nm respectively.

Eight layers were found ithe Al liquid adjacent to the (0006) ADs surface (marked by

red squares offrigure 43c). The layers extended 1.8nm into the liquid. The distance

between layers -8 was 2-2.7A, which is close to thed-space of the (0006) plane
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