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ABSTRACT
Morphology Transformations in Nanoparticles
Doraiswamy Narayanaswamy

Small particles exhibit a wide variety of structures which range from the well-known
single crystals to the multiply twinned particles, such as the decahedral and
icosahedral multiply twinned configurations. Interestingly, all these structures have
very little energy differences between them and easily transform from one to the other.
This thesis addresses the nature of these morphology transformations.

In the first part, morphological transformations of Au particles supported on SiO were
observed by real time High Resolution Electron Microscopy (HREM). The data were
analyzed quantitatively to extract the relative probabilities of different morphologies
and compared with a probability model to understand the role of the different
parameters that affect the transformations. The experimental data and probability
model are consistent and reveal several interesting trends. |

The single crystal (Sc) population dominates over the icosahedral multiply twinned
particles (Ic) and the decahedral multiply twinned particles (Dc) over the observed size
regimes of 2nm to 8nm. The Ic shows a maximum in relative probability of

occurrence at smaller sizes whereas the Dc probability increases with size leading to a
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transition region centered at 6.5nm particle diameter at which the Dc and Ic show
almost equal relative probabilities. The morphology transformations are also affected
by the surface stress and anisotropy of the surface free energies. A means of
obtaining the rate of kinetic transformations in small particles was also formulated and
applied to the Au/SiO system.

These analytical and experimental techniques were then applied to the Ag/Si(100)
system and a quantitative morphology analysis revealed that the Ag islands do not
have the conventionally accepted single crystal morphology. Instead they exhibit a
mixed morphology state. The morphology populations are strongly affected by the
substrate-particle interaction. The Sc population showed a rapid increase with size
while the Dc content decreased with size. Under Ultra High Vacuum conditions, the

Ics were almost non-existent and appeared only after the samples were exposed to air.

Prof. Laurence D. Marks
Department of Materials Science and Engineering

Northwestern University, Evanston Il 60208
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION

The basic physical phenomena of many materials are often interpreted in terms of
the periodic arrangement of atoms within them. At small sizes, atoms experience
interactions that differ from the bulk and compensate for these changes by reconfiguring
themselves. Atoms at and near two dimensional features such as surfaces try to attain
minimal energy configurations by surface reconstructions and lattice contractions. In
three dimensionally limited aggregates these effects become even more pronounced and
the deviations from the bulk lead to entirely new structures which show gradual size
dependent transitions in physical properties from the bulk to those of molecular
dimensions.

These aggregates can be broadly classified as clusters (5 atoms to 1000 atoms) and
small particles (1.5nm to 500nm diameter), The boundaries are not rigidly defined and
there is considerable overlap between the two classes. Small particles are also known as
nanoparticles. Small particles greater than 500nm in diameter are usually termed as
ultrafine particles.

The unique properties of these small aggregates are, perhaps, best illustrated by
the "quantum size effect”. The quantum size effect [Kubo 1962] arises when the

dimensions of the small particle become small enough to show discrete quasi-continuous
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electron energy bands. As a consequence, particles may exhibit a temperature and size
dependent transition from an insulating to a metallic state with increasing cluster size.
A case in point is the behavior of small alkali metal clusters, which have the outer
electrons in states delocalized over the entire cluster [Knight et al 1984]. These clusters
do not become metallic until the states are so dense that they overlap thermally. Kubo
also argued that the details of the energy spectrum would depend on the geometry of the
small particles, although particles of the same size would have the same average level
spacing. In contrast to the volume dependent quantum size effect, deviation from the
bulk of the magnetic susceptibility is attributed to an increase in surface area known as
the finite size phenomenon [Kimura 1990].

Another manifestation of size dependent properties is in the lattice vibration
spectra of small particles [Dickey and Paskin 1968, Burton and 1970, Matsubara et al
1977, Hasegawa et al 1980] which have low frequency surface modes instead‘ of the
normal bulk transverse and longitudinal peaks. It has been suggested that the two
dimensional nature of the phonon spectrum is also responsible for the increase in the
superconducting transition temperature {Khluyistikov and Buzdin 1987]. The optical
properties of small particles, being sensitive to the surface plasmon modes, are also
significantly modified from those of the bulk. Fleischmann et al (1974) observed surface
enhanced Raman intensity and a general theory has been based on the resonant excitation
of surface plasmons [Agarwal et al 1982].

Among the well known phenomena related to small particles is the depression in

melting point first observed by Takagi (1954). Later workers [Blackman and Sambles
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1970, Couchman and Karasz 1977, Couchman and Jesser 1977, Couchman and Ryan

1978, Borel 1981, Ross and Andres 1981, Garrigos et al 1986, Nimtz et al 1989] also
observed a similar phenomenon. Computer simulations [Briant and Burton 1975, Etters
and Kaelberer 1977, Natanson et al 1983, Berry et al 1984, Honeycutt and Anderson
1987, Beck et al 1988, Stillinger and Sitillinger 1990, Matsuoka et al 1992] show the
existence of a range of melting leading to upper and lower critical melting points. Most
of these properties can be ascribed to an average size dependent behavior, but even within
a given size mgiﬁe there exists a multitude of structural modifications {Gordon et al
1979, Woltersdorf et al 1981, Heinemann et al 1983, Penisson and Renou 1990],
contractions of the surface layer [Takayanagi 1991] and surface reconstructions {Mitome,
Takayanagi 1990] differing from those of bulk crystals. A large number of researchers
have studied the size dependence of the lattice parameter [Apai et al 1979, Balema et al
1985, Montano et al 1986, Crescenzi et al 1987). Systems showed variable results from
no lattice contractions [Montano et al 1986] to a strong lattice contraction [Apai et al
1979].

These interesting and exciting properties of small particles have spawned several
decades of research. The most glamorous of such endeavors in recent years is the study
and application of bucky balls [Kroto et al 1985] and carbon nano-tubes [Lijima 1991].
Other kinds of small particles and clusters of metals, nonmetals, semiconductors and
compound materials are also available. These have been possible due to creative methods
of synthesis ranging from the simple vaporization of metals heated by a resistive boat to

methods employing lasers or arc-discharges to vaporize the species of interest. An
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interesting development is the creation of "optical molasses” which trap the vapors of
relatively volatile metals in the gas phase and hold them in an essentially motionless
condition. This is achieved by the use of focussed tunable lasers arranged to push back
clusters that drift into the laser beam {Ertner 1987).

The development of these materials as single entities or consolidated aggregates,
as in nanomaterials, has resulted in their possible application in areas as diverse as the
commonly understood catalysts to the more esoteric quantum wells and quantum dots.
Table 1.1.1 indicates the many areas in which these materials have become integral
components or have potential applications. Several reviews give detailed accounts of the
progress of our understanding of these novel materials [Ogawa and Ino 1971, Gillet
1977, Ajayan and Marks 1990, Gryaznov and Trusov 1993, Marks 1994a, Marks 1994b].

It is in the context of such breakthroughs and applications that the study of the
evolution, growth and stability of small particle structures gains importance. The studies
in this thesis are directed towards better understanding the kinetics of the morphological
evolution in small particles by extensive experimental observations using high resolution
electron microscopy and modelling of the observed phenomena.

1.2 ELECTRON MICROSCOPY OF SMALL PARTICLES

Small particles have been studied by a wide variety of techniques. The
conventional TEM techniques allow for easy characterization of the particle sizes, shapes
and particle size distributions [Renou and Gillet 1981, Bond 1991]). Special dark field
techniques have also been used extensively to study the defects within small particles {Ino

1966, Yacaman and Dominguez 1980, Marks 1985, Tholen 1986]. X-ray and electron



TABLE 1.1.1: Applications of small particles and clusters

PROPERTY ~ APPLICATION

Reactivity Gas sensors
Combustion catalyst for fuel
Chemical Catalyst
Conductivity Resistive pastes
Conductive fillers
Magnetic High pertormance magnetic tapes
Surface Area Colloidal emulsions in paint
Heat exchanger walls for ultra low temperature
Micro filters
Sintering accelerator
Mechanical Cermets
Nanoceramics
Nanocomposites
Nanometals
Precursor Nanomaterials
Thin film synthesis
Bioceramics
Optical Data storage

Radioactive detectors

Photography
Isolation Quantum dots
Site specificity Protein sequencing

Directional growth inducers  Nanowires

Bucky tubes
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diffraction [Hall et al 1991] techniques give average information on the structure, size and
interparticle spacings. STEM [Pennycook et al 1983, Retchkiman et al 1984, Cowley
1984] analyses have been used in nanodiffraction to obtain structural information about
small particles. With the advent of higher resolution instruments in the early 80s, high
resolution electron microscopy (HREM) has almost become a universal tool to study the
atomic nature of supported small particles. While conventional TEM is based on
separately considering the amplitude contrast information contained in each of the
transmitted and diffracted beams, HREM relies more on the phase contrast between the
transmitted and diffracted beams.

An HREM image is obtained by allowing an accelerated electron beam to
penetrate through a thin material. While passing through the specimen the electrons are
scattered due to their interactions with the lattice potential, formed by the electrons and
nuclei. The scattered exit beam consists of the transmitted beam and different diffracted
beams which on recombination form an interference pattern. The interference pattern
(HREM) image is a compiex function of the phases and amplitudes of the recombined
beams. Its decomposition would then yield the form of the interacting specimen potential
and the structure of the specimen. However, the information is altered by the aberrations
of the imaging electromagnetic lenses.

There is a vast amount of literature [Cowley 1981, S;;ence 1988, Self and O’Keefe
1988, Reimer 1993, Marks 1990] devoted to the process of information retrieval from
an HREM image. The most common approach treats the aberrations as the effect of a

single lens which acts on the waves that exit the surface of the specimen after being
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scattered. The aberrations of the lenses can be of two kinds. Coherent aberrations
include defocus, astigmatism, beam tilt and spherical aberrations and incoherent
aberrations arise from focal spread and convergence of the beam, drift and vibrations.
The coherent aberrations introduce a phase shift to the transmitted waves and contribute

to the phase term x(u), expressed in linear imaging theory as

2@ = m/A(AzA%? +  1/2CsA%?) (1.2.1)

where the Az is the defocus and Cs is the spherical aberration of the lens, u the spatial
frequency in reciprocal space.

The incoherent aberrations act as a soft aperture called the envelope that limit the
spatial frequencies one can obtain in a image. It is usually represented as E(u) and is

given (in linear imaging theory) by

E(wy = S(Vx)2n)F(Au*/2) (1.2.2)

where S and F are the fourier transforms of the convergence and focal spread distributions
of the electron beam.

The objective aperture, on the other hand, is usually considered as a hard aperture
which abruptly cuts off spatial frequencies (An objective aperture is rarely used to form
HREM images, in current practice). The net effect of the aberrations and the aperture is
a contrast transfer function (CTF) which operates by weighting the spatial frequencies of

the final image. In this sense, the microscope is an imaging device with a built in spatial



frequency filter. The sensitivity of the image to imaging parameters requires extensive
simulations to accurately determine the structure of the materials under observations.
Methods to decipher small particle structure can be found in the works of Flueli et al
(1989), Buffat et al (1991), Nihoul (1992) and Kirkland et al (1991). HREM images have
been interpreted to an accuracy of 0.1-0.2 Angstroms [Marks and Smith 1983, Saxton and
Smith 1985] and have even resolved single atoms [lijima 1977] to obtain, not only the
local crystallographic information at the external surfaces of small particles but also the
detailed structure of entire small particles. The accuracy of the numerical simulations and
quantitative HREM have been limited only by the speed and storage of computers.
Fortunately, only the contrast and amplitude of the fringe spacings of the lattice planes
vary with imaging conditions. This allows local crystallographic information to be
identified, in many cases, without resorting to image simulations.

Sam;l)les of supported smail particles are often imaged along with their substrate,
Sometimes the noise from the substrate can be comparable to the structure of the smail
particle [Gai et al 1986], making it difficult to differentiate between substrate and particle.
Filtering techniques applied, with extreme caution, to crystalline substrates can partially
alleviate the problem by removing the periodic component of the substrate [Nihoul 1992].
However, a simpler approach is to use the "profile imaging technique" [Marks and Smith
1983, Marks 1986, Smith et al 1986]. The geometry of the imaging is shown in figure
1.2.1. A variant of the technique images single particles on the edge of the particles and
for the lack of a term it is still called "profile imaging". The technique places the

particles on a background of vacuum and the noise contribution is reduced to that from
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Figure 1.2.1: A schematic of the profile imaging technique. The electron beam direction
is perpendicular to the edge of the surface.
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the image acquisition system.

The use of TV imaging by fiber optically coupled or charge coupled devices has
also greatly facilitated imaging small particles. In general, the phase contrast from a
crystal depends strongly on orientation. When a crystal is tilted far away from a strongly
excitable orientation, the internal structure information is lost and the particle shows only
an outline due to differences in atomic scattering factors (amplitude contrast).
Fortunately, sampies prepared for HREM studies contain hundreds of small particles and
the probability of finding a suitably oriented particle is high. A TV imaging system
allows for quickly moving through the sample and selecting suitable particles for
observation. The use of a suitable video recording device or an image grabber also
allows for the real time observation of dynamic processes in small particles. The images
are captured at NTSC or PAL-SECAM standards of 25-30 frames per second which
places a limit on the lower time scales of detection. The images captured onto video
tapes have a resolution of only 400 horizontal lines per inch, but adequate image
processing can reveal very interesting results. An example is the observation [Bovin and
Malm 1991] of the “atomic clouds" atop some particles fluctuating in structure under the
electron beam. Single dislocations [Kamino et al 1990] at particle edges have also been
seen, The system can also be used for the auto-alignment of the micro‘scope but is
limited in its applicability due to computer speed and memory.

The H-9000 microscope at Northwestern University is equipped with a fiber
optically coupled TV camera system made by GATAN and the UHV H-9000 has a

GATAN CCD camera which greatly simplified the study of the dynamics of small
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particles and their structures.
1.3 SMALL PARTICLE STRUCTURES
1.3.1 The Wulff Construction

The shape of a crystal, in equilibrium with its vapor, can be determined by
minimizing its surface free energy. Mathematically, as first formulated by Gibbs (1878),
it can be expressed as minimizing

f ydS (1.3.1)
where ¥ is the surface free energy which is integrated over the entire surface S.

A solution to the above equation is given by the Curie-Wulff construct (see
Appendix Al.1). Most often, the low Miller index planes have low surface energy. In
fcc metals the low Miller index planes {111}, {100}, {110} are such that

Yin < Yo < Yuo (1.3.2)
which, on application of the Wulff construct, leads to the cubooctahedral form with {111}
and {100} facets as the equilibrium structure in these materials. An example is shown
in figure 1.3.1. There have been several experimental verifications of the Wulff
construction. Heyraud and Metois (1980),(1980b) demonstrated that micron sized
particles of gold equilibrated with their own vapor have Wulff shapes independent of their
actual size. Other analyzes of large single crystals ranging in the tens of nanometer size
[Wang et al 1984, Flueli and Borel 1988, Marks 1990] are also consistent with the Wulff
construction. Even under the constraint of a substrate the Wulff construct can be
modified by adding in a component for the free energy of adhesion [Winterbottom 1967]

and extended {Marks 1990] to include the effect of a non-rigid substrate. However, by
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Figure 1.3.1: (a) An HREM image of a cuboctahedral particle of gold supported on an
amorphous carbon substrate. (b) The schematic of the general three dimensional shape of
a cuboctahedral panicle with only {111} and {100} facets.
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definition, the Wulff construct ignores all the kinetic effects and accounts only for the
surface, but not the total energy. At smaller sizes, edges and comers could stabilize
irregular polyhedra [Wang et al 1984] over the simple deformed Wulff construct. In fact,
in a footnote to his paper [Gibbs 1878}, Gibbs pointed out that the predictions of the
equlibrium requirement are probably incorrect at edges and corner. Herring (1951)
evaluated the rounding that would result if the surface free energies varied over a
uniformly curved edge as a function of the surface free energies of the of the surfaces that
meet at the edge. The model showed that rounding of a few tens of atom spacings could
occur. But Herring concluded that the Wulff construct would hold true for fairly large
sizes without any refinements. Searcy (1984), using a model based on the vacancy
distribution necessary for dynamic equilibrium, observed that increasing the mole fraction
of vacancies at edges and corners leads to metastable shapes other than the Wulff
construct. In a discussion of the effect of packing corrections Marks (1985) showed that
there are large deviations from the Wulff construction for particles as large as 10nm due
to additional edge terms introduced by packing spheres leading to a drop in the fraction
of surface {100} atoms with particle size. Experimental observations [Bonevich 1991]
confirmed the size dependent trend. A molecular dynamics calculation {Cleveland and
Landman 1991] showed a strong variation in facetting with size, Such deviations result
in a wide range of twinned small crystals. (Figure 1.3.2) illustrates the fascinating
number of different forms, often found in metals deposited onto oxide surfaces. Some

structures occur with rather large frequency.
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Figure 1.3.2: HREM micrographs showing a variety of structures which do not correspond
to the single crystal structure.
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1.3.2 Structure of Muitiply Twinned Particles

In 1959, Melmed and Hayward (1959) observed five fold rotational symmetry by
field emission microscopy in 5nm to 20nm diameter whiskers of iron, nickel and
platinum. Similar five-fold symmetry structures were observed by means of optical
microscopy [Wentorf 1963, Gedwill et al 1964] and in electrodeposited copper dendrites
by X-rays [Ogbum et al 1964]. Electron microscopy studies of the nucleation of Au on
a (001) single crystal film of silver [Allpress Sanders 1964] and on cleavage surface of
rocksalt [Ino 1966] revealed the presence of twelve "abnormal” spots in the diffraction
patterns. The nature of the "abnormal” spots was solved by Ino (1966) and independently
by Allpress and Sanders (1967) using extensive darkfield techniques. According to Ino,
the abnormal spots arise from a class of multiply twinned particles (MTPs). The MTPs
consist of single crystal tetrahedra, twin related on their adjoining (111) faces. Common
MTPs are the decahedral MTP(Dh) and the Icosahedral MTP(Ic). The decahedral MTP
is assembled from five tetrahedra arranged symmetrically about an axis, sharing a
common edge (Figure 1.3.3). The configuration has five fold symmetry. The icosahedral
MTP is composed of 20 such tetrahedra sharing a common summit (Figure 1.3.4). When
formed from perfect single crystal units, these models give rise to a spatial discontinuity
formed by an angular misfit of 7° 20° which is compensated by distortions. Experimental
evidence show various defects such as partial dislocations {Smith and Marks 1981],
stacking faults [Nepijko et al 1986], grain boundaries [lijima (1987), (1987b)],

microfacetting [Hofmeister 1991]. Conclusive experimental evidence by Marks (1985)
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Figure 1.3.3: (a) An HREM image of a decahedral multiply twinned particle clearly
showing the 5 different tetrahedral units. The directions of the twins are indicated by
arrows. (b) A schematic of a decahedral muitiply twinned particle.
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Figure 1.3.4: (a) An HREM image of an icosahedral multiply twinned particle exhibiting
a three fold symmetry of the twins(indicated by arrows). (b) A schematic of an
icosahedral multiply twinned particle,
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showed that inhomogeneous strains have to be considered in any model of MTPs.
Theoretical models accommodate the resultant strain in closing the misfit gap in various
ways., Ino (1966) assumed a homogeneous distribution of the strain, Saito et al {(1978)
proposed a dislocation model and several workers based their models on a disclination
approach [de Wit 1972, Howie and Marks 1984, Dundurs et al 1988, Gryaznov and
Trusov 1993].

Geometrically equivalent dense sphere packing models were proposed by Bagley
(1965) for the decahedron and by Mackay (1962) for the icosahedron. These models
account for the misfit gap by assuming a homogeneous deformation. The decahedron has
a body centered orthorhombic structure in these models. The icosahedral model can be
considered to be composed of a rhombohedral structure resulting from the homogeneous
deformation of the twinned tetrahedra towards their vertices along the <111> directions.
The sphere packing models predict that clusters containing a certain "magic" number of
atoms form almost spherical shapes with nearly close packed surfaces which have
exceptional stability. Yang [Yang 1979, Yang et al 1979] conducted an extensive
crystallographic analysis based on the sphere packing models and showed reasonable
agreement between the models and experimental diffraction patterns. The ease of
construction of sphere packing models has also lead to their extensive use in simulations
of high resolution electron images of MTPs. Since their discovery, MTPs have been
found to occur in almost all transition metals and semiconductors. They also form in
some bimetallic compounds [Ajayan and Marks 1990].

The morphologies of small particles are not restricted only to the single crystal,



19

Ic and Dh. (Figure 1.3.5) shows a particle with a complex morphology of twins and are
called polyparticles [Smith and Marks 1981]. These polyparticles usually occur through
partial coalescence of two or more particles, as observed in room temperature growth of
gold on KC1 [Marks 1986] and dynamic HREM observations of coalescence [Flueli et al
1988]. Other structures such as lammellar twinned particles with a flat morphology,
particles with a number of parallel twins [lijima, 1987] are also common. Such large
number of structures observed in small particles leads to the question whether these
structures are only frozen transient kinetic structures. In fact, are any of the non-single
crystal morphologies stable?
1.4 STRUCTURAL STABILITY OF MULTIPLY TWINNED PARTICLES

The stability of small particles and clusters have been studied by two main
techniques: a)ab-initio approaches and b) elastic continuum theory. Ab-initio approaches
are often computation intensive and have béen limited to the study of clusters up to 1.5nm
in diameter. The elastic continuum approach on the other hand is more applicable to
larger particles. Apart from these two main methods, semi-continuum approaches such
as packing corrections and capillarity considerations have also been employed by Griffin
and Andres (1979), Martins et al 1981, Halicioglu and White (1981), Wang et al (1984),
Marks (1985) and many others.

1.4.1 Elastic Continuum Approach to Determine Structural Stability

The first attempt to calculate the relative stabilities of single crystal f.c.c particles

and MTPs, using continuum elasticity, was made by Ino (1966). In his model, the total

free energy of a structure was evaluated by considering it to be the sum of the cohesive



Figure 1.3.5: A polyparticle exhibiting a mixture of twinned regions.
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energy U,, surface energies U, of the particle, the particle-substrate adhesive energy U,.
In addition to these terms the MTPs included a twin energy term U, and a homogeneous

elastic strain U,. The total free energy can be expressed as

Us=-U+U-U,+U +U, (14.1)

that is

U, = -VINE, +S()y -A(Ny, +WNDW +T(r)y, (1.4.2)

where V(r), S(r), A(r) are the volume,the surface area and the area adhering to the
substrate, "r" is the radius of the particle, W is the elastic strain energy density and T(r)
is the twin boundary area. The surface energy per unit volume is given by ¥, the adhesive
energy per unit area is represented by v,. The twin boundary energy is characterized by
Y. .the twin boundary energy per unit area. E_ is the cohesive energy per unit volume.
Energies of the tetrahedron, octahedron, Wulff polyhedron, Dh, Ic were computed.
Comparison between structures were made assuming them to consist of the same number
of atoms. Numerical values for the energies were derived from the bulk ( The validity
of such an extrapolation for small particles is in doubt ). The results, however, were in
general accord with the experimental observations, The icosahedron was found to be the
most stable followed by the cubooctahedron at small sizes and a crossover to the
cubooctahedron was observed at larger sizes. A drawback of the analysis was its inability
to explain the stability of the Dh.

In order to explain the occurrence of decahedral Dhs, Howie and Marks (1984)

proposed a strong surface facetting model using a modified Curie-Wulff construction (see
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Appendix Al.2). The model included the twin boundary energies as re-entrant surface
contributions and also introduced the effect of surface stresses. A comparison of the
energies of the three structures placed stability of the decahedral MTP between the
icosahedral MTP and the single crystal for a range of sizes. It also enumerated the
conditions favorable for MTP formation as extensive facetting, small twin boundary
energy and small surface stresses. In both the analyzes, the MTPs are stable at smaller
sizes,

1.4.2 Cluster Studies Using Ab-Initio Approaches

A simple strategy to determine the stability of small clusters is to construct units
of relatively high binding energy corresponding to close packed structures symmetric
about a central atom with as little surface area as possible. This "spherical" cluster
approach was introduced by Bernal in his studies on the short range order of liquids and
is discussed in detail in his review (Bernal 1964). A similar approach was applied to
small clusters by Benson and Shuttleworth (1951). The sphere packing models showed
the realization of the Werfelmeier series [Werfelmeier 1937] in which the atoms first form
a tetrahedron, which in turn grows on to a decahedron and then finally forms an
icosahedron. The variety of structures possible with different packings and external habits
has been detailed by Van Hardeveld and Hartog (1969). Burton (1970) found that some
of the compact cubooctahedra considered by Van Hardeveld and Hartog were actually
metastable and could change over into the corresponding strained icosahedra. But, at
best, the spherical packing model is a crude approximation of the real atomic potentials

in a crystal.
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An extension of the sphere packing models uses computer simulations employing
Monte-Carlo or Molecular dynamics in conjunction with atomic potentials. The
simulations [Nishioka et al 1971, McGinty 1971] using various kinds of pair potentials
show the MTPs to be among the stable morphologies. Again, the drawbacks of
simulations is the lack of an interatomic potential truly representative of the atomic
interactions in small particles, specially that of metallic particles. The applicability of the
different atomic potentials to clusters has been discussed in detail by Uppenbrink and
Wales (1992).

In spite of the lack of a good atomic potential, early works showed several
remarkable trends in small particles. Hoare and Pal (1971),(1972),(1979) examined the
compact minimum configurations and small harmonic deviations from the minima of 4
to 70 atom clusters interacting through two body potentials and found a large number of
minimal energy configurations with very small energy differences between them
suggesting that the clusters had several coexisting configurations. Gordon et al (1979)
calculated the cohesive energies of various size clusters with icosahedral and
cubooctahedral geometries and found that for the same size but different geometries, the
cohesive energy difference between the clusters is very small. Similarly, a series of
studies by Berry, Wales and.coworkers [Beck et al 1988, Berry et al 1984, Natanson et
al 1983, Davis et al 1990, Wales and Berry 1990, Wales and Berry, 1990b, Wales, 1990]
show that the clusters have a number of configurations and low energy transitions are
sufficient to cause a change from one state of configuration to another.

In recent years, two models employing a many body term in addition to the
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pairwise interaction terms have resolved many of the difficulties associated with simple
pairwise interactions.

In the "glue model” proposed by Ercolessi et al (1991), the many body term is
an energy associated with the local coordination number of each atom. It accounts for
the cohesive character of the electronic d-bands in noble metals. However it is non-
directional. This implies that the giue model would not be able to distinguish between
structures whose coordination shells contain the same number of atoms and have the
same interatomic spacings but vary only in the angular disposition of the atoms.
Therefore, it would not distinguish between f.c.c and h.c.p structures.

The results of a simulated annealing procedure using the glue model [Ercolessi
1991] showed the relaxed f.c.c cubooctahedron to be most stable followed by the
truncated decahedron, the icosahedron and finally a disordered "amorphous" structure.
These results are in direct contradiction to that of the predictions of Ino (1966) and Howie
and Marks (1984) as well as experimental results.

In contrast, a detailed numerical study [Cleveland and Landman 1991] of Ni
cluster energetics and structure using many body interaction potentials gave the same
stability ‘sequence as found by Marks. The many body interaction potential was obtained
by the embedded atom method(EAM) [Daw and Baskes 1984]. In the EAM method, the
many body term is treated as arising out of the electron density around the atoms. The
attractive force is provided by the local electron density and the repulsive term is
considered to be from the pairwise interaction. The embedded atom method, however,

has not been used to study the effect of temperature on small particle stability.
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A common observation of all the simulations, irrespective of the technique or the
potential used in the calculations, is the occurrence of a finite range of temperatures and
sizes within which a number of structural configurations can coexist. The concept of a
coexistence regime implies the lack of an absolute minimum energy structure and we
shall discuss this in much greater detail in the following chapters.

1.5 GROWTH AND TWINNING

The thermodynamic stability analyzes of the particles indicate that Ics and Dhs
would be absent at larger sizes. But experimental observations show that tﬁe MTPs
persist to sizes as large as 1-2mm [Haluska et al 1993]. A possible explanation for the
deviation is that the particles are frozen in a kinetic state which allows for the metastable
phases to coexist with the lowest energy single crystal. This would imply a gradual
decrease in the number density of MTPs with size. Again, experimental results do not
reflect this trend [Solliard et al 1976).

Some of the earliest observations on small particles even show the occurrence of
microtwins in evaporated thin films of transition metals, Burbank and Heidenreich (1960)
suggested that the twins were formed to accommodate the displacement between the
lattices of coalescing nuclei. Later Hall and Thompson (1961) explained the microtwins
formation as a consequence of accidental wrong stacking of atoms in the {111} faces of
growing nuclei. Matthews and Allinson (1963) argued that microtwins emerged as a
result of misalignment of nu;:lei in the early stages of growth. Misalignment of nuclei
leads neighboring nuclei to have lattices closer to a twin relationship than a parallel

alignment. During coalescence, one of the nuclei could easily rotate and become a twin
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of the other. Thicker films would have fewer number of misaligned nuclei resulting in
a more uniform perfect film. Evidence for this proposal was found in their experiments
on evaporated films with a thickness gradient where the thicker end was a perfect single
crystals which gradually changed into increasing numbers of misaligned nuclei.

Another mechanism, suggested by Hall and Fawzi (1986) from their observations
of the development of the structure of MTPs with thickness in electrodeposited Ni films,
implies that the MTPs arise by a process of repeated twinning. In contrast to the earlier
work of Matthews and Allinson (1963) they found that MTPs are better formed in the
thicker than the thinner films. The repeated twinning pror;'ess(Figure 1.5.1) occurs by the
initial formation of a single twin boundary separating two twin orientations. Secondary
twins then grow, one in each of the original twins having a common boundary along the
line of the original twin boundary. Finally, another section of orientation is added to
complete the MTP structure. The formation of MTPs by this mechanism is supported by
the common occurrence of four-twin structures in the films.

Even though these models provide plausible accounts of the formation of twins
in evaporated films they do not explain the occurrence of twins within individual small
particles much before their coalescence. A model for twinned particles and their growth
can be found in the initial works on epitaxial deposited thin films by Allpress and Sanders
(1967). They based the growth of particles on the relative bonding between metal-
substrate and metal-metal atoms. The most stable arrangement of two metals atoms then
is a pair and of three a triangular array lying flat on the substrate. A fourth atom can -

either form a planar or a tetrahedrai configuration. In the event of a strong metal-



Figure 1.5.1: A schematic to illustrate the successive twinning mechanism proposed by
Hall and Fawzi (1986) to expiain the occurrence of five fold twins during large scale
electrodeposition.

Figure 1.5.2: The succesive twinning mechanism suggested by Allpress and Sanders
(1967) leading to the formation of MTPs.
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substrate bonding energy or a high energy atomically rough surface with many kink sites
the planar configuration is preferred and forms sheets of atoms leading to lamellar
structures. On the other hand, most epitaxial depositions are performed on atomically
smooth substrates which allows for atoms to easily move on to the top of the planar
islands to form three dimensional clusters. Renucleation of a layer on one of the exposed
{111} faces is then accompanied by a high probability of faulting leading to the eventual
formation of primary twins (Figure 1.5.2). Further formation of secondary twins without
renucleation would lead to a symmetrical pentagonal crystal, provided only two faces of
the parent becomes twinned. If all the three faces of the parent crystal becomes twinned
then an icosahedral crystal can be created. If the metal-metal bonding energy is very
strong, the initial clusters will be highly faulted and the structure formed by continued
growth would have most of the atoms in non-lattice sites. This would lead to a
rearrangement of the atom positions into a perfect crystal which could then form MTPs
by the successive twinning mechanism. They also suggest that coalescing particles can
form new particles by retaining their original shapes or form new structures which have
no relation to j:hat of their predecessors. Fukano and Wayman (1969) advocated a sphere-
packing sequence in which a central icosahedron undergoes a rotational displacement to
become a pentagonal prism which grows about its symmetry axis.

An alternative model [Gillet and Gillet 1972), also proposed by Ogawa and Ino
(1971), suggests that MTPs form from layer by layer addition to an existing nuclei. A
nucleus of seven atoms exhibiting a five fold symmetry forms the decahedral MTP and

a 12 atom nucleus forms icosahedral MTPs. Farges et al (1984), in a similar
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model(Figure 1.5.3), proposed that the an extra layer of atoms can be added onto a
icosahedral nucleus either by the formation of an extra FCC layer or the formation of an
additional twin. However, the potential energy of the latter arrangement is much higher
and more unstable than the form for icosahedra more than three layer resulting in
preferential layer by layer growth. Iijima (1987), from observations of small particles of
Si formed by the arc-discharge method in an inert gas environment, concluded that
decahedral MTPs can be formed from the nucleation (Figure 1.5.4) of a decahedral
embryo on the surface of a liquid droplet. The embryo can then grow by subsequent
crystallization of the droplet along the pentagonal symmetry axes into a decahedral MTP.

Almost all the models considered so far were suggested by observations of post
deposition particies. While these observations did provide pointers on the nature of the
growth process, a more definitive demonstration had to await the classic in-situ
observations by cine film of Yagi et al (1975), who studied the growth processes of Ag
and Au particles on MgO and clearly showed that MTPs form by successive twinning as
well as by layer by layer growth., They also showed that MTPs can reform after
coalescence. This was the first direct evidence of the stability of MTPs. An interesting
observation made by them was that the dark field images showing the characteristic
butterfly-like contrast changed continually in orientation and intensity during growth
reflecting the dynamic mode of growth. | This implies that MTPs could be
crystallographically interrelated. In fact, Mackay (1962) and Marks (1980) suggested that
the MTPs and single crystal forms are all crystallographically inter-related and thermal

vibrational modes could induce structural transformations between them. Tholen (1981)
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Figure 1.5.3: The layer by layer growth mechanism in a multilayer icosahedrat MTP. (a)
An icosahedral nucieus of 55 atoms (Mackay icosahedron). (b) The external face of one
of the tetrahedrons when covered by an additional regular Fcc layer. (c¢) The resultant 3-
layer icosahedron formed from the Mackay icosahedron (when it is compietely covered
by an additional layer)(Adapted from Farges et al 1984).

-)-D

Figure 1.5.4: The nucleation and subsequent growth of a decahedral embryo from a liquid
droplet. as proposed by lijima 1987.



31

also showed that the particles can transform due to vibrational transformations from an
analysis of Co particles aggregated by the arc-discharge method. As mentioned earlier,
computer simulations also indicate that the all particles can grow and interconvert
between a multitude of configurations.

1.6 STRUCTURAL FLUCTUATIONS AND QUASIMELTING

Interestingly, such coexistence regimes are not limited to small clusters. A series
of electron microscopy observations [lijima and Ichihashi 1986, Smith et al 1986,
Wallenberg e't al 1986, Malm et al 1988] using real time video recordings have shown
that particles smaller than 5Snm are structurally unstable in the presence of an intense
electron beam. The particles fluctuate with high frequencies between single crystal
structure and MTPs. In materials, such as Ru, which do not readily form MTPs the
fluctuations took place between close packed structures of h.c.p, f.c.c and b.c.c [Malm et
al 1988].

Iijima and Ichihashi (1986) observed during in situ studies that the structural
fluctuations were enhanced by the electrical conductivity of the substrate. In some cases,
the particles jumped away from the substrate. They discounted the effect of beam heating
and suggested that the particles or local areas within them deviated temporarily from
electrical neutrality. In such a case, the insulating substrate would impose Coulomb
repulsive forces on the particle until it discharges. The translational and rotational motion
would be affected by this force and the structural modifications would be caused by the
strain induced by particle-substrate adhesion.

Howie (1986) hypothesized that the fluctuations are induced by an inner shell
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excitation process. The process can be described as the removal of a core level electron
which is then filled by electrons from higher energy levels followed by the simultaneous
emission of X-rays and a secondary Auger cascade process due to emitted surplus energy.

An alternative mechanism considers the structural instability as a result of spikes
in the temperatures of the particle. Williams (1987) speculated that rapid increases in
temperature result when Auger electrons impart energy to a particle faster than the heat
transferred away from the particle. The fluctuations in a 2nm cluster, at a beam flux of
20A/cm?® were calculated to be 10-20 times a second. This seems to be confirmed by
observations, however, the occurrence of fluctuations at much lower beam fluxes [Ajayan
and Marks 1989] implies that the process is driven by other mechanisms.

It has been found [lijima and Ichihashi 1986] that heating the particle system to
S00K produces similar effects as beam flux induced structural transformations.
Theoretical resuits have also shown that heating can reduce surface anisotropy and cause
structural fluctuations by reducing the activation barriers between shapes. However,
calculations [Gale and Hale 1961] and experiments using energy loss spectroscopy [ Rez
and Glaisher 1991] of the temperature rise caused by beam heating show a maximum of
only 100K. The paricles are also found to be at almost the same temperature as the
substrate. Such a small rise is not enough to cause the fluctuations, This discounts beam
heating as the sole mechanism for structural fluctuations.

Small particles on a support are found to align themselves with a zone axis
parallel to the electron beam. The particles show no correlation with the substrate

orientation. The effect has been related to a direct momentum transfer due to scattering
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of the electron beam. Marks and Zhang (1992) term it as an "electron wind effect".
Karlan and Tholen (1988) found that such a momentum transfer can produce rotational
frequencies as high as 6 x 10° rad/sec. They assume that the fluctuations in structure are
produced by the elastic stresses induced by the rotations and particle-substrate adhesion.
No extensive calculations were performed to show the exact relation between the
fluctuations and rotations. Therefore the exact mechanism of energy transfer due to an
electron beam continues to be unresolved.

Summarizing, the research on small particles indicate that the particles have
numerous twinned configurations. Among the twinned configurations, the most common
are the decahedral and icosahedral MTPs, The energy differences between the various
configurations are very small and the particles have been observed to undergo rapid
structural transtormations under the beam. While the exact mechanism of energy transfer
due to an electron beam remains unresolved, the temperature effect is negligible.

In the following chapters a unique method of obtaining information on the

preferred occurrences of morphologies will be described and applied to material sysiems.



CHAPTER 2: EXPERIMENTAL MORPHOLOGY MAP ( Au/SiO )

2.1 INTRODUCTION

The survey of studies on small particles and clusters in the last chapter indicated
that clusters have a number of possible configurations and small particles tend to show
a similar behavior. This implies that the idea of a potential energy surface introduced for
very small clusters also applies to larger small particles [Marks 1983] as illustrated in
figure 2.1.1. Many local minima exist corresponding to, for instance, multiply twinned
particles or single crystals separated by energy barriers. If the energy differences between
the wells are large and the kinetics for transitions are adequately fast the system tends to
the lowest thermodynamic state. If either the kinetics are slow or the energy differences
are small, a population of structures becomes feasible and with increasing energy in the
system the particle would sample progressively larger areas of the potential energy
surface. The critical issue then is the determination of the activation energies separating
the particle morphologies.

An elegant approach to understand the nature of the potential energy surface
between twinned particles of sizes larger than 10nm was suggested by Marks (1983). The
basic procedure involved dividing up the twin boundaries and then minimizing the surface

energy of each single crystal unit using a modified Wulff construction (see Appendix
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Figure 2.1.1: Schematic of a two dimensional section of a hypothetical potential energy
surface (Contour map of the free energy as a function of only the morphology of the

particle). Ic, Dh, Sc, St are icosahedral MTP, decahedral MTP, single crystal and single
twin respectively
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Figure 2.1.2: Diagram of a hypothetical potential energy surface for a twinned particle.
Energy contours correspond to non-equilibrium values of relative volumes of tetrahedras
and the fraction (o) of twin boundary energy shared by two adjacent segments. The dotted
lines trace two possible paths X and Y representing single crystals. The point O is a
constrained minima. Note that even though, OX and OY are low energy paths, the twin
boundary constrains the particle to move along OZX (reproduced from Marks 1981).
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Al.2) and then matching the partition fraction with an appropriate value of the relative
volumes of the single crystal components. Each case of completely matched faces is a
local minimum in the potential energy surface. Figure 2.1.2 represents the hypothetical
potential energy surface. It illustrates the effect of surface facetting on the path taken by
the small particle. In pariicular, the effect of temperature in reducing the surface facetting
and inducing a shape change is seen. The model, while showing remarkable qualitative
agreement with experimental observations lacks quantitative results for energy values as
functions of the temperature, anisotropy and particle shape.

The effects of these parameters were studied in greater detail by Dundurs et al.
(1988) by taking just one section of the n-dimensional potential energy surface. The
section corresponds to a series of asymmetric decahedral MTPs. The total strain energy
of a decahedral MTP was solved as a function of the distance of the 5-fold axis from the
particle center in two-dimensions, followed by a constrained minimization of a (111) and
(100) facetted set of five single crystal units with the same asymmeiry. The structure of
the crystal changes with the position of the disclination such that when x=-1 it is a single
crystal, when x=1 a crystal with one twin boundary and when x=0 a symmetrical
decahedral particle (Figure 2.1.3). The initial work by Dunders et al. (1988) was for
particles at absolute zero temperature; a later analysis included the temperature effects in
terms of the entropy terms [Ajayan and Marks 1989]. The results, shown in figure 2.1.4,
demonstrate that the activation energy barriers are surprisingly low even at very moderate
temperatures.

From the free energy values as a function of particle size and shape, it is possible
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Figure 2.1.3: The two dimensional change in crystal structure corresponding to the
movement of the disclination in one direction, where B represents the distance of the
disclination from the center of the particle (adapted from Dundurs et al. 1988).
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Figure 2.1.4: Schematic of the index of quasimelting shown as a function of particle
radius and temperature. An index close to 1 implies lower activation energies and higher
probability of structural fluctuations (reproduced from Ajayan 1989).



39

to estimate the conditions where a particle will start to fluctuate. This was done by taking
the ratio (termed as the index of quasimelting) of the probabilities of the highest and
lowest energy structures. When this was larger than (.95, structural fluctuations were
assumed to be possibie. At low temperatures and moderate sizes the particles are static.
Increasing temperatures closer to the melting point, on the other hand, lead to fluctuations.
A phase diagram (Figure 2.1.5) constructed from the calculated free energies and the data
for size dependent melting given by Couchman and Ryan (1978) was used to indicate the
stability regimes for the icosahedral MTP, decahedral MTP, single crystal and the melt.
The regimes include a region, referred to as "quasimelting”, of unstable structures
coexisting together. It corresponds to a region where the particles have an index of
quasimelting larger than 0.95. Many molecular dynamics calculations of small clusters
have observed the same phenomenon, which in some cases has been described as
premelting [Heyraud et al. 1989, Ercolessi et al. 1991, Beaglehole 1991]. Because of the
difficulties of handling large enough clusters to match the small particle data, and also
long enough time periods, comparison is difficult. For instance, Sawada and Sugano
(1991) attempted an extrapolation from their data but were unable to obtain reasonable
results unless they hypothesized multiply ionized clusters, which is unreasonable.

As apparent from the real time observations and the theoretical calculations,
particles occupy a variety of morphologies which can be considered as local minima in
potential energies in a configurational space [Marks 1983]. The nucleation and growth
of the particles follow a trajectory in this space decided by the probabilities of the

morphologies at a given time for the local conditions around the particle. In this sense,
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Figure 2.1.5: Phase map showing the stable structures and the quasimolten phase. Stability
regimes are: the liquidus state L, the quasimolten state QM. Dh, Ic, Sc are the decahedral
MTP, icosahedral MTP and the single crystal regimes respectively (Ajayan 1989).
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the particle morphologies are history dependent and any real attempt to decipher the
evolution of particle morphologies would have to consider the entire configurational space
or at least a section of the space for a given controlled set of conditions.

At this juncture of studies on small particles, there is a bewildering amount of
information collected on small particles. However, all the experiments, except the inert
gas aggregation methods [Renou and Gillet 1981, Hall et al. 1991, Reinhard et al. 1993,
Reinhard et al. 1994] and the static morphology study by Yagi et al. (1975), sample only
single points of the configurational space.

Electron diffraction studies on free floating particles formed by the inert gas
aggregation method form a systematic approach to verify the “"phase diagram"
experimentally. The studies also satisfy the assumption of a free floating cluster. The
method [Yokozeki and Stein 1978] uses a hof vapor produced by evaporation from a
molten source. This vapor then mixes with an inert gas, which is much cooler, causing
the vapor to cool very quickly and condense into small particles. The mixture of small
particles and gases are then directed along a beam of gas, by differential pumping of the
chambers in the path of the electron beam. The data obtained from the method [Hall et
al. 1991] using a modified inert gas system and a set of electron diffraction patterns for
the three particle types in the phase diagram show qualitative agreement with the phase
diagram. However, the inert gas aggregation method is strongly affected by the
conditions at the evaporation source and the gradient in conditions below it. These
parameters vary significantly with each experimental run, thereby reducing the

quantitative application of the data to free floating particles. HREM imaging offers an
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alternative solution, in being able to record the morphological fluctuations in real time.
Again, experimental real time information has been largely limited to short time
observations which only show the existence of structural transformation in small particles.
Only two papers [Kizuka et al. 1993, Narayanaswamy and Marks 1993] identify and
quantitatively differentiate the components of the real time observations in small particles.
Kizuka et al. (1993) focussed on the orientation relationship between a fluctuating small
Au particle and its substrate (MgO crystailite). Narayanaswamy and Marks (1993)
showed that a fluctuating Au particle subjected to an electron beam has a high rate of
rotations along with a much lower rate of transformations. In particular, real time high
resolution electron microscopy (HREM) has not been used quantitatively to follow the
time evolution of the transformations of a small particle for a range of sizes.

In this chapter, a method of obtaining quantitative information on the time
evolution of morphological fluctuations will be discussed and applied to extract
information to map the potential energy surface and to understand the nature of the
kinetics of the fluctuations.

2.2 SAMPLE PREPARATION

Small particles can be deposited onto a variety of substrates. In order to conduct
the real time studies, three such substrates were cf)osen. MgQ is an electron transparent
crystalline oxide which can be easily synthesized by "smoking”" a Mg ribbon and
collecting the "smoked"” particles onto a grid. Holey amorphous carbon is also another
ideal substrate for the imaging of small particles. Similarly, SiO is a stable amorphous

oxide of Si commercially available in large quantities as mm size particles. When
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suitably crushed it cleaves into wedge shaped, smaller particles with abundant thin
material at the edge. The thin edge is electron transparent. The amorphous nature of SiO
also ensures minimal substrate-particle effect, preventing any bias for a morphology due
to preferred orientation relations. Moreover, Au does not react with all three of the
substrates to form any subsidiary compounds at the interface. Au is an inert noble metal
and is very stable even at atmospheric conditions. It also has a low sticking coefficient
which réduces ambiguity in the experiment due to changes in surface energy from
chemisorption. As a material for imaging, its high atomic scattering factor makes it easy
to identify against the backdrop of SiO.

Small particles deposited on all three of the substrates showed morphological
transformations. However, an amorphous substrate was preferred over a crystalline
substrate t0 minimize any preferred morphology due to particle substrate orientations.
Most of the experiments were conducted on SiO due to the ease of synthesis.

Au-S8i0 specimens were prepared by adding a drop of distilled H,O containing fine
crushed SiO onto a 1000 mesh, 3mm Cu grid. ‘Au was then deposited from a resistively
heated tungsten boat onto the dried grid in a Denton 501a evaporator maintained at a base
pressure of 1x10° torr. The deposition was monitored by a crystal monitor sensitive to
submonolayer coverages. The prepared specimen was then quickly transferred to a
Hitachi H-9000 HREM routinely capable of a pressure of 1x107 torr.

Two different flux conditions are possible in the microscope. A low flux
condition. in which the beam flux varied up to 60amps/cm®, can be obtained by the

insertion of a condenser aperture. In the absence of any aperture a high flux condition
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of up to 150amps/cm? is obtainable at the cost of a small loss in resolution. The fluxes
can be directly monitored by the insertion of a Faraday cup. Further sample preparation
was conducted in the microscope. An initial anneal of the specimen at a beamn flux of
SOamps/cm?® with a condensed beam for 15 minutes was performed to remove carbon
contaminants from the surface.

One of the problems associated with studying supported particles is the often
quoted "ambiguity” of the role of the substrate. Substrate particle interactions are known
to cause encapsulation of particles as well as form pillars beneath the particle [Ajayan
1989]. Pillar formations have been observed in Au-MgQO systems and the catalytic growth
of bucky tubes [Amelinckx et al. 1994] has been attributed to the same mechanism. In
fact, similar growth patterns have been found in the growth of Si, Ge whiskers and InP
pillars {Bootsma and Gassen 1971, Givargizov 1975]. The process can be understood as
a competitive mechanism between the surface diffusion of the substrate to encapsulate the
particle and the volume diffusion promoted by the curvature and interfacial stresses at the
particle substrate interface. The bulk diffusion can be enhanced by creating a large
number of point defects [Itoh and Tanimura 1986, Murphy 1989]. In the microscope, this
can be achieved by the use of an electron beam [Ajayan 1989]. Pillars readily form at
high fluxes. In the Au-SiQ system the pillars are more of the form of mounds tapering
from the substrate towards the particle (Figure 2.2.1). Since the process involves only
local diffusion and there is no renewal of mass to maintain a concentration gradient, the
mass transport reduces with time and an equilibrium height is attained, depending on the

beam flux and the radius of the particle. It has been shown [Ajayan 1989] that the height



Figure 2.2.1: Pillar formed beneath a particle.
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of the pillar varies inversely with particle size (Figure 2.2.2)., Substrate particle
interactions were further minimized by a second annealing cycle, after selection of the
particles of interest. The beam flux in the second cycle was controlled such that the
substrates directly beneath the panicles formed mounds which did not change in height
during the observations. Further, high fluxes (22Amps/cm?) are necessary to initiate the
process of morphological transformations but the fluxes required to sustain it are much
lower [Ajayan and Marks 1989].Particles smaller than Snm transformed between
morphologies even at 3A/cm?, the minimum flux at which the particle fluctuations could
be recorded. Sometimes, higher fluxes led to very rapid movement and rotation of the
particles which displaced them off the mounds. After being displaced off the mounds the
rate of structural transformations of the particles decreased until they once again rested
atop pillars. All observations to map the evolution of morphologies were therefore
conducted by first initiating the formation of pillars. Due to the sensitivity of the pillars
and particles to these parameters and the variation of the upper and lower limits of flux
conditions with size, only particles which formed stable pillars and remained on them for
at least 5 minutes were used for the observations.
2.3 DATA ACQUISITION
2.3.1 Data Reduction Scheme

'i"he morphological transformations in the selected particles were then observed,
in real time, with a fiber optically coupled GATAN TV camera. Simultaneously, images
were recorded onto Hi8mm video tapes using a Sony EVO9800 connected to the TV

camera, The images in the tape were then individually scanned into an Apollo
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workstation through an ITEX image grabber for further analysis by SEMPER, an image

processing software (Figure 2.3.1).

To ensure a good statistical count, each observation lasted for more than three
minutes. During this time several hundred image frames (each corresponding to an
exposure of 1/30th of a second) were recorded. These images were then analyzed and
pattern matched by using a data reduction scheme. A basis set of good images was
selected from each recording and completely characterized using simulated images and
experimental images obtained by earlier workers [for example: Marks and Smith (1981),
Buffat et al. 1991, Kirkland et al. 1991, Altenheim et al. 1991, Giorgiq et al. 1992,
Giorgio et al. 1993]. Each basis set consisted of four distinct morphologies in various
orientations, featureless structures were identified as indistinguishable and structures with
features that could not be classified were categorized as unknowns (Figure 2.3.2).

The entire recording for that particl;: size was then processed frame by frame by matching
all the images with the characterized basis set. The images were matched by comparing
overall particle morphology, facetting and re-entrant faces. Cross correlation filtering
with a Gaussian [Frank 1980, Buckett 1991], Fourier filtering and power spectra of single
frame images were used to enhance the visibility of any fringes in the particle.

2.3.2 The Basis Set

The basis set comprised of the commonly occurring single crystals, single twins,
icosahedral MTPs and decahedral MTPs. The images of the different structures vary with
orientation and a complete classification requires image simulations at different

orientations. Many researchers {Marks and Smith 1981, Buffat et al. 1991, Kirkland
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1991] have identified several different orientations. Some of the symmetric structures
from these classes and their contrast variations are discussed below.

Cubooctahedral single crystal for fcc metals is an octahedron with (111) external
facets, truncated by a cube having (100) facets and centered on the octahedron.
Sometimes there is an additional truncation by a second cube with (110) type facets. The
extent of the truncations is decided by the relative surface energies and in Au, the
structure is closer to a cubooctahedron with regular hexagonal (111) facets.

The contrasts in most images result from the {111} and {200) type planes and in
some cases there is a small contribution from the {220} sets. The most easily identifiable
of the cubooctahedrons are the high symmetry axes, that is, the <110> and <100>
orientations. These orientations give rise to "atomic column" contrasts of black and white
dots. When viewed down the <110> axis, the contrast arises from two {111} and one
{200) sets. The result is a series of black and white dots with an angular pattern (Figure
2.3.3). In the <100> orientation, two {200} sets of planes cross each other at right
angles. The image consists of a rectangular mesh pattern (Figure 2.3.4). Most of the
cubooctahedral images can be classified by considering just these orientations and taking
care to note that the real time images do not necessarily have symmetrical particles and
the orientations will mostly be at a smalil angle deviation from these axes ( for example:
Figure 2.3.5). Single crystals do not have any reentrant fa;es in the external morphology.
By their definition, they have no planar defects which considerably simplifies their
identification. Figure 2.3.6 illustrates a decahedral MTP which can be wrongly identified

as a-gingle crystal without careful scrutiny.
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Figure 2.3.3: (a)HREM image of a cubooctahedral particle in the 110 orientation. (b)
Schematic of the 110 oriented cubooctahedral particle.

Figure 2.3.4: (a)HREM image of a cubooctahedral particle in the 100 orientation. (b)
Schematic of the 100 oriented cubooctahedral particle.
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Figure 2.3.6: An asymmetrical decahedral MTP with the disclination located very close
to the crystal edge.
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Single twinned particle resemble single crystals in many respects. However, they
can be distinguished by the presence of a single line of black and white dots separating
two mirror symmetric regions. Often, the line of separation is not visible and the
morphology is distinguished solely on the basis of the mirror symmetry of the contrast
(Figure 2.3.7).

The contrast arising from MTPs can be qualitatively understood from the
orientations of the individual tetrahedra within them. The tetrahedra have (111) external
faces and the edges are always along the <110>. A facet parallel to the direction of
observation is, therefore, a set of {111} planes imaged as a set of fringe lines. One edge
parallel to the beam induces atomic contrast. The final image can then be considered as
a sum of these effects with the inclusion of the variation in thickness of the tetrahedra.

Perhaps the most easily recognizable structure in the basis set is the five fold
symmetric <110> oriented decahedral morphology. In this orientation each of the five
tetrahedra has an edge parallel to the axis of observation giving rise to atomic column
contrast (Figure 2.3.8). The other high symmetry axes <100> and <111> also give an
atomic column contrast. When the decahedral MTP rests on one of its faces, the resulting
image (Figure 2.3.9) reveals only {111} fringes on one edge while the remaining twinned
regions are seen only as dark contrast areas. At a tilt of 77.6 degrees from the fivefold
axis, a rather unique structure is seen. Flueli et al. (1991) explain the contrast as one twin
plane parallel to the beam produces one set of fringe lines extending over the image of

the two tetrahedra joined by a twin. Then each external facet parallel to the axis of



Figure 2,3.7: A single twinned crystal (twin indicated by an arrow).
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Figure 2.3.8: (a))HREM image of a decahedral MTP in the fivefold orientation, Note the
clearly resolved twins.(b) Schematic of the orientation.

Figure 2.3.9: (a) HREM image of a decahedral MTP lying on a 111 face.(b) Schematic
of the orientation.
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observation generates one set of fringes which on superposition with the first set produces
the contrast in figure 2.3,10. Another complex structure, which is often not considered
as identifiable, is shown in figure 2.3.11. It is a decahedral MTP oriented at an azimuthal
angle of 60 degrees and a declination of 18 degrees from the five fold axis. Simulations
[Kirkland 1991] indicate that the image is composed of {111} fringes in <112> tetrahedra
and crossed {111} and {200} fringes from <110> tetrahedra which overlap to produce
Moire fringes extending over large parts of the particle. image. Decahedral MTPs and
single twinned morphologies present almost identical contrasts in some conditions. Figure
2.3.12 is one such case. It clearly shows two different planes and the appearance is
similar to a <110> oriented crystal with a single twin on a {111} plane. Closer
examination shows that the planes are not mirror symmetric, the "twinned region" ends
with a ribbed structure which is characteristic of a decahedral MTP oriented at an
azimuthal angle of 0 (or 36) degrees and at a declination of 60 degrees.

Figure 2.3.13 illustrates an icosahedral MTP in the five fold symmetric <110>
orientation. The contrast arises from two decahedral domains observed along their five
fold axis and rotated by half the tetrahedral apical angle(n/10) with respect to each other.
The resulting Moire pattern shows a tenfold symmetry for a perfect icosahedral ‘MTP.
The image is extremely sensitive to distortions and misorientations from the ideal
structure and the tenfold symmetry is rarely seen in experimental images. The orientation
is extremely difficult to interpret in the presence of a strong amorphous
background(Figure 2.3.14).

The image of an icosahedral MTP along the two fold symmetry axis (<112>) is



Figure 2.3.10: (a) An HREM image of a decahedral MTP tilted by an angle of 77.6
degrees from the five fold orientation. (b) Schematic of the orientation.
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Figure 2.3.11: (2) An HREM image of a decahedral MTP at an angle of 60degrees
azimuthal, 18 degrees declination from the tive {old orientation.
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Figure 2.3.12: (a) A decahedral MTP that is commonly mistaken to be a single twin.(b)
Schematic of the orientation.
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Figure 2.3.13: (a) A five fold symmetric orientation of the icosahedral MTP is seen in this
HREM image.(b) A schematic of the orientation.

‘Figure 2.3.14: (a) HREM image of a fivefold symmetric (misoriented) icosahedral MTP
in an amorphous background.
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easily recognized by the presence of a ribbed structure along the central plane. The
contrast, in terms of tetrahedra, arises mainly from eight tetrahedra, grouped in eight
bitetrahedral domains. Only these tetrahedra are oriented to give atomic column contrasts
(Figure 2.3.15).

The <111> orientation of the icosahedral MTP forms a three fold symmetric axis.
In this orientation, six twin planes are parallel to the axis of observation leading to six
{111} sets, extending in both tetrahedra. The apparent atomic column contrast is actually
a resﬁlt of the superposition of the images of planes in overlapping tetrahedra. The lack
of contrast at the common centre of the tetrahedral regions is due to a decrease in
thickness of the tetrahedra contributing to the image towards the centre of the icosahedral
MTP (Figure 2.3.16).

The images recorded in real time during morphological fluctuations are usuaily
from asymmetric distorted structures and these variations maintain image contrasts similar
to those in the basis set (as long as they are close to the orientation causing the
characteristic contrast). Figure 2,3.17 illustrates the possible variations for the five fold
orientation, Similar variations are also shown for the two fold symmetric [Figure 2.3.18]
and three fold symmetric [Figure 2.3.19] icosahedral MTP. Sometimes, the orientations
and crystal form could not be identified and these were included in the basis set as
"qnidentiﬁed"(for e.g: Figure 2.3.20).

An ideal situation would have allowed for computerization of the entire process
through a pattern recognition routine, however, the large number of structures and small

deviations from the basis set prevent fast analysis of the data. Therefore, the images were
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Figure 2.3.15: (a) HREM image of a two fold oriented icosahcdral MTP. (b) Schematic
of the two fold oriented icosahedral MTP.

Figure 2.3.16: (a) HREM image of a three fold oriented icosahedral MTP. (b) Schematic
of the three fold oriented icosahedral MTP.
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Figure 2.3.17: HREM images of decahedral MTPs which are misoriented from the
fivefold axis.



Figure 2.3.18: HREM images of icosahedral MTPs which are misoriented from the
twofold axis.
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Figure 2.3.19: HREM images
threefold axis.
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Figure 2.3.20: An unidentifiable HREM image.
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processed by the time consuming process of visual comparison with the basis set using
the computer as an aid to refine any structural details for easier identification,
2.4 RESULTS AND DISCUSSION

A typical set of time sequence series obtained by the data reduction scheme is
shown in figure 2.4.1. The particle transformations does not show any order of
preference, that is, any of the morphologies can form from any of the other morphologies
in the basis set. The particles transformations encompass the entire basis set in a few
seconds for even the lowest flux of observation, The sequences also show that increasing
the beam flux increases the rate of transformation between morphologies. From these
observations, it can be directly inferred that the electron beam provides an external
driving energy for the particle to surmount the activation energy barriers between the
different morphologies.

A better representation of the kinetics of morphology transformations can be
extracted from the time sequence series in terms of the mean residence time (t,) in a

morphology which is directly related to the activation energy barrier as :

t, =VCXP("E_%) (2.4.1)

where v is the number of attempts made by the particle to overcome the activation
barrier, G, at temperature T, k is the Boltzmann constant.
The mean residence times for all the morphologies show a very weak dependence

on the beam flux (Figure 2.4.2). However, mean residence times extracted from time
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Figure 2.4.1: Plot of the time sequence evolution of the morphologies for a 6nm particle
at a) 3A/cm® b) 6A/cm® ¢) 11A/em®. Each type of morphology has been assigned an
arbitrary value, 1 is tor the decahedral MTP,2for Icosahderal MTP, 3 for Single Crystal,
4 for single twins, 6 for indistinguishable and 7 or unknowns. The x-axis represents the
time in seconds spent in a morphology.
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sequence series (Figure 2.4.3) for constant fluxes show a size dependence. The Ic mean
residence time shows a size invariance whereas the Sc and the Dh mean residence times
increase with size.

The experimental occurrence probability of a morphology was measured as the

fractional residence time which can be obtained as

Fm=—£“-L (24.2)

E Tmorph

from the mean residence times. The summation is over all the morphologies
characterized in the basis set.

This probability is plotted in figure 2.4.4 as a function of the particle size. The
MTPs and the single crystals occur over the entire range of observations. Interestingly,
the single crystal morphology shows a high abundance at all sizes and shows an increase
with size. The decahedral MTP follows a similar trend, however, the relative abundance
is much smaller. The icosahedral MTP shows a decrease in probability with size leading
to a broad transition range between 5.5nm and 7.0nm in which the icosahedral MTP and
the decahedral MTP have almost equal probabilities.

These experimental results show a predominance of Sc at all sizes and the Ics are
not confined to very small sizes which are in direct contradiction to those expected from
the phase map constructed by Ajayan and Marks (1988). The gradual increase of the

decahedral phase with size over a large regime is also unexpected in terms of the phase
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map. But the phase map does show a qualitative agreement with the electron diffraction
studies on unsupported small particles of Ag [Hall et al. 1991] and Au [Patil et al. 1993]
produced by inert gas aggregation. In these experiments the morphology is strongly
affected by the temperature and saturation conditions at the evaporation source which was
maintained at temperatures >1200K. Such high temperatures cannot be produced by the
interaction of the electron beam with the small particles at the low fluxes used in our
experimental analysis. The temperature at the particle due to the electron beam has been
calculated by several workers [Gale and Hale 1961, Fisher 1970, Rez and Glaisher 1991]
and it is now accepted that the beam heating is very small and the temperature rise is less
than 100K. The experimental studies, therefore indicate that the phase map requires
modification to be more quantitatively applicable. In addition, the time sequence analysis
allows an average determination of the morphoiogical fluctuation kinetics.
In conclusion, the dynamic experiments have shown that the small particles exhibit
morphology changes with sizes which do not match completely with the earlier theoretical
models. In the next chapter, a more refined model will be developed to predict the

morphology changes in small particles.



CHAPTER 3: ANALYTICAL MORPHOLOGY MAP

3.1 INTRODUCTION

The experimental results obtained by real time HREM imaging do not agree with
the phase map of Ajayan and Marks (1988): major deviations are seen in the occurrence
of the decahedral MTPs at much smaller sizes and temperatures than those indicated in
the phase map, also there is a dominance of single crystals at all particle sizes. While it
does have qualitative agreement with electron diffraction data [Hall et al 1991], later
studies on ultrafine silver particles [Reinhard et al 1993] show the existence of extremely
large size icosahedra. Further, the phase map fails to provide an answer for the role of
an external driving force on a system equilibrated at any given temperature. In the light
of these results, it is clear that the "phase map" requires further refinement before being
applicable as a predictive tool.

In this chapter, a morphology map will be developed using an approach similar
to that of Howie and Marks (1984) and Ajayan and Marks (1988). The regimes of
dominance of the various morphologies will be delineated in terms of the probabilities
obtained from total energies of particle morphologies.

3.2 ANALYTICAL MODEL

The total energy of a particle can be determined as the gain in surface energy
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compensated by the strain energies in the particle.

The surface free energy of single crystals can be evaluated by the use of the Wulff
construction (Appendix Al.l) and that of MTPs from the modified Wulff construct
(Appendix Al.2). But a direct evaluation at each size is rather cumbersome. A
convenient method is to express the total energies in terms of a dimensionless parameter,
Ew. dependent only on the external shape of the unstrained particle and not the volume
of the particle. It also includes the energy contributions from the external facets and the
twin boundary energies. Using the modified Wulff construction [Marks 1983] the

parameter can be determined as

Y 2.
¢ -] [ ,dfn 32.1
Yin (f dV)
where ¥,,,is the surface energy per unit area of a (111) facet and ¥ the unstrained surface
energy of the particle. V is the volume of the particle and S the surface area. Table 3.1

lists the expressions of g, for various morphologies [Marks 1983]. From gy, and V the

net surface energy for any particle can be written as

3.2.2
E; = ewyme ( ‘

The expressions for the surface energies in Table 3.1 include two terms B and n
. P reflects the surface energy anisotropy between the {111} facets and the {100} facets

and is given by



Table 3.1: Some common values of g, . The notation used s B= 1 - Y4 N 3Y,50. N= ¥, /20 and S= (1 + n? AB2 )2 - /2B,
where ¥y, Yioo and v, are the energies per unit arca of (111), (100) faces and a twin boundary respectively. The asymmetric
twins are valid for 1/3 < B < 172, all others are for 0 < f £ 1/2 (from Marks 1983).

Particle e <,
B=1/3, B=5/12
n=0005 5=0005
Single crystal 108y3 (1-38%) 5.499 5.271
LTP with m wwin 108/3 (138" + iS4 2y m =1 5.500 5272
boundaries m=2 5.500 5.273
m=1J} S.501 52714
m=4 5.502 5.275
Decahedral MTP MBI+ =3B+ ) 5436 5.243
Icosahedial MTP 65’\/5](] +39)' =249 4.899 4.899
Bi-icosahedral MTP 4§ /3 (38 )1+ 11y) 5.051 5.051
Asymmetric twin 1083 (1-38'1 ;Sq“ﬂu F(L--2802- 383 - 5272
Asymmelric 108Y3(1-38"+ (- BHY-(1-B¥3B 12 4 1nlS v B ¢ ol - 5.256
decahedral
MTP

YL
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3.2.3)
g =1 'YxoolﬁYm

while 1 is a measure of the contribution of the twin boundary energy, ¥, in comparison

to Y- It is expressed as

3.2.49)
n = Y2y,

The major contributions to the strain energy in MTPs are due to the angular misfit
within the MTP. The angular misfit is equivalent to a wedge disclination. The strain
energy contribution from the disclination is well studied and the resultant internal strain

energy per unit volume of a decahedral MTP [Howie and Marks 1984] is

_ B (3.2.5)
D 4(1-v)

where g, is the angular deficit strain of a decahedral MTP(0.0205), p the shear modulus

and v the Poisson’s ratio, and that for an Ic as developed by Howie and Marks (1984) is

3.2.6
Wp=2pex1+v)/(1-v) (3:2.6)

In the above expressions, the surface energies are for unstrained surfaces.
However, in reality, these surfaces undergo strain and an additional correction term, the
surface strain energy, needs to be included. Although it is much smaller than the total

surface energies of the particles, it is comparable to the differences between them. The
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correction term can be determined by a Taylor’s series expansion of the surface free

energy per unit area as

) & (3.2.7)
Y = Yyt Y e+

where the strain variation is described by the "surface stress tensor” g, (9,¢) of the

material, given as

(3.2.8))
g - 2D

Oe,

where i and j are taken over the directions in the surface plane. The corresponding term

to be added to the total energy of the particle is

(3.2.9)
AW = ZU: f €84S
where g, can be simplified as
(3.2.10)
gy(esd’) = 86075(9:4’)
and the energy contribution becomes
(32.11)

geY i enV>

e, , the mean strain at the surface, is
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12
e,=(2/9e¢, G212

for Icosahedral MTPs and

3.2.13
e,=(2/3)e, ( )

for Decahedral MTPs.
The surface stress will also exert an expansive or compressive load on the surface,
independent of any equilibrated stresses already existing in the particle due to internal

distortions. Assuming a homogeneous strain, an additional energy change of

- 'eigz'fmylﬂ{ 1-2v (3.2.14)
€

is incorporated in the evaluation of the surface energy contributions.
The total energy can thus be reduced as a function of the volume, shape and

strain parameters as:

(3.2.15)
E:al= (ew +£g)yl 1 lvw3 +WDV+833V A

where e, is a shape dependent parameter, Wy, the strain dependent parameter, €,, the
contribution to the surface energy due to the surface stress tensor (arising due to strain
in the particle) and g, the strain energy arising due to surface stress.

3.3 POTENTIAL ENERGY SURFACE

In order to derive the Gibbs free energy change, G, from the potential energies
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derived above, it is necessary to include the entropy of the energy terms. The entropy
of the surface free energy change results from the entropy of the surface stresses and that
due to the anisotropic nature of the surface. The entropic change in strain energy is a
direct consequence of the temperature dependence of the elastic moduli. The Gibbs free

energy can then be expressed by the standard thermodynamic expression as

G=E,, -TS (3.3.1)

From the Gibbs free energies, the relative probabilities of the morphologies are

pu,=_1?£1';'.?_"__ (3.3.2)
ZP morph
where
p e (3.3.3)
morph xp( kT+AE)

where AE is the external driving energy [due to energy transfer from the electron beamn}
in addition to the temperature,

Small particles also show a depression in melting point with decreasing size. This
effect was included in the model by using the values determined by Buffat and Borel
(1976) as the upper limit of the solid phase of a small particle.

3.4 RESULTS AND DISCUSSION
From the relative probabilities and the depression in melting point one can

construct a morphology map of the particles, namely the relative probabilities of
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occurrence as functions of temperature and size.

A typical morphology map constructed from the above model for Au is shown in
figure 3.4.1. The constants used in the evaluation of the relative probabilities are
tabulated in table 3.4.1. A driving energy of 10eV was applied to the particles having a
surface stress of 0.8N/m? and an anisotropy of 1.15(Y,40 = 1.15Y;,, ) to obtain figure 3.4.1.
At all driving energies, anisotropy and surface stress, the Dhs appear only as secondary
morphologies. The Ics dominate at lower sizes while the Scs are more dominant at larger
sizes.

The variation of probabilities of the morphologies, at a particle temperature of
300K, is shown in figure 3.4.2 as a function of size and driving energy. On addition of
an external driving energy of only 3eV, the Dh probability begins to rise and increases
considerably at a driving energy of 10eV. Such energies can be provided by the electron
beam. Rez and Glaisher (1991), assuming a linear dependence of the energy deposited
per incident electron with particle radius, showed that a particle 4nm in diameter can
acquire an energy of 4eV. It should be noted that these energies deposited in a particle
are far less than that required to melt them. Increasing the beam flux, however, increases
the rate of transformations between the morphologies (as shown in the time sequence) by
decreasing the energy differences between the morphologies. But at these conditions, the
beam energies rapidly increase the rotations and as a consequence, the particles tend to
migrate randomly on the substrate.

Another factor that influences the regimes of dominance of morphologies is the

surface stress. The variation of the relative probabilities with surface stress is shown in
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Figure 3.4.1: A typical set of relative probability maps of the morphologies at a driving
cnergy of 10eV and the remaining constants determined from the standard values
tabulated in Table 1. The contour lines define the probability as a function of the
temperature and particle radius. The depression in melting point[Buffat and Borel 1976)
curve scparates the liquid and solid phases.(a) Dc relative probability map, (b) Dc relative
probability map, (c) Sc relative probability map.



TABLE 3.4.1: Standard values of the various parameters used in the calculation of the

morphology map of Au.

Bulk Melting Point [ref (Hultgren, Desai, Hawkins, 1336K

Gleiser, Kelley and Wagman 1973)]

Bulk Enthalpy of Melting [ref (Kristyan and Olson 12 x 10’ ¥/mol

1991)]
111 Surface energy [retf (Howie and Marks 1984)] 2.26 J/m?®
100 Surface energy [retf (Howie and Marks 1984)] 2.71 Jim?

Liquid Surface energy [ret (Buffat and Borel 1976)] 1.135 Jm?

111 Surface entropy [ref (Linford 1973)] 1.2 x10° J/(m*K™")

Surface stress [ref (Keene 1993)] 1.1 N/m

Surface stress entropy [ref (Keene 1993)] -1 x10? N/(mK)
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figure 3.4.3 at a constant temperature of 300K and a driving energy of 10eV. There is
a significant change in the relative probabilities of the morphologies with a change in the
surface stress. Decreasing the surface stress to zero decreases the decahedral MTPs and
the single crystals. At these conditions, the relative probability of finding a decahedral
MTP also shifts more towards smaller sizes. On the other hand, the icosahedral MTP
becomes more dominant with decreasing surface stress. Most metal clusters are known
to have lattice contractions which are explained as an effect of the increase in pressure
inside the particles arising due to their positive surface stress [Solliard and Flueli 1985).
Linford (1973) gives a detailed account of the dependence of the surface stress on various
experimental conditions such as surface impurities, surface relaxations, lattice
imperfections. Unfortunately, there is no accurate estimate of the surface stress due to
its extreme sensitivity to experimental conditions and most tabulated values in the
literature are derived from isotropic bulk surface tension values,

Finally, the effect of the surface energy anisotropy of the particle is illustrated in
figure 3.4.4 at a constant temperature of 300K and a driving force of 10eV. Higher
anisotropy leads to more favorable conditions for the stability of Ics. Dhs on the other
hand have the maximum probability only at intermediate anisotropies.

3.5 COMPARISON WITH EXPERIMENTAL RESULTS

The data acquired from the experiment can be directly related to the relative
probabilities. If tyey, is the time of residence in a morphology, Py, the probability of
occurrence of a morphology, F,,, the fraction of the total residence time spent in a

morphology and P, the relative probability of a morphology then the relation between
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F., and P, is given by the standard equation:

P
moph =P, rel

F oo lmomph (3.5.1)

"'—Et....» 2 Pros

The model shows a general agreement with the relative probabilities obtained from the
experiment. The best fit is seen to occur at a driving energy of 10eV and a surface stress
of 0.8N/m? at an anisotropy of Y;=1.157,,, (Figure 3.5.1). The agreement is more in the
reflection of a trend rather than in the fit with the data. A more accurate fit would
require the collection of a much larger number of data points. However, the process is
prohibitively time consuminé;. Each of the experimental data points presented in the
results were averaged over a range of Inm at each particle size and each data point is in
fact the average of six different sequences of observations. The averaging was necessary
due to the small amount of variability in the particle diameter and deviation from a
spherical shape during the process of morphology transformations. The particle
transformation rate is also affected by the height and width of the substrate pillars which
varied by small amounts during each observation. While an amorphous substrate having
a minimal area of contact with the particle does reduce the effect of the substrate, it does
not eliminate the interaction. The effect of the interface is more dramatically observed
by differences between our experimental observations and a similar time analysis
conducted by Kizuka et al (1993) for Au particles on MgO crystallites, They restricted
their observations to only one particle size of 2nm at a beam flux of 3A/cm?® and found

that the time of residence was split as 36%, 18%, 11% and 1% for the Dh, Sc, single twin
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Figure 3.5.1: The best fit morphology sections. of (a) Ic, (b) Dc. (c) Sc at 300K of the
probability model compared with the experimental data reveals the crossover regime
centered at 6.5nm. The surtace stress is (.8N/m" and the anisotropy is such that Y, =

1.15Y,;, at a driving energy of 10eV.
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and Ic respectively. In our observations, a similar particle at the same beam flux showed
an Ic dominance followed by the Sc and then the Dh. The difference in the observations
can be accounted for by a shift in the stability of Ic arising as a resuit of the additional
strain introduced by the interfacial relationship with a crystalline substrate. Another piece
of evidence which supports this hypothesis is the relatively few number of icosahedral
MTPs found in Ag islands deposited onto Si(100)-2x1 (see Chapter 5). However, when
exposed to air the silicon surface oxidized into an amorphous interface and was
accompanied by an increase in the number of Ics. Other investigations [Ajayan and
Marks 1989, Giorgio et al 1991, Giorgio et al 1993] have also shown the effect of
adhesion of the particle to the substrate on the particle morphology.

The driving energy plays a major role in influencing the behavior of small
particles. Larger energies while increasing the rates of transformations increases the
relative probability of Dhs. The increase in energy also causes the Ic probability to
broaden over to larger sizes and decreases the Sc relative probability. The morphology
maps have been calcufated assuming the MTPs to be perfect in shape. Experimental
observations show a number of MTP structures in which the disclination is much closer
to the edge. Such structures have a much lower activation barrier [Dundurs et al 1988]
and the Dhs would have higher occurrence than those calculated here. As a consequence
small energy fluctuations cause larger changes in the morphology populations at low
temperatures than at higher temperatures. This could be relevant for the conflicting
reports of the number of MTPs observed in.static morphology analyses which vary from

a few [Avery and Sanders 1970] to 95% [Solliard et al 1976, Renou and Gillet 1981,
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Renou and Rudra 1985] of the total number of observed particles. These experiments
were also carried out under different condition of growth using different materials. A
discussion of the various possible conditions resulting from the variations in the driving
energy can be found in the review article by Marks (1994).

The particle morphologies are also strongly affected by the surface stress and
anisotropy. Both of these parameters are very sensitive to the environment and the
production of a large number of a type of morphology can be achieved by a simple
change of these two parameters. While the role of the surface stress has not been
experimentally confirmed, there is substantial evidence [eg: (Stephanopoulos et al 1977)]
for the role of the gaseous environment in changing the facetting conditions in a particle.
However, further examination of the role of these parameters in controlled environments
is required to quantify the effects.

The morphology maps also show that MTPs decrease in number at large sizes only
at very high temperatures which is consistent with experimental observations [eg:(Patil
et al 1993)]. Therefore the formation of MTPs is a low temperature phenomenon and the
fluctuations in small particles can occur at low temperatures. The model and the
experimental results thus reaffirm the hypothesis that structural fluctuations of a small
particle in the presence of an electron beam are due to the intrinsic instability of the
particles rather than due to violent processes such as rapid melting and recrystallization.
An interesting point observed in the morphology model is that it is not the overall
temperature, but the small random energy fluctuations around the overall energy that

affects the morphology fluctuations. The overall energy plays a role only in the softening
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of the activation energy barriers but the random energy fluctuations carry the particles
over the activation barriers. The model, thus, offers an explanation of the role of the
electron beam in the fluctuations observed by Yoshida et al (1992) at high temperatures.
They also noted that .the electron beam did not affect the particles at low temperatures at
which the activation energy barrier would be higher than the random energy fluctuation

produced by the electron beam.



CHAPTER 4: MORPHOLOGY TRANSFORMATION KINETICS

4.1 INTRODUCTION

The potential energy surface of a small particle calculated within the framework
of a continuum model and free energies gives the thermodynamics, but no real insight
into the kinetics of the process of morphological transformations. The relative
probabilities measured (Chapter 2) and calculated (Chapter 3) provide a means of
estimating the occurrence of a morphology with respect to the others without any
reference to the path or the mechanism of the transformation process. To illustrate this,
consider the potential energy surface. With a large number of particles, the relative
populations of the different configurations will map this surface. Similarly, a single small
particle observed for "long enough" will also map out the surface. How long is "long
enough"? The electron microscope experiments indicate that this can be several minutes
under certain circumstances. Thermodynamics alone cannot determine this time scale.
In many cases, the particles might be kinetically frozen into a metastable state and the
growth mode would not reflect a true equilibrium situation,

4.2 LIQUID DROPLET MODEL
In order to estimate the rate of the fluctuations, it is necessary to find values for

an effective frequency of atiempts and an activation energy barrier, so that the rate can
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be written in the standard form of:

K = vexp(-AE/KT) (4.2.1)

where K is the transition frequency.

The prefactor term can be calculated as a vibrational frequency if the long
wavelength oscillations of a small cluster can be evaluated. These oscillations can be
obtained by modelling such a cluster within a continuum model as a vibrating, non-
viscous droplet; this is similar to calculations of surface capillary wave modes [Weeks et
al. 1989]. The solution for small amplitude vibrations (see appendix 4.1 for a simple
derivation) is a standard problem [Lamb 1932, Reid 1960, Chandrashekhar 1961], and

the so-called Lamb frequencies are given by:

v2 = Il + 1)U + 2)y/pR® 4.2.2)
where ¢ is the mode of the oscillation (normally taken as the first mode ie. 8=1), v
the surface free energy per unit area, R the particle radius and p the density. This shows
that there is a R'* dependence of the Lamb frequencies. For reference, the form of the

equations governing the radial component of the velocity of the droplet is given by:

u = {eJ]vHa + DR-Y e (4.2.3)
where t is the time, R the radius, g, is a function of time, Y,” is the spherical harmonic
governing the departure from the equilibrium shape (spherical) of the liquid droplet, v the

frequency of oscillations of the droplet, the constant I] is given by
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II = &/eR¥M - DU + 2)/¢ + DR (4.2.4)
Although, it might be reasonable to include some form of viscous damping, for the size
scales of relevance there are no oscillatory solutions for any realistic viscous term so
viscous damping has been ignored in the approximation. The solution, strictly, is only
valid for very small oscillations, but experimental [Trinh et al. 1982] and numerical
{Miller 1968] analyses indicate that it can be carried over to large oscillations with only
a minor correction. Typical values, shown in figure 4.2.1, give quite reasonable values
for vibration frequencies when extrapolated down to small sizes where they can be
directly compared with phonon values.
4.3 ACTIVATION ENERGY

The second part of the calculation, the activation energy barrier, is not so easy to
estimate. One possibility is to use the values of AG calculated by Ajayan and Marks
(1988). This leads to unreasonably large rates. This can be understood quite readily
since these values do not fully describe the potential energy surface - they are instead
positions where all the atoms (both inside and at the surface) have been allowed to
equilibrate for a given value of the disclination in the center of a decahedral MTP. In
between these points the cluster must go into some sort of transition state whereby the
central disclination moves from one position to another, as illustrated in figure 4.3.1.

There are two possible models for the transition state. Following the idea of
DeWit 1971),(1972), Harris and Scriven (1971), the disclination can move through one

atomic plane by the motion of a partial edge dislocation through the crystal [Figure 4.3.2].
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Figure 4.2.1: Values of the vibration frequency as a function of the particle size of gold.

averagea disciinarion
ccsition

energy Carriers x= @
to cisciinaron moaricn

Figure 4.3.1: Schematic of the energy barrier to a disclination as it moves from a single
crystal structure {x=-1) to a symmetrical decahedral MTP (x= 0) to a single twin structure
(x=1).
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Figure 4.3.2: Movement of a disclination by the generation of an edge dislocation. The-
figure illustrates an intrinsic disclination of rotation %/2 acting as the source of two
dislocations. The first dislocation leaves along glide line G,, resulting in the displacement
of the disclination from 1 in (a) to the center of the triangie formed by 1,2 and 3 in (b).
A second dislocation, shown in (c), glides along the same glide line, the disclination is
displaced to 2 in (d). G, in (a) is a second possible glide line for the
dislocations.(Reproduced from Harris and Scriven 1971),
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A typical estimate of the energy involved in the process is [Hirth and Lothe 1982, Hull

and Bacon 1984]:

AE = GbR (4.3.1)
where G is the shear modulus and b the Burger’s vector (1/6[112]). A second model is
a direct, torsional vibration coupling the different structures [Marks 1980]. As an
illustration, Figure 4.3.3 shows how one can transform an icosahedral structure into a
form of a decahedral MTP by a torsional vibration. Estimates of the magnitude of this
term are very difficult. An approximate form will be to use the theoretical shear strength
of a material, typically estimated as G/30 [Hirth and Lothe 1982, Hull and Bacon 1984],
and then use the work done to move an atomic layer from its original site to a twin
related site under the action of such a shear,

Using a simple form for the potential energy of

U(r) = U, os(2rr/b) (4.3.2)

where b is the separation between the appropriate sites and is the same as that given

above for a dislocation. The derivative with respect to r is

Un = -Uz2nsin@rr/b)fb (4.3.3)
Equating this maximum force with the theoretical shear strength given above the

activation energy can be estimated as:

AE = GbRY/60n (4.3.4)
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Figure 4.3.3: Torsional rotation between two pentagonal faces of an icosahedral particie '
resulting in the formation of a strained decahedral MTP.
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4.4 DISCUSSION

The values that were obtained for the activation energy, from both these later
models are high by roughly a factor of 10, whereas the first model was too low,
Matching the transition frequencies to the values calculated by Sawada and Sugano
(1991), i.e. reducing the second two activation energies by 0.1 the values are quite
consistent with the molecular dynamics cluster calculations and the initial experimental
electron microscopy data, see. figure 4.4.1. It is very difficult if not impossible to raise
the values for the first model enough; this continuum analysis should overestimate the
magnitude of the free energy variations. The only parameter that can be questioned is the
shear modulus G.

In fact, there is every reason to question whether the large values of G for a bulk
crystal are relevant here. To show this, it is easier to turn the problem on its head and
consider a small particle near to its melting temperature. Independent of whether melting
is a first order or a second order phase transition in the bulk, finite size effects [Challa
et al. 1990] indicate that it should be second order in a small particle. Standard analyses
of phase transitions in terms of fluctuations can be applied to melting, for instance the
Kosterlitz-Thouless model [Kosterlitz and Thouless 1973] with fluctuations in dislocation
pair creation and destruction. Independent of how one handles these fluctuations, they
must be energetically of the same order as the thermal energy available to the system, i.e.
the effective shear modulus must be small. Indeed, severe softening of the shear modulus

is associated with melting, since a liquid cannot sustain a shear. If a dislocation appears
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in a small particle by a fluctuation phenomenon there is no reason why after it has
vanished that the structure should be the same, it is very unlikely to be the same due to
the softness of the potential energy surface. Therefore combining well accepted ideas of
fluctuations and softening of the shear modulus with the potential energy surface appears
to yield an explanation of the kinetics of the structural fluctuations. In fact, if structural
fluctuations did not occur this would disprove standard models. Since only the occasional
fluctuations are needed to explain the electron microscopy data, the particles could easily
be sitting on the low temperature tail of the fluctuations, and do not need invocation of
high temperature conditions very near to the melting point.

However, while the mechanisms of shear and dislocation induced disclination
motion are both feasible, later experimental data ( figure 4.4.2) do not match any of the
models. The particle fluctuation rates are all of the same order of magnitude and do not
decrease rapidly, by orders of magnitude, with size. As shown earlier (see figure 2.4.1)
the rates of fluctuation increase with beam flux for a given size. This increase of the
fluctuation rate indicate that the deviation from the model are probably due to the
damping from (a) the particle substrate interaction and (b) inherent viscosity of the
particle.

It is a common experimental observation that the small particle must be only
weakly coupled to the support before it can start changing its shape and structure. It is
a standard result with vibrating droplets that interfacial friction acts as a strong damper
of the vibrations [Trinh et al. 1982, Miller and Scriven 1968, Tsampoulos and Brown

1983]. Thus the requirement for weak coupling to a substrate can be directly correlated
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with frictional damping of the oscillations by the substrate.
The inherent viscous damping has also been ignored in the models. A simple
estimation of the viscosity can be obtained on the lines of the work by Lamb (1932) as
.1 R 4.4.1)
(n-1)(2n+1) v
where 7 is the viscous decay, v the vicosity, R the radius of the particle and n the order
of the spherical harmonic. This viscous damping term can be included in the calculation

of the vibrational frequency as an exponential decay term given as

A = exp(l/t) 4.4.2)
The influence of the damping is vanishingly small and is relatively insensitive to smail
size changes.

The above discussion indicates that while the models discussed in this chapter are
the only mechanisms which even come close to explaining the nature of the
transformation kinetics, they remain rather inadequate. The insight gained by the
modelling and experimental analysis does show that weak coupling to the substrate aids
transformations. Further development of the models to include damping effects would
be essential to make them more applicable. The model described in this chapter, while
giving an intuitive idea of the process of the kinetic transformations is far from the real
situation. However, there does not seem to be any other feasible model and the problem

remains unsolved,



CHAPTER 5: APPLICATION TO Ag/Si(100)

5.1 INTRODUCTION
The early stages of nucleation and growth play a crucial role in determining the
final structure and therefore the properties of epitaxial deposits. It is well known that
nucleation during crystal growth typically proceeds via one of the following three
routes[Figure 5.1.1}: layer by layer (Frank-van der Merwe), three dimensional islands
(Volmer-Weber) or layer plus island (Stranski-Krastanov). In the latter two cases, further
growth of the 3D islands occurs by enlargement of pre-existing nuclei and/or coalescence
of neighboring islands. During these processes, the islands can either retain their original
structures or undergo recrystallization to form new structures. The final morphology and
orientation are thus complex processes decided not only by the thermodynamic stability
of the morphologies but also by the kinetics of the transformations. In many instances,
the formation of multiply twinned particles does not favor the formation of quality thin
films. The role of the island structure is thus critical in controlling the properties of many
heteroepitaxial systems and an understanding of their initial structure is therefore highly

desirable. One such example is the Ag/Si(100) system.
The Si(100) substrate, under clean conditions, exhibits a 2x1 reconstruction. The

current knowledge of the surface structure favors a buckled asymmetric dimer model

103



FRANK-VAN OER MERWE MODE

LA AL LA o S LA S S LS

STRANSKI-KRASTANOV MCCE

VOLMER-WEZER MCLE

Figure 5.1.1: Three modes of epitaxial growth.
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[Jayaram et al. 1993] as illustrated in figure 5.1.2. The other possible configuration, a
symmetric structure, is also shown in figure 5.1.3. The energy differences between the
two structures are very small. Both the structures show a ridge-valley arrangement of Si
atoms. The 2x1 structure is extremely sensitive to vacuum conditions and its presence
is a clear indication of not only a clean surface but also very good vacuum conditions.

The nature of the Ag deposit on this (2x1) surface is governed by island nucleation
and growth and is of interest primarily from a technological standpoint: the Ag/Si
interface is atomically abrupt and is therefore used as a model system to study Schottky
barrier heights as a function of interfacial microstructure. However, despite its
importance, the Ag particles on Si(100) system has received relatively little attention.
The nucleation and growth mode of Ag both at the initial stages and for thicker films has
been characterized as being Stranski-Krastanov (SK) from STM [Samsavar et al. 1988,
Samsa\'rar et al. 1989, Hashizume et al. 1990, Brodde et al. 1990, Lin et al. 1993, Lin et
al. 1993, Winau et al. 1994], LEED-AES [Hanawa and Qura 1977, Hanbucken et al.

1982, Hanbucken et al. 1984, Hanbucken and LeLay 1986] and RHEED [Nishimori et al.
1991, Kimura and Takayanagi 1992] investigations (although a recent STM study reports
a pseudo-SK [Winau et al. 1994] growth mode i.e. 3D island nucleation commencing
before completion of the 2D layer). Further, the Ag layer is reported to grow with
different epitaxies i.e. <100>, <110> and <111> of Ag normal to the Si(100) surface.
Surprisingly, little is actually known about the structure of the 3D islands: while the
external morphology is assumed to be flat with mostly {111} and {100} facets [

Hanbucken and Lelay 1986, Brodde et al. 1990, Kimura and Takayanagi 1992,



Figure 5.1.2: A schematic of the Si(100)-2x1 structure for a six layer relaxation model;
the dimer bond lies in the plane of the paper. Arrows show the direction of dimerization
while the numbers denote the magnitude (in A) of atom displacements (along the "2"
direction of the reconstruction, i.e.. the y axis in the calculations) from the bulk positions
(from Jayaram et al, 1993).

0.148 0. 148

Figure 5.1.3: Section through the symmetric (2x1) dimer surface. The dimer bond is in
the plane of the paper, the dimer rows run perpendicular to the plane of the paper. The
arrows indicate the directions of displacements of the atoms away from their bulk
positions and the numbers give the magnitude of these displacements as a fraction of the
lattice constant (5.29 A) (from Roberts and Needs 1990).
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Borenzstein and Alameh 1993], only two investigations [Shirokoff and Erb 1988, Luo

et al. 1991] have even alluded to the internal structure within the islands; most studies
assume a simple single crystal structure.

This chapter is an account of the first detailed study of the structure of 3D islands
that nucleate during the early stages of growth of Ag on Si(100)-2x1 surfaces at room
temperature using a combination of UHV-high resolution transmission electron
microscopy imaging (HREM) and diffraction (TED) techniques. Contrary to earlier
suppositions, the Ag islands are seen to be a mix of single crystal and multiply twinned
particle [Ino 1966] morphologies. While the observation of mixed morphologies is in
good agreement with similar studies on carbon and SiO substrates, the dominance of the
decahedral type (Dh) over the icosahedral type (Ic) MTPs contradicts all earlier
experimental and theoretical studies.

5.2 SAMPLE PREPARATION

Thin samples of n-type Si(100) (B doped at 1 ohm-cm) were polished, dimpled
and chemically thinned in a 10% HF + 90% HNQ, solution before being transferred into
a UHYV surface science chamber (UHV-SSC) attached to a Hitachi UHV-H9000 electron
microscope [Bonevich and Marks 1992] (which was operated at 300 kV and 250 kV, the
latter to minimize radiation damage) with a working vacuum of 7x10"' torr [Figure 5.2.1].
In site sample preparation involved a cyclic combination of 2.5 kV Ar* sputtering and
electron-beam annealing cycles. Clean surfaces were characterized by the appearance of
the 2x1 type surface spots. The Ag evaporator filaments were carefully outgassed and

several monolayers of Ag were then deposited onto clean Si(100) surfaces at room
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Figure 5.2.1: The UHV-HREM facility (courtesy Dr. J. E. Bonevich).
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temperature inside the UHV-SSC. Following each observation, the sample was ion
milled and annealed to establish the clean Si surface reconstruction before further
deposition (sample cleanliness was carefully monitored after each deposition cycle using
parallel electron energy loss spectroscopy). Figure 5.2.2 illustrates the sharp 2x1 surface
spots in a diffraction pattern obtained after a cleaning cycle. The results reported below
are from numerous such observations.
5.3 RESULTS AND DISCUSSION

Consistent with earlier diffraction studies [Hanawa and Oufa 1977, Hanbucken et
al. 1982, Nishimori et al. 1991)], TED patterns showed a decrease in the intensity of the
Si surface reconstruction spots with increasing Ag coverage. Faint arcs whose spacings
correspond to those of bulk Ag were also observed from the very initial stages suggestive
of an abrupt Ag/Si interface, A typical TED pattern in Figure 5.3.1 shows the
coexistence of the 2x1 spots of the clean substrate and (111), (220) arcs of Ag. These
can be indexed in terms of a primary <110> epitaxy with some rotational disorder and
strain, moiré fringes between the particles and substrate and moiré fringes internal to the
particles themselves [Ino 1966, Marks and Smith 1981]; this will clarified later but for
the moment it should be noted that these diffraction patterns are actually highly
misleading. With increasing coverages an increase in the intensities of these arcs was
accompanied by the disappearance of the Si reconstruction spots (leaving behind the 1x1
Si lattice); at somewhat higher coverages a true polycrystalline ring pattern developed.

HREM images were acquired in both the on- and off-zone axis modes; the former

reveals the presence of islands as darker contrast features with extensive moiré fringes
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Figure 5.2.2: A TED of a clean 2x1 Si(100) surface. Arrows indicate the surface spots.
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Figure 5.3.1: A typical TED pattern following Ag deposition on a Si(100)-2x1 surface;
arrowed surface reconstruction spots coexist with the (111) and (220) ring of Ag, denoted
by the letters A and B. All the features can be interpreted by a combination of silicon,
silver and moiré spacings.
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(origin explained in the earlier paragraph) (Figure 5.3.2). However, these images do not
provide much information about the nature (i.e. 2D or 3D) or the structure of the islands,
due to the strong bulk signal. In order to reduce the latter, off-axis (2-3° tilt off the (100)
zone) images were obtained; this technique is very sensitive to the substrate surface [Xu
et al. 1993] or deposit overlayers i.e. Ag islands in the present case, and reveals
information about their structure and nature. In order to further enhance the image
contrast a modified Wien filter [Marks 1994] was applied to all the HREM images (to
reduce the shot noise in the image without introducing any artifacts). Although most of
the Ag islands were 3D in nature, isolated regions exhibited incomplete 2D Ag layers
indicating that the growth mode is actually pseudo-SK (Figure 5.3.3). The 3D Ag islands
have a more complicated structure and were analyzed using an image processing software,
SEMPER and a data reduction scheme established in Chapter 2.

Most of the particles were around 3-4nm in size. Analysis of the internal particle
morphologies revealed that about half of them were single crystals (Sc) with a primary
<110> epitaxy (Figure 5.3.4) and a smaller number in a <100> epitaxy. All the single
crystals had a rectangular shape and were aligned along the {110} planes of the Si
substrate. All the single crystals showed increasing aspect ratios with increase in size.
This trend can be clearly observed by measuring the variation of the aspect ratio as a
function of one of the sides of the single crystals. Figure 5.3.5 clearly indicates this rend
even within the narrow size regime of this study. Figure 5.3.6 is a better representation
of the trend as a function of the area occupied by the single crystal. Figure 5.3.7 is an

example of one such single crystal with a large aspect ratio.
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Figure 5.3.2: An on-zone filtered image showing the moife contrast arising from the
interference between the bulk Si and the small particles.
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Figure 5.3.3: HREM micrograph illustrating the occurrence of a structure that appears to
be an incomplete layer of Ag (indicated by arrows).
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The rest of the particles had internal twins (between the adjoining (111) faces) i.e.
multiply twinned particles (MTPs) {Ino 1966]. The highest fraction of these particles
were of the decahedral (Dh) type that had nucleated with a <110> epitaxy, see Figure
5.3.8 while a very small population (about 2% of the total) were seen to be of the
icosahedral (Ic) type with a <112> orientation, as shown in Figure 5.3.9 (for more details
on the structure of these MTPs as observed by HREM, see Chapter 2). It is the presence
of these more complicated particies that cause both the arcs and the other additional spots
in the diffraction patterns.

Such mixed morphology growth is known to exist in fcc metal islands deposited
on oxide and alkali halide substrates [Ino 1966, Gillet 1977, Marks and Smith 1981,
Renou and Rudra 1985, Altenhein et al. 1991, Hofmeister 1991] and was first observed
only under very clean conditions {Ino 1966, Allpress and Sanders 1967]. Theoretical
studies, e.g [Ino 1969, Marks 1984, Howie and marks 1984, Ajayan and Marks 1990,
Cleveland and Landman 1991] have also clearly demonstrated that MTPs are the
thermodynamically stable entities at the small sizes seen in this investigation; similar
results in terms of relative probabilities of occurrence of Ics, Dhs and Scs have been
reported in a recent experimental study {Doraiswamy and Marks 1994].

In contrast to these studies, the Ag/Si(100) system behaves uniquely i.e. although
it is a mixed morphology system, there was an unusual lack of Ic particles. Without
exception, Ic particles are considered to be energetically preferred over the Dh particles

[Ino 1969, Marks 1984, Howie and Marks 1984, Ajayan and Marks 1990, Cleveland and
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Figure 5.3.8: UHV-HREM micrograph of a <110> oriented decahedral MTP with arrows
indicating the five twins separating {111} tacets.

Figure 5.3.9: UHV-HREM micrograph of a <112> oricnted icosahedral MTP.
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Landman 1991, Hall et al. 1991] at these small size ranges. All theoretical analyses to

date (except the early work of Ino (1969)) have ignored the substrate interaction effect.
Since there is no simple way for an Ic particle to adopt an <110> epitaxy, it can be
hypothesized that the deposit/substrate interaction effect inhibits their formation.
Influence of the substrate on the particle morphologies was supported by the following
observation: on exposure to air, although the Ag particles continued to exhibit a mixed
morphology of single crystals and MTPs, the fraction of Ic particles increased. This can
be attributed to the effect of the gas environment on both the interface between Ag and
Si and on the Ag surface free energy [Marks 1984, Howie and Marks 1984] (both its
absolute value and anisotropy).

The distribution of decahedral MTPs and single crystals showed an increase in
single crystal morphology with increasing size (Figure 5.3.10). The decahedral MTP,
however, showed a decrease in population with an increase in size (Figure 5.3.11). These
results coupled with that of the absence of icosahedral MTP imply extensive
reconfiguration of the particles and a strong effect of the substrate in modifying the
potential energy surface. In fact, the origin of the rectangular shape of the single
crystal islands can be traced back to the nature of Ag adsorption on the underlying 2x1
Si substrate, STM works [ Samasavar et al. (1988),(1989), Brodde et al. (1990), Nogami
et al. (1993) and Winau et al. (1994) ] all show that the Ag adatoms are preferentially
adsorbed on the cave sites between two Si dimer rows (see Figure 5.3.12). Higher
coverages were observed to lead to long Ag adatoms chains, aligned along these two fold

bridge sites. Further, a cluster model study [Ru-Hong Zhou et al. (1993)] of Ag bonding
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Figure 5.3.12:Plan view of a structural model illustrating the adsorption site for Ag atoms
on Si(100)-2x1 (from Samsavar et al. 1989). The circles, large filled circles and smalil
filled circles represent Ag adatoms, Si dimer atoms and the Si atoms just below the dimer
layer.

o o O o
00 *0O0 %:.::
o o O o O o) o O?M-hyn!i

Yrd-layer 5i
OO @ Qe E«w-mu O O O b
© 0O Qo O AL..D B Vatey ot

' : E: side g

O O » OO0 o;-c:);---é 1O T A"
Q Q 0 2] '

Figure 5.3.13: A cluster model for Ag adsorption and migration on Si(100)2x1, as well
as the possible adsorption sites (from Ru-Hong Zhou et al. 1993),
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and migration on Si(2x1) compared the different adsorption sites on Si(2x1) (see Figure

5.3.13) and found that the Ag adtoms strongly favor migration between Si dimer rows and
perpendicular to them. The single crystals, in this study, were all aligned in mutually
perpendicular directions and in parallel epitaxy to the Si(100). The presence of raft-like
features in the incomplete Ag intermediate layer (also aligned along the same direction)
fFigure 5.3.14] leads one to relate the anisotropic growth to the 2x1 substrate. Clearly,
this self alignment and growth of Ag islands is a very interesting phenomenon by itseif
and would definitely respond to heat treatment (leading to diffusion along favored
directions) to give a better yield of high aspect ratio single crystals of Ag. It opens up
several interesting possibilities for the growth of nanowires. But complete analysis
requires a much more careful temperature controlled set of experiments and is beyond the
scope of this thesis.

Although the morphologies reported in this study are of the static type (no
fluctuations were observed under the beam fluxes used), there was evidence for
interconversion during growth. One particularly striking example is the pentagonal
shaped single crystal shown in Figure. 5.3.15 (which was observed in UHV prior to the
air transfer). A pentagonal shape is not close to any equilibrium shape for a Sc indicating
that a Dh particle has transformed by grain-boundary migration [Bonevich and Marks
1992] to a single crystal. Interconversion of particles is relatively well documented [Yagi
et al. 1975, lijima and Ichihashi 1985, Marks 1994] since the initial observations by Yagi
et al [Yagi et al. 1975] during growth in UHV conditions.

The small fraction of Ic particles raises some fundamental scientific questions on
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Figure 5.3.14: UHV-HREM (off-zonc image) showing chain like adsorption sites
(indicated by arrows).
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Figure 5.3.15: An atypical pentagonal Ag single crystal on a Si(100)-2x1 surface
indicating inter-morphology conversion via grain boundary migration.



125

the variation in types of island morphologies with environment conditions and merits

further investigation. Further, the changes in the fraction of Ic particles on exposure to
air underlines the importance of observation under UHV conditions. A subtle point that
also arises is the advantage of UHV-HREM over STM as an imaging technique in
resolving the local structure within these small 3D islands; the pitfall of erroneous
interpretation of nucleation and growth mechanism based solely on diffraction data is also
revealed.

The observations conclusively show that, rather than being simple flat single
crystals (as suggested without proof in earlier studies), the 3D Ag islands show a classic
mixed morphology MTP growth [Ino 1966] i.e. a combination of single crystals and
multiply twinned particles with different orientations relative to the substrate (this is
possibly the reason for the different epitaxies reported for this system by earlier studies).
This could also be the case for the Ag/Si(111) system; MTPs have also been observed in
the Au/Si(111) system [Plass 1994]. The investigation thus demonstrates that one of the
most fundamental questions about the growth mode of Ag on clean Si(100), i.e. the
particle structure, has escaped more than a decade of study.

The formation of MTPs in the initial stages has profound implications on the later
stages of growth. Earlier studies [Honjo et al. 1979] have shown that these MTPs on
coalescence can either form single particles (with either the MTP/Sc structure) or
polyparticles (partially coalesced MTPs) or polycrystals (single crystals separated by a
grain boundary); recrystallization is also seen to occur in these particles as a means of

relieving the strain. The final film is a result of these processes; its stricture will
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therefore be strongly dependent on the processing conditions (temperature, deposition rate,
vacuum etc). A time-temperature-transformation morphology map similar to that
suggested by Marks (1994) would be essential in controiling the final structure and
therefore the properties in such mixed morphology systems (e.g. the resulting film
[Weitering 1993] would have a variation in Schottky barrier height ranges depending on

the inhomogeneity and polycrystallinity developed during the process of growth).



CHAPTER 6: SUMMARY AND SUGGESTIONS

6.1 SUMMARY

The primary focus of this work was on elucidating the dynamic behavior of small
particles and extracting a form of map which would help determine the morphology of
small particles in an environment.

In the first phase of the work, a data reduction scheme was developed for the
breakdown of the morphologies of small particles into categories classified by a well
characterized basis set. The scheme was then applied to the analysis of the dynamic
fluctuations of Au particles supported on SiO substrates. The analysis revealed that under
the conditions of the environment:
a)The morphology transformation rates of the particles were much slower than the
rotation rates about their centers of mass,

b)A threshold beam flux was required to loosen the particles from the substrate and later
fluctuations required very small beam fluxes.

¢)The rate of fluctuations dropped rapidly with size at low beam fluxes and for a given
size the rates of fluctuations had a weak dependence on the beam flux. High beam fluxes
lead to very rapid fluctuations accompanied by rapid rotations and translations of the

particles. In many cases the particles detached from the substrate.
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d)In the size regimes studied the particles resided most often in the Sc morphology
followed by the decahedral morphologies at larger sizes(more than 5nm). The icosahedral
morphology was assumed by the particles only for very small sizes(less than 5nm). A
broad transition regime was observed in which the particles showed almost equal relative
probabilities of occurrence for all the three morphologies studied, i.e Sc, Dh and Ic.

In order to determine morphology maps, the energetics of the small particles were
obtained from earlier works and converted to free energies. A driving energy term, apart
from the effects of surface stress and anisotropy was added as a better representation of
the influence of these parameters in the morphoiogy. The morphology map calculated in
this manner showed moderate agreement with the experimental data.

Morphology maps only consider the thermodynamic feasibility of a transformation.
In many instances. the kinetics of the transformations become more important. These
were analytically modelled by considering particles as liquid droplets and the
transformations were assumed to occur either by the movement of disclinations or by
shear transformations. While both models neglected the viscous damping due to the
substrate as well as that occurring within the particle, they show the necessity of a weak
substrate-particle coupling for increased rates ot fluctuations. In addition, the models
demonstrate that the particles change configuration without the need to undergo violent
changes such as charge imbalances.

The morphological fluctuations observed for small particles by microscopy has
often been hypothesized to be a beam induced heating effect. Two simple experiments

were conducted to understand the nature of the electron beam interaction. Ag and Pb
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were separately deposited onto holey carbon and SiO grids, under UHV conditions.
When subjected to intense electron beam fluxes, neither Ag sublimed nor did Pb melt.
Instead, Ag and Pb quasimelted on SiO. But Ag did not quasimelt on carbon. These
experiments clearly put an upper limit (less than 200K) on the temperature rise due to the
electron beam.

More interestingly, Pb showed clear MTP structures and quasimelted between
morphologies. These are in direct contradiction to the often assumed isotropic surface
energy properties of Pb. These "anomalies" from the often assumed simple single crystal
behavior are not just restricted to such fcc materials on oxides. They occur in very
important technological systems too. In this work, one such system (Ag/Si(100)) was
investigated and revealed large fractions of MTP structures. Further these fractions were
found to be sensitive to the surrounding conditions. Current static morphology analyzes
also indicate a process dependent morphology distribution. These results indicate several
promising directions for future work.

6.2 SUGGESTIONS FOR FUTURE WORK

The tools already developed in this thesis can be applied to various other epitaxial
systems. The morphology map for the AwSiO is currently being analyzed by static
morphology methods to confirm the results obtained by dynamic studies. There is no
reason to limit the study to the Au/SiO system. As shown in the earlier chapter, the
Ag/SiO system has several interesting features with changes in conditions. The current
configuration of the UHV-microscope system at Northwestern allows for in situ heating

and better chemical analysis than before. Ag on Si(100) 2x1 undergoes several different
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transformations and the shape of the single crystal changes with increasing deposition to
elongated rod-like shapes. A mapping of the behavior of this system would bring the
ideas of a morphology map to fruition and also help in the development of reproducible
nanostructures.

The morphology maps would also refine the theoretical framework for the
construction of morphology maps which include a larger number of structures than that
used in the current study.

The construction of an environmental cell would greatly aid in these studies, The
roles of chemisorption, surface energy anisotropy and surface stress continue to remain
black boxes. The quantification of these data would probably be the next most important
step in the research of small particles.

A question that remains unanswered in small particle research is the usefulness of
the Ic and Dh MTP. The determination of the conditions for maximizing their yield
would help shed light on their individual properties and in the engineering of materials
formed by the compaction of only these MTPs.

Finally, the pillar formed by the small particles ( or fine tipped filaments) could
be used to nanospin rods of various materials. This has been tapped to form bucky tubes.
It could also be used for the formation of rods of band gap engineered materials. An
experimental trial by YeongCheol Kim, Richard Plass and myself showed that micron
sized Si rods could be grown by this method. However, a lack of time and the need to
complete othe;' projects prevented us from continuing this work to form nanosized pillars.

The process has been applied to the formation of atom probe samples for several years
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and initial studies were also conducted on InP [Bootsma and Gassen 1971).
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APPENDIX 1: WULFF CONSTRUCTS

1.1 The Wuiff Construct
The equilibrium shape of a given amount of matter is that which minimizes the

surface energy over the entire volume of matter. Mathematically, it can be stated as

ﬁds (ALLD)

where, v is the surface energy and S the surface over which the shape is determined. In
general, the specific surface free energy ¥ is a function of the orientation of the unit
outward normal n at each surface point. The first formulation of the problem was
proposed by Gibbs (1878) and the solution without proof is credited to Wulff (1901).
The Wulff equilibrium polyhedron can be geometrically constructed by the
following procedure:
1. Construct the +y-plot by drawing a surface whose radius vector in the direction of any
unit vector n has a length proportional to the surface energy ‘m of a plane normal to n.

This is equivalent to the proposition :

ﬂ=12..=11 =,_..=constant (A1.1.2)
noh T

where the ys are the surface free energies and the h values represent the lengths of the

radius vectors in a given direction.
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2. Draw a plane through the end of each radius vector of the y-plot and perpendicular to
the radius vector.

3. The body enclosed by all points connected to the origin without crossing any of the
planes constructed in step 2 is the Wulff equilibrium shape.

Figure Al.l is an arbitrarily drawn Wulff construct.

Several different proofs [Hilton 1903, Liecbmann 1914, Laue 1943] exist for the
construct, but these proofs are not completely general and do not establish that the Wulff
construct is an absolute minimum. Using the Brunn-Minkowski inequality, Dinghas
(1944) generalized the proof of the Wulff construct to include any surface. The proof
discussed below follows Herring’s interpretation of the Dinghas proof [Herring 1953).

Consider any two bodies P, , P,. Choose an arbitrary point in the interior of P,
and call it the center of P,. If P,p is the set of points covered by P, when its center is
at p and if P, is the set of all points included in any P, when p is allowed to range over
P, then the Brunn-Minkowski inequality states that the volumes V,, V, and V, of P,, P,

and P, respectively, satisfy

V. 2(V,12+V, 1Ry (Al1.1.3)

and that the inequality hold if and only if P, and P, are geometrically similar and in
indistinguishable orientations.
To prove the Wulff construct, let P, be a hypothetical shape. Let P, be the body

generated from P, by displacing each point of the surface outward along its normal n by
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Figure Al.1: A <110> section of the Wulff construct for a particle with only (111} and
{100} facets.

Figure Al.2: Schematic of the geometrical construction used to prove the Wulff construct
using the Brunn-Minkowski inequality (Reproduced from Herring 1953).
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a distance Ayn. Then, if V, is the volume of P,,

i -V (Al.1.9)

J'yds = lim

A=0

Now consider Figure Al.2, any point p of the surface of P, and the corresponding
point q of the surface of P,, so that the vector pq is Anyn. The Wulff construct with
scale factor A centered on p will not contain any points outside the plane rq normal to n
through q. Let V,, be the volume of PA formed as described for V, and let equivalent
of P, in the Brunn-Minkowski relation be the Wulff construct with volume V, . Then if

Y is a continous function over the surface, except at edges and corners:

V,,-V

lim < lim AV (AL.L6)

A0 A A—0

Combining the above two equations and the Brunn-Minkowski relation:

13 o 1 1003 _
S > Lm0 YTV,

=3 Vlme (A1.1.7)
A=s0 A "

Again, as mentioned earlier, the equality in the above relatidn can hold only if P, and the
Wulff construct are similar. This completes the proof.
1.2 The Modified Wulff Construct
The equilibrium shape of single crystals are well understood in terms of the Wulff
construct. However, it does not address the problem of surface morphologies of twinned
particles. In order to include the effect of twins Marks (1983) introduced the modified

Wulff construct. In the madified Wulff construct, the energy per unit area associated with
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Figure Al.3: The shape of the <110> sectioned single crystal segment derived from the
modified Wulff construct for a perfectly symmetrical decahedral MTP (from Marks 1980).



137

a twin boundary separating two single crystal elements, A and B, is partitioned between
them as oy, and 1-ay, and then each section is separately treated as a single crystal unit
with the twin faces as external facets. The solution of the minimal surface energy
configurations of A and B taken independently includes all the local minima of the
complete particle and the problem is reduced to constraining the minimization to ensure
that the two twin facets remain identical. The construction involves the following steps:
1. Construct a Wulff polyhedron using the standard Wulff construct.

2. Extract the appropriate area by including the twin boundaries in the equivalent form
of external facets of energy per unit area oy, and 1-oy,. |

3. Find any discrete values of o and the relative volumes of the segmented single crystals
for which the twin facets can be matched.

A common solution uses a=1/2 and equal volumes of all the segments leading to
symmetric structures. Figure Al.3 shows the modified Wulff construct for a symmetrical
Dh. The modified Wulff construction has been used to model the structure of several
different types of complicated particles including MTPs, lamellar twinned particles and
polyparticles. While there is no direct proof of the modified Wulff construct, atomistic
calculations [Raoult et al 1989, Cleveland and Landman 1991] support its validity. Its
application to map the "phases" of small particles [Dundurs et al 1988, Ajayan and Marks
1988] shows qualitative agreement with experiments. A recent observation by Haluska
et al (1993) shows millimeter size MTPs of buckyballs which follow the model predicted

by the modifified Wulff construct.
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APPENDIX 2: LIQUID DROPLET

2.1.1 Vibrational Modes of a Liquid Droplet

The vibrational modes of a dense sphere can be categorized into three modes
(Figure A2.1.1), namely: a) repeated contraction and expansion mode b) spheroidal mode
and c) torsional mode. Among the three modes the spheroidal mode is very much
analogous to the behavior of a fluctuating smail particle. There have been many
extensive proofs of the vibrations of a dense sphere, specially with regard to the
vibrations of a liquid droplet [Lamb 1932, Reid 1960, Chandrashekhar 1962). The
following proof is based on the work of Lamb (1932).

Consider a liquid drop which, in the undisturbed state, will be spherical under the
influence of surface tension. If the external pressure is zero, then the internal pressure

will hace a constant value of

p = 2T/R . (A2.1.1)

where T, is the surface tension per unit length and R is the radius of the sphere. To study
the oscillations of this configuration. Consider figure A2.2 , take the origin to be the

center of the drop. Let the shape of the perturbed surface at any instant be given by:

r = R+{ = R+ eY™@d)sin(or + 1) (A2.1.2)
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Figure A2.1: The vibrational modes of a dense sphere (a) the repeated contraction and
expansion mode (b) the spheroidal mode and (c) the torsional mode.

Figure A2.2: An Oscillating droplet. (a) spherical equilibrium shape, (b) departure from
equilibrium described by Legendre polynomials.
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where R is the mean radius, ¢ the frequency of oscillations and

Y(e,¢)lll = P,"'(e)e*""' (A2.l.3)

is a surface spherical harmonic of the first kin and € << 1. The internal presure of the

drop then would have a variable component :

P = ....+"‘::R1',"(9,¢).sm(or+n) (A2.1.4)

But the fluid pressure, due to capillarity, is also given as

p = TI(RL . N (A2.1.5)

R

where R,, R, are the principle radii of curvature and T, the surface tension per unit area.
To find the sum of the curvatures introduced by the capillarity, it can be seen that if A,

u, v are the direction cosines of a normal at ( x,y,z ) to the surface of the family

F(x,yz) = -constant (A2.1.6)

which passes through the point (x,y.z) then
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F ,F ,F
A,p,v = r r 2 (A2.1.7)
ﬂ sz + Fyz + in)
and therefore
1,1 _ 8 [ & (A2.1.8)
R, R, x ay oz
Now the equation for the perturbation can also be written as
r =R + A (A2.1.9)
where
A = —r-:Y,"'(e,d)).sin(ot + n) (A2.1.10)

Rﬂ

by neglecting the square of the spherical harmonic. From the above equation the

direction cosines can be determined as

A o= X _ A ,,izA (A2.1.11)
r



p = 2 - i& + n-z-A
r oy r
v = 2 - L/ N n—A
24 r
This finally gives
L 1, 2, s,
R, R, r r?
therefore
T

0 = n(n-1)(n+2)
pR’

which completes the proof.
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(A2.1.12)

(A2.1.13)

(A2.1.149)

(A2.1.15)
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