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Abstract

High Pressure Studies on Nanometer Sized Clusters:

Structural, Optical, and Cooperative Properties

by

Sarah Helen Tolbert

Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor A. Paul Alivisatos, Chair

High pressures are employed to study the properties of nanometer sized
crystallites. The results include an understanding of the factors that control phase stability
in finite solids, information about the coupling between clusters in ordered arrays, and
insight into the effects of finite size on the electronic properties of nanometer-scale
semiconductors.

High-pressure Selenium EXAFS is used to study pressure-induced structural
transformations in CdSe nanocrystals. In agreement with bulk CdSe, the nanocrystals
undergo an apparent wurtzite to rock salt transformation. The transformation pressure,
however, is much higher than that observed in bulk systems.

High-pressure X-ray diffraction is used to confirm the EXAFS results.
Additionally, diffraction peak widths indicate that nanocrystals do not fragment upon
transformation. Optical absorption is correlated with the structural transformations and

used to measure transition pressures; a smooth increase in transformation pressure is
1



observed with decreasing nanocrystal size. The thermodynamics of the transformation are
modeled using an elevated surface energy in the high-pressure phase relative to the low-
pressure nanocrystals. This elevated surface energy results from symmetry-allowed
motions of the nanocrystal interior during a transformation. These motions cause an
overall change in the shape of a nanocrystal and move surface atoms into unfavorable
bonding geometries.

Surface-energy control of phase stability is confirmed by high-pressure studies on
Si nanocrystals coated with Si0,. Because of the stable Si/Si0, interface, large increases
in transformation pressure are seen in crystallites up to 500 A diameter. Further, an
overall change in crystallite shape upon transformation is seen from X-ray diffraction line
widths.

Interactions between clusters are studied in ordered arrays. Single crystals of Cg,
clusters were examined under high pressure and low temperature using Raman scattering.
The results provide information about the clusters' rotational state and allow for
speculation about the coupling be[wéen intra- and inter-cluster vibrational modes.

The optical properties of high-pressure phase CdSe clusters are studied to learn
about quantum confinement 1n well characterized indirect-gap semiconductor
nanocrystals. Clear evidence for confinement of electronic transitions is presented.
Comparison of wurtzite- and rock salt-phase absorption shows that rock salt nanocrystals
down to 9.6 A (radius) remain fundamentally indirect-gap systems with no appreciable

dipole-allowed transitions.
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Chapter 1: Introduction

1.1 Pressure Induced Structural Transformations:

In many systems, a phase transition can be described as the point when the length
scale of fluctuations between two stable states of the system diverges. Thus, in principle,
phase transitions are only defined for infinite systems. The question of just how large a
system must be before it can be said to undergo a phase transition is a long-standing and
timely one. The rapid advances that have occurred recently in the preparation and
characterization of nanocrystals finally enable studies of transformations between stable
states of finite systems. It is now possible to discover whether a given type of nanocrystal
will exist in a small number of well defined structures, or whether finite systems become
essentially amorphous as they reach the limit of, very small size. It can be determined
whether transformations between stable states in a finite system occur via single or
multiple nucleation events, and with or without hysteresis. The perturbations caused by
the large number of surface atoms can also be addressed: Will the surface alter the
.stability of different structures? Finally and perhaps most importantly, is there a size
below which a nanocrystal is so small that any changes in its structure must be viewed as
an isomerization, rather than a phase transition?

Previously, only one type of phase transition has been studied extensively in in the
nanometer size regime, both theoretically and experimentally, and that is melting. In a
wide variety of materials ranging from metals to semiconductors to insulators, a decrease
in solid to liquid transition temperature has been observed with decreasing nanocrystal
size.l2 Melting point depressions of over 50% are observed for sufficiently small sized
nanocrystals. An understanding of this depression can be obtained by éonsiden'ng the
factors that contribute to the total energy of a nanocrystal: in a system containing only a
few hundred atoms, a large fraction of these atoms will be located on the surface. As

surface atoms tend to be coordinatively unsaturated, there is a large energy associated
1



with this surface. The key to understanding this melting point depression is the fact that
the surface energy is always lower in the liquid phase compared to the solid phase. In the
dynamic fluid phase, surface atoms move to minimize surface area and unfavorable surface
interactions. In the solid phase, rigid bonding geometries cause stepped surfaces with high
energy edge and corner atoms. By melting, the total surface energy is thus reduced. This
stabilizes the liquid phase over the solid phase. The smaller the nanocrystal, the larger the
contribution made by the surface energy to the overall energy of the system and thus the
more dramatic the melting point depression.! As melting is believed to start on the surface
of a nanocrystal, this surface stabilization is an intrinsic and immediate part of the melting
process.34

Using the known 1/radius drop off in cohesive energy/atom and the resulting
depression in melting temperature as a starting point,® it is worthwhile to consider the
different regimes of behavior that are expected in ever smaller crystals. First, one
encounters the regime where only small numbers of nucleation events can occur in a given
crystallite, leading to changes in the kinetics of melting. Next, the number of surface
atoms becomes a large fraction of the total number of atoms, perturbing the relative
stability of the liquid and the solid phases. This is the nanocrystal regime of 100 to 10,000
atoms, in which there is a well defined interior with a single, defined structure at low
temperature. Finally, as the number of surface atoms exceeds the number in the interior,
the quantum mechanical nature of the chemical bonding changes, and entirely new
structures may emerge. This is in many ways the most interesting regime, because it is
here that one might find entirely new structures with properties that are not simple
extrapolations from the bulk material. We may not expect the size dependence of the
melting temperature to extend into this regime, since the intrinsic bonding of the atoms
can change. For example, calculations show that there may be no single well defined
structure for Si clusters of 10-45 atoms.6 More ionic semiconductors, in contrast, seem to

retain unique crystalline structures down to very small sizes.”® One of the most important
2



questions in cluster physics and chemistry is thus: are there a small number of well-
defined low temperature structures in nanocrystals?

To extend our understanding of the effects of size on phase stability and to address
the issues discussed above, we have chosen to study solid-solid phase changes in
tetrahedral inorganic semiconductors as a function of the size of the crystal from
1,000,000 down to 100 atoms. In the extended solids, these materials exist in a small
number of well defined crystal structures; interconversion between these structures is
usually accompanied by a discontinuous change in unit cell volume. As with melting,
there tends to be very different bonding in different structures: covalent versus metallic,
for example. The mechanics of transformation, however, are quite different from melting.
In an order/disorder transition like melting, there is diffusive motion of atoms which starts
at the surface and moves inward. In a solid-solid phase transition, in contrast, atoms
frequently move along a well defined transition path in a cooperative manner.

While transformations of this sort can be induced by changes in temperature in
some solids, many more materials will transform between solid structures upon the
application of high pressures. In particular, tetrahedral semiconductors tend to exhibit
solid-solid phase changes at relatively modest pressures. Because of the directionality of
the bonding, tetrahedral semiconductors have very open structures with large void
volumes.  Under pressure, the energy of the system can be easily lowered by a
volumetrically more efficient packing of atoms. As a result, diamond, zinc blende, and
wurtzite phase semiconductors undergo transformations to rock salt or B-Sn phases at
pressures between 2 and 15 GPa. The rock salt phase exhibits octahedral bonding with
large Madelung stabilization and can occur in ionic systems such as I-VII, II-VI and some
III-V semiconductors. The B-Sn phase is a distorted octahedral structure. This metallic
phase is observed at high pressures in IV-IV and less ionic III-V semiconductors. Our

goal is to develop a general understanding of the effect of size on homogeneous first order



solid-solid phase transitions. Because of their large volume change and moderate
transition pressures, we will use tetrahedral semiconductor nanocrystals as model systems.

A wide variety of semiconductor nanocrystals can be prepared. In particular,
advances in wet chemical synthetic techniques now allows for the preparation of virtually
any II-VI and some I-VII semiconductor nanocrystals in a variety of sizes with high
crystallinity and narrow size distributions.®1© Gas pyrolysis reactions have been
successfully used to produce highly crystalline IV-IV nanocrystals in a variety of sizes,
although size distributions are not nearly as narrow as for the II-VI systems.!! Finally,
organometallic syntheses, similar to those used for II-VI semiconductors, are now being
utilized to make III-V and IV-IV nanocrystals.!2!3 All of these methods produce
crystallites with some type of surface passivation layer which prevents agglomeration of
the nanocrystals, and allows the crystallites to be dissolved in various organic solvents.
Here we concentrate on two different types of nanocrystals: the II-VI system, CdSe, and
the IV-IV system Si. These systems are exemplary as they span the range of possible
ionicities in tetrahedral systems: from dominantly ionic to completely covalent.
Preparation of CdSe%!4 and Si!! nanocrystals is now well documented. For the
experiments presented here, Si nanocrystals in the diamond structure were produced with
high crystallinity and moderate size distributions in sizes ranging from 50 A to 250 A in
radius. CdSe nanocrystals with a wurtzite structure were produced with high crystallinity
and narrow size distributions in sizes ranging from 10 to 30 A in radius. A TEM
micrograph of a field of 25 A radius CdSe nanocrystals arrayed on an amorphous carbon
grid is presented in figure 1.1. The individual lattice planes visible in most crystallites
indicate the highly ordered nature of each discrete cluster.

Bulk CdSe transforms from a wurtzite structure to a rock salt structure at 3.0 GPa
with applied hydrostatic pressure.!> Bulk silicon transforms from the diamond structure to
the B-Sn phase at approximately 11 GPa, and then further transforms to a primitive

hexagonal structure at about 16 GPa.!6 As we will show, in all cases and for all sizes
4
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examined, these phase transition pressures are significantly elevated in nanocrystals
compared to the bulk material.!” Further, the elevation is a function of crystallite size with
smaller diameter crystallites undergoing transitions at higher pressures. Chapfers 3-5 of
this thesis contain data from a variety of experiments on pressure induced phase
transformations in nanocrystals. This data can be combined to produce a general
understanding of the elevation in phase transition pressure and the effects of size on first

order solid-solid phase transitions.

1.2 Cooperative Effects in Clusters as a Function of Pressure:

As we have discussed above, the most common use of pressure is to interconvert
solid structures. In an ordered system, however, pressure can also be used to study the
interactions between clusters. In particular, externally applied pressure can be used to
change the spacings between clusters and thus to study the coupling between them. This
general technique has been successfully applied to study the interaction between molecules
in organic!®1920 and inorganic molecular crystals.?! While temperature can also be used to
change the spacings between clusters, interpretation of these results is complicated by the
fact that both cluster-cluster spacings and the populations in various vibrational levels of
the system change with temperature. The combination of temperature and pressure,
however, allows these coupling and population effects to be separated.

In chapter 7 of this thesis, interactions between the icosohedral carbon clusters,
Ceo» Will be discussed. Because Cg, clusters are quite small, highly symmetric, and
completely monodisperse, they can be induced to order into high quality single crystals.
Cluster-cluster interactions can then be studied from Raman vibrational peak widths and
peak positions. These experiments involve both the use of variable temperature and
variable pressure. In particular, the effect of the cluster rotational state in the Cyy - Cyp

vibrational dephasing is examined.



1.3 Optical Properties of Nanocrystals at High Pressure:

The study of the phase transition process has historically been one of the primary
goal of high pressure research. Another potential field of study, however, is the study of
the phase transition product. The outcome of a structural transformation is, in a very real
sense, a new material with properties that can be completely different from the starting
material. Thus, chapter 8 of this thesis is dedicated to the study of the optical properties
of the high pressure phase, or rock salt phase, of CdSe nanocrystals.

In the bulk, the wurtzite phase of CdSe is a direct gap semiconductor. Through
the study of CdSe, CdS and other related direct gap semiconductors, the effects of finite
size on the optical properties of these systems have been well established. These effects
include shifts in the absorption onset to higher energy,?? the formation of discrete state in
the absorption spectra,?® and the concentration of oscillator strength into just a few
allowed optical transitions.?* The effect of finite size on indirect gap semiconductor
nanocrystals is much less well established. The same phenomena observed in direct gap
systemns are predicted for indirect gap systems.?* In addition, thefe exists the possibility
that a semiconductor which has an indirect gap in the bulk can have dipole allowed (or
direct) transitions in finite size due to the loss of translational symmetry.2¢ Unfortunately,
it is not currently possible to synthesize indirect gap semiconductor nanocrystals with
sufficiently narrow size distributions to test these theories.

Bulk rock salt phase CdSe is an indirect gap semiconductor.?’ Pressure can thus
be used to convert direct. gap wurtzite phase nanocrystals with narrow size distributions
into rock salt phase nanocrystals, also with narrow size distributions. The electronic
properties of these crystallites can then be studied in an effort to understand the effect of
finite size on a material which is an indirect gap semiconductor in the bulk. Furthermore,
because the same crystallites can be studied in both the direct and indirect gap phases, a

direct comparison between the electronic properties of these two systems can be made.
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Chapter 2: Experimental

2.1 Introduction:

The purpose of this chapter is to provide some additional details about the
experiments presented in this thesis. While each chapter does contain an experimental
section, some of the smaller details, useful for actually repeating an experiment, are not
included in these sections. The reader interested only in the scientific conclusions of this

work may choose to skip this chapter.

2.2 Synthesis of CdSe Nanocrystals:

The synthesis of CdSe nanocrystals in a wide range of size with narrow size
distributions is now a well established art.}? The general method starts with a solution of
di-methyl-Cadmium and Se metal dissolved in tri-butyl-phosphine at about 0.5 M. One to
1.5 ml of this solution is then injected into hot tri-octyl-phosphine oxide (T = 330-360 °C)
under argon. Samples in the 10-15 A radius range can be produced by varying the
molarity of the Cd and Se in the solution and changing the injection temperature. The
relationship between nanocrystal size and the concentrations in the Cd/Se solution is not,
however, a simple one. While more concentrated solutions and lower temperatures
generally produce larger crystallites, it is not usually possible to determine, a priori, what
size crystallites one will make. Larger samples are made by cooling medium sized samples
to approximately 300 °C and then adding additional aliquot of Cd/Se solution. Samples
can then be precipitated from the phosphine oxide solution into MeOH and filtered.

For experiments aimed at understanding the structural stability of nanocrystals,
however, narrow size distributions and a range of sizes are not sufficient. To produce
interpretable results, it appears to be very important that the nanocrystals are free of
structural defects. These defects can, potentially, change the internal energy of a

nanocrystal, provide sites for anomalous nucleation of phase transitions, or interfere with
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the path driven motions of atoms during a transformation. To avoid defected
nanocrystals, the temperature of the initial Cd/Se injection is quite important. Injection at
temperatures lower than 330 °C was found to produce nanocrystals with poor
crystallinity. Nanocrystals were considered defect free if the overall size, determined by
Transmission Electron Microscopy and Small Angle X-ray Scattering, agreed with the

domain size determined from the X-ray diffraction peak width using the Scherrer formula.

2.3 EXAFS and X-Ray Diffraction at High Pressure:

There are two major problems which plague high pressure EXAFS experiments.
The first of these is single crystal diffraction from the diamonds of the high pressure cell.
This issue is addressed in some detail in chapter 3 and thus will not be repeated here. The
other problem faced in an EXAFS experiment, and also in high pressure X-ray diffraction,
is one of sample size. Because the sample volume in a diamond anvil cell is on the order
of 1 nano-liter, total signal is frequently a problem. Two aspect of the problem need to be
addressed.

The diameter of the sample chamber is usually on the order of 0.2 mm. While this
size is not a problem for experiments involving lasers that can be focused, it does present
some difficulties for X-ray experiments. At most synchrotron light sources X-ray beams
can be focused slightly, but in the end, the incoming beam must simply be apertured down
to the diameter of the sample compartment. This is particularly true for scattering
experiments where diffraction from the metal gasket of the high pressure cell interferes
with the real signal when the beam diameter is larger than the size of the sample chamber.
To obtain adequate signal vto noise ratios with reasonable integration times in this highly
apertured geometry, a very bright X-ray source is generally required. All of the
experiments presented here were thus carried out on permanent magnet, multipole wiggler

lines at the Stanford Synchrotron Radiation Laboratory.
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The second issue for X-ray experiments at high pressure is the total cross-section
of the sample. The thickness of most high diamond anvil cell samples is on the order of
30-50 um. To prevent particle-particle interactions, samples are usually homogeneously
dissolved in an organic solvent. For most solvents, nanocrystal solubility does not exceed
a few percent by volume and so the total cross-section of the dissolved nanocrystals in the
diamond cell tends to be very low; too low in many cases to actually make the
experiments practical. There are two ways around this problem. For samples which do
not need to exceed 10 GPa in pressure, gasket thicknesses can be increased to 100 pm.
These gaskets do not tend to behave very well under high pressure, but up to 10 GPa, the
deformation is not unacceptable.

The more important method for increasing overall cross-section is to increase the
sample solubility. In appropriate solvents (most notably the coordinating solvent, 4-ethyl-
pyridine), CdSe nanocrystal concentrations of up to 1 mg/ul have been obtained. This
corresponds to a volume fractions of almost 50%. The solubility in coordinating solvents
is a strong function of the CdSe nanocrystal surface structure, however. While the details
of this dependence are not well understood, it appears that crystallites with very high
coverage of tri-octyl-phosphine-oxide (TOPO) are not exceedingly soluble in coordinating
solvents. Consistent with the idea that the dissolution process in pyridine is an exchange
reaction between the TOPO molecules on the surface of the crystallites and the pyridine,!
the nanocrystal solubility increases with time in solution. Samples, however, with very
poor TOPO coverage are also not highly soluble in pyridine, presumably because of
surface oxidation. Solubility can vary wildly from sample to sample. It is, however, one
of the most important variables for making X-ray absorption and scattering experiments

work on nanocrystal systems at high pressure.
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2.4 Optical Absorption at High Pressure:

Because semiconductor nanocrystals can be homogeneously dissolved in organic
solvents, these systems offer a unique opportunity to use optical absorption to monitor
structural transformations. In bulk systems, these experiments are much more difficult:
Powdered samples tend to scatter and single crystal samples must be exceedingly thin to
keep the optical density in a reasonable range. In addition, the light spot (usually an
incandescent source) must be focused to a size smaller than the single crystal sample to
prevent light leakage through the pressure medium surrounding the sample. For
nanocrystal samples, all of these problems are avoided. The beam diameter can be much
larger than the sample diameter as the beam is effectively apertured by the high pressure
cell gasket. Reference scans, taken with a gasket but no sample in the high pressure cell,
can then be uséd to normalize the spectra. Reference scans taken after the sample has
been pressuﬁzed and released can be used to better reflect the shape and size of the gasket
hole at high pressure.

One problem does arise in these experiments, however. As the sample is
pressurized, the metal gasket distorts. This results in a change in the apparent optical
density of the sample which does not reflect any really change in the molar extinction
coefficient. The effects can be simply corrected for using Beer's law if the gasket diameter
and thickness are also determined as a function of pressure. Sample diameters can be
measured using a light microscope with a reticule. Sample thicknesses are most easily
measured from Fabry-Pcrqt thin film interference patterns. These can be obtained by
passing a white light source through the cell and observing the intensity oscillations in the
transmitted light. The sample thickness (T) is approximated by

T=>t
2:np-0 (1)

where  is the period of the oscillations (in cm!) and n, is the index of refraction of the

pressure medium at pressure P. Values of n, for non-standard high pressure solvents can
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be roughly estimated from the atmospheric pressure index of refraction by assuming that

thefe is minimal volume change of the sample chamber upon release of pressure.

2.5 Notes and References:

1. C. B. Murray, D. J. Norris, and M. G. Bawendi, J. Am. Chem. Soc. 115, 8706 (1993).
2. J. E. Bowen Katari, V. L. Colvin, A. P. Alivisatos, J. Phys. Chem. 98, 4109 (1994).
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Chapter 3: Extended X-Ray Absorption Fine Structure (EXAFS)

3.0 Abstract

High pressure Se EXAFS data have been obtained on 2.7 nm radius CdSe
semiconductor nanocrystals. This system is observed to undergo a solid-solid phase
transition at 6.5 GPa which is approximately twice the reported value for bulk CdSe. In
combination with high pressure optical absorption experiments, EXAFS data can be used
to identify the high pressure phase structure as rock salt. EXAFS data can be fit with
equations of state to yield pressure volume curves. The resultant values of the bulk

modulus and its derivative with respect to pressure are B, =37 £+ 5 GPaand B,'= 11 £ 3.

3.1 Introduction:

How will the phase transition from one solid structure to another be different in a
nanocrystal, as compared to the bulk solid? As the domain size of a material is decreased,
how will this affect the relative stability of different possible structures of the material?
This question has ramifications in fields as diverse as electrical engineering, where the size
of features in integrated circuits is approaching the nm regime, and geo-physics, where the
phase diagram of solids with nanometer domain sizes is unknown. Changes in phase
transition points with the intrinsic size of a nanocrystal may arise through the influence of
the surface of the nanocrystals, which adds a large term to the internal energy of each
phase, or potentially through purely dynamical or kinetic effects, since the length scale of
the maximum possible fluctuation in a nanocrystal is restricted by its size. In this chapter
we present a structural study of the pressure induced transformation from a dominantly
covalent, four-coordinate wurtzite structure to an ionic six coordinate rocksalt structure in
a sample containing nanocrystals of CdSe homogeneously dispersed in a pressure

transmitting medium.
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Recent developrhents in synthetic methods now allow for the preparation of
crystalline, highly monodisperse CdSe nanocrystals in a wide range of sizes. In addition,
recent high pressure studies on CdS!2 and CdSe3+4 nanocrystals have shown surprising
results. While both of these bulk systems undergo a high pressure phase transition from a
low pressure covalent phase to a high pressure rock salt phase at about 3 GPa’67,
experiments using optical absorption and resonance Raman spectroscopies show that for
nanocrystals in the 2-5 nm range, the covalent phase is stable to pressures 2-3 times those
observed in bulk systems. Due to the indirect nature of the high pressure phase band gap
however, no information on the high pressure phase structure can be obtained from these
experiments. Similar experiments on GaAs/AlAs multilayers® also show an elevation in
phase transition pressure, though again high pressure phase structures can only be
speculated on by analogy with bulk systems.

A related queétion to the effect of finite size on high pressure transitions is the well
known reduction of the melting temperature in nanocrystals. Much progress has been
made 1n understanding these transitions. In a wide variety of materials, ranging from
metals®!0 to semiconductors!!, changes in melting temperature with size can be almost
completely accounted for by a thermodynamic model in which the surface energy of the
liquid phase is less than that of the solid. For nanometer size particles, essentially no
hysteresis is observed in the melting curves; that fact, coupled with the at least qualitative

success of the thermodynamic surface energy model, leads to the conclusion that
dynamical effects play no role in the reduction of melting temperature. The same may not
hold true for solid-solid phase transitions at room temperature, where substantial barriers
must be overcome, and large hysteresis effects are sometimes observed even in the bulk
material. A detailed knowledge of the structural changes with pressure in a nanocrystal
system are needed to see whether thermodynamic or kinetic effects predominate.

The goal of this experiment is thus to obtain direct structural data on nanocrystal

systems at high pressure. The two direct structural techniques that can be applied to
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characterize the system are X-ray diffraction and EXAFS. We have chosen to start with
Se EXAFS because of the intrinsic lack of long range order in nanocrystals. Figure 3.1
demonstraits that high quality Se EXAFS data can be obtained on our nanocrystal
samples. The quality of the nanocrystal data is, in fact, almost identical to that obtained
on bulk CdSe. While we have subsequently shown that it is possible to obtain
complementary diffraction data on the nanocrystals at high pressure, Se EXAFS provides
a direct measure of the Cd-Se bond length and as such is ideally suited for our purpose. In
order to apply thermodynamics to these systems (Chapter 4), we require the pressure-
volume curves.

It should be noted that the goal of this experiment is only to obtain data on the Cd-
Se bond length. While EXAFS is frequently reported to accurately measure both the
coordination number and the bond length, the coordination number data is generally not as
certain, and this is even more so for EXAFS measurements performed on samples in a
diamond anvil cell. The period of the EXAFS oscillations arises from the size of the
reflecting cavity that surrounds the absorbing atom, and is unaffected by the cell. Changes
in the coordination number will result in a change in the total amplitude of the oscillation
relative to the absorption edge. This amplitude can be perturbed by background from the
high pressure cell. In addition, the amplitude of the oscillations is a function of both the
coordination number and the Debye-Waller factor in the material, and these two effects
are very hard to separate. As the pressure of the system is increased the Debye-Waller
factor 1s constantly changing, and these changes tend to manifest themselves as anomalous
change in coordination number. Because of all of these effects, we will only report bond
length data for high pressure samples. This is sufficient information, however, to calculate
a variety of useful thermodynamic constants for CdSe nanocrystals under high pressure.
In addition, bond length data, while not proof of structure, can be used to leamn about the

structure of high pressure phase CdSe nanocrystals.
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Figure 3.1: Background corrected atmospheric pressure Se EXAFS data obtained on bulk
CdSe ® and 11 A radius CdSe nanocrystals @ {presented as k3y(k)]. The quality of the

data is quite high and is essentially identical for bulk and nanocrystal systems.
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3.2 Experimental:

The CdSe nanocrystals used in this experiment were prepared chemically using a
modification of the method of Murray and Bawendi!2. Crystallites were characterized
using X-ray powder diffraction, TEM, optical absorption, and Raman scattering.
Crystallite size and size distribution were determined using TEM and Small Angle X-ray
Scattering (SAXS). The sample used in this experiment was found to be wurtzite in
structure with an average size of 2.7 nm radius with a s of 18%. Imperfect agreement
between SAXS/TEM sizes and X-ray domain size indicates the presence of some stacking
faults or grain boundaries in the sample.

High pressure optical absorption data was obtained using a scanning Cary model
118 UV/visible spectrometer in combination with a Mao-Bell type diamond anvil cell with
spring steel gaskets and 0.2 mm diameter sample chambers. Nanocrystals were dissolved
in 4-ethyl-pyridine, a solvent which has been shown to be a reasonable quasi-hydrostatic
pressure medium to pressures in excess of 10 GPa.!3 Pressure was determined using ruby
fluorescence. In all cases, multiple fluorescence measurements were taken at various
locations in the cell and pressure gradients were shown not to exceed 8%.

Se EXAFS data was obtained at the Stanford Synchrotron Radiation Laboratory
on focused wiggler beam lines 6-2 and 10-2. Atmospheric pressure data were obtained
using X-ray fluorescence and a Lytel detector. High pressure data were obtained in an
absorption geometry using ion chamber detectors.

A significant problem with high pressure EXAFS experiments is interference due
to Bragg diffraction from the single crystal diamonds of the high pressure cell. This
diffraction can cause a forest of peaks that completely obscure the structure in the EXAFS
region. Some improvement can be made by rotating the cell around its azimuthal angle
(along the X-ray beam path). As a result of small imperfections in the cut and alignment
of the diamonds and of the diamond cell, the X-ray beam is rarely exactly parallel to a

crystallographic axis of the diamonds. By rotation around the azimuthal angle, the Bragg
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Figure 3.2: Raw high pressure Se EXAFS data obtained @ in a high pressure cell with
two diamond anvils, and @ in a high pressure cell with one diamond anvil and one boron
carbide anvil. The spikes in the first spectra are the result of diffraction from the single
crystals diamonds of the high pressure cell. While some spikes are still present in the
second spectra, they have all been moved to the near edge region and so do not interfere

with the analysis of the EXAFS data.
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condition can thus be altered and diffraction peaks can be moved away from the energy
region of interest. This empirical optimization technique is limited however, by the fact
that the orientation of the two diamonds with respect to each other is fixed in the process
of aligning and loading the cell, and thus complete optimization is not possible. Other
methods of dealing with interfering bragg diffractions include replacement of the diamond
anvils with Boron Carbide (B,C) anvils!4. Boron Carbide is polycrystalline, and thus
produces no interfering diffraction peaks. It has the limitation that it is not optically
transparent and thus precludes the use of ruby fluorescence to determine pressure. We
have thus chosen to conduct our experiments using a modified Merrill-Bassett type
diamond anvil cell with one diamond anvil, and one B,C anvil. This allows for complete
rotational optimization of the single diamond as well as providing an optical window for
ruby fluorescence measurements. Figure 3.2 shows the reduction in interfearing bragg
diffraction in the mixed diamond/B,C anvil cell in comparison to the pure diamond cell.
EXAFS data were analyzed using standard procedures!’. Data was background

corrected, Fourier filtered, and fit to a standard EXAFS equation:
N o :
X(k)=;?e -F(k)-sin[2kr +¢(k)] (D

where k is the photoelectron wavevector, N is the number of nearest neighbors, r is the
real space bond length, s is the Debye-Waller factor, F(k) is the backscattering amplitude,
and I(k) is the total phase shift experienced by the photoelectron. Scattering phase and
amplitude factors were calculated theoretically using bulk CdSe lattice geometry in

combination with the program Feff 5, version 5.04.

3.3 Results:
Optical absorption spectra of these direct gap semiconductors nanocrystals show a
discrete absorption feature at energies above the bulk band gap due to quantum

confinement of the initial electronic excited state. This feature is seen to move smoothly
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Figure 3.3: High pressure optical absorption data obtained on 2.7 nm radius CdSe
nanocrystals. (a) Shift of the confined optical absorption feature with pressure. (b)

Disappearance of the confined feature at the structural transition pressure.
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to higher energy upon the application of pressure. At pressures between 6.2 and 6.7 GPa,
approximately 2 times the reported bulk transition pressure, the discrete feature disappears
and is replaced by a weak featureless absorption, shifted to the red of the direct gap
feature (figure 3.3). Upon release of pressure, the discrete absorption is recovered,
though the reverse transition is marked by 4-5 GPa of hysteresis.

Se EXAFS data on atmospheric pressure nanocrystal samples produce a bond
length of 2.61 A and a coordination number of 3.5, in good agreement with bulk CdSe
values of 2.62 A and 4. Background corrected EXAFS data obtained on our nanocrystal
samples at a variety of pressures is presented in figure 3.4. The data shifts monotonically
upon the application of pressure up to 6.4 GPa, at which point a discontinuous change is
observed, followed by another smooth shift. Cadmium-Selenium bond length changes
obtained form fitting these data are presented in figure 3.5. Upto approximately 4 GPa,
the data are in good agreement with the bulk CdSe linear compressibility. Data obtained
upon the gradual release of pressure (5.5, 2.5 and 0.7 GPa) appears to show a mixed
phase with a very low coordination number and a poorly defined bond length, though the
5.5 GPa data does appear to be dominantly rock salt in character. Upon full release of
pressure, the bond length is observed to return to 2.63 (A) and the coordination number to

3.4.

3.4 Discussion:
3.4.1. Interpretation of Structural Data

Optical absorption data suggests that 27 A radius CdSe nanocrystals undergo a
reversible solid-solid phase transition at pressures between 6.2 and 6.7 GPa (upstroke).
Roughly parabolic energy dependence in the high pressure phase absorption spectra
further suggests that this new phase has an indirect band gap!6. By analogy with the bulk,
a reasonable structural candidate is rock salt, though other distorted octahedral structures

with multiple first shell bond lengths are possible!”. Other possibilities include amorphous
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Figure 3.4: Back ground corrected Se EXAFS data, presented as k-y(k), obtained on 2.7
nm radius CdSe nanocrystals as a function of pressure. The arrow corresponds to the
optically detected phase transition pressure. A shift in the EXAFS oscillations is observed

at this pressure.
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or disordered states. Although it is not possible to distinguish between these possibilities
using optical absorption, EXAFS can clearly separate them. Amorphous material should
show a distribution of bond lengths and a low average coordination number. In contrast,
‘rock salt material should show a single peak first shell peak and a second shell when the
background subtracted data is Fourier transformed into real space. Other six coordinate
structures would show multiple prominent bond lengths.

Figure 3.6 shows that quality EXAFS data can be obtained on high pressure phase
nanocrystals, and that the EXAFS spectrum is dominated by a single bond length. These
data suggest that the high pressure phase is not amorphous, and that the structure has only
one dominant bond length. A small Se-Se second shell peak further suggests that the high
pressure phase material has some degree of long range order. Although this is not
sufficient information to positively identify the high pressure phase structure as rock salt,
additional information can be gained by considering bond lengths. Figure 3.5 shows the
change in bond length with pressure. At the optically detected phase transition point, the
bond length is observed to become suddenly longer. This is indicative of a transition to a
structure with a higher coordination number and packing fraction. The only reasonable
structure that fills all of these requirements is rock salt. In addition, high pressure X-ray
powder diffraction just obtained on these systems positively confirms the structural
identity of the high pressure phase as rock salt.1®

With a knowledge of the high and low pressure phase structure, it becomes
possible to calculate the volume change upon transition. Studies on a wide variety of
materials show that wurtzite or zinc blende to rock salt transitions are usually
accompanied by about a 20% decrease in unit cell volume!9-20. Figure 3.7 shows the
actual data for our 27 A clusters. A 24% volume contraction is observed.

Complete recovery of the four coordinate structure by atmospheric pressure is
supported by both optical absorption and EXAFS data. Optical absorption shows a return

of the discrete, allowed band gap transition in atmospheric pressure recovered samples,
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and EXAFS shows a bond length and coordination number in atmospheric pressure
recovered samples that is in good agreement with unpressurized samples. At pressures,
however, only slightly above atmospheric (less than 1 GPa), both EXAFS and optical
absorption show incomplete recovery of the wurtzite phase. Although this type of solid-
solid transition usually exhibits large hysteresis, our nanocrystals appear to show

significantly more hysteresis than bulk CdSeS. This is a subject of current investigation.

3.4.2. Calculation of Thermodynamic Parameters

The data presented in figure 3.7 can be fit with the Mumnaghan equations of

state21.22

y=— Yo

;\E 2)
(1+B" -P)
B

o

to yield values of B, (the bulk modulus) and its derivative with respect to pressure (B,").
B, is the reciprocal of the linear volume compressibility. Most B values for covalent
semiconductors are in thc.range of 50-100 GPa, with B small. The values obtained for
our CdSe nanocrystals show B, = 37 + 5 GPa and B, = 11 + 3. This can be understood
by noting that the compressibility of the CdSe nanocrystals seems to decrease at extremely
high pressure. In bulk systems where this part of P-V space is not accessible,
compressibility data can only be fit to the region between atmospheric pressure and 3 GPa.
The nanocrystal data in that low pressure region is quite linear and can be accurately fit
" using bulk values of B,. As the system is compressed beyond the bulk stability limit, we
begin to sample the anharmonic parts of the Cd-Se potential and the compressibility
deviates from the bulk value. The anomalous high pressure stability of these systems thus
allows us to better determine the anharmonic terms in the potential of both the

nanocrystals and the bulk.22
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While the rock salt phase data presented here is not sufficient to fit with a
compressibility value, it can be used in combination with bulk rock salt phase diffraction
data to obtain a reasonable value for the high pressure phase linear compressibility. It
should be noted, though, that it is not strictly legitimate to use bulk and nanocrystal data
together in this way, as the nanocrystal bond lengths should be shifted to slightly smaller
bond lengths due to the effects of surface tension. These lattice contraction effects,
however, are small in comparison to pressure induced bond length changes and so the
error introduced by this method of calculation is not unreasonable. From our rock salt
phase EXAFS data and the data of Mariano and Warekois?3, we calculate a B, value of
66.3 GPa with an atmospheric pressure unit cell volume of 4.40 x 102 m?. These values
are useful for a thermodynamic analysis of the elevation in phase transition pressure in
finite size. While the quality of the data is not sufficient to obtain a B,' value, it can be
assumed that this value will be small as the pressures reached in this experiment are much
lower than any reported second phase transitions observed in bulk CdSe. In the rock salt

phase, the system is probably still in the harmonic part of the Cd-Se potential.

3.4.3 EXAFS on Nanocrystals as a Function of Size

In order to apply the concepts of thermodynamics to understanding phase
transformations in nanocrystals, some measure of the surface energy associated with a
nanocrystal is required. This surface energy can be estimated through direct means, such
as calorimetry, by comparing bulk and nanocrystal systems. A simpler way to estimate the
surface energy, however, involves the use of the Laplace Law. This equation, derived for
homogeneous systems like a liquid droplet, relates the surface energy of a sphere to an
effective pressure on the droplet. This pressure can then be related to a lattice contraction
through the volume compressibility. The formalism has been successfully used to measure
the surface energies in small crystallites from shifts in the X-ray or electron diffraction

patterns with size.!! As the surface energy is an important thermodynamic parameter for
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understanding the observed elevation in solid-solid phase transition pressure, one goal of
this EXAFS experiment is to obtain a measure of the Cd-Se bond length as a function of
nanocrystal size. Previous EXAFS experiments on CdS nanocrystal, however, have
shown no evidence for a lattice contraction,?¢ despite the fact that a contraction could be
seen in X-ray diffraction experiments.

In an effort to obtain a measure of the surface energy in our CdSe nanocrystals and
to understand these earlier results, atmospheric pressure EXAFS data was collected on a
variety of different size nanocrystals. The results are presented in figure 3.8, plotted as
fractional changed in Cd-Se bond length as a function of inverse nanocrystal radius.
Similar results obtained from X-ray diffraction experiments are included for comparison.
The lattice contraction observed from EXAFS is clearly much smaller than that seen in a
diffraction experiment. An explanation for this behavior lies in the nature of these two
measurements. A diffraction experiment intrinsically relies on long range order to
generate a signal. Diffraction, thus, measures only the bond lengths in the ordered, or
interior, part of the nanocrystals. EXAFS, in contrast is sensitive to only first shell, or
short range order. EXAFS thus samples the interior and the surface of the nanocrystal
equally. As the surface of the nanocrystal should be somewhat disordered (in order to
optimize for surface reconstruction and bonding of the surface atoms to the organic
capping ligands), the Cd-Se bond lengths on the surface should be slightly longer than in
the interior of the crystallites. The lattice contraction in a nanocrystal will increase with
decreasing particle radius and thus increasing surface area to volume ratio. At the same
time, however, the fraction of atoms on the nanocrystal surface (with slightly longer bond
lengths) should increase. If these two effects cancel, very little overall lattice contraction
will be observed in EXAFS.

The more relevant question, however, is which technique is best suited to estimate
the surface energy in the crystallites? In deriving the Laplace law,? an infinitesimally thin

surface or interface region is assumed. The nature of the bonding in a realistic interface
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Figure 3.8: Fractional change in lattice constant as a function of inverse nanocrystal
radius. Filled symbols are calculated from Se EXAFS data. Open symbols derive from
X-ray diffraction. The lattice contraction observed in diffraction experiments is

significantly larger than that seen in EXAFS.
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region is not considered, only the energetics of these bonds. Applying this concept to a
solid made up of atoms (particularly when the total dimensions of the solid are on the
atom length scale) is not strictly legitimate. If the formalism is to be used, it is best to
average over the structural parameters only from the interior region of the crystallites and
approximate the interface as an infinitely thin surface. In Chapter 4, the Laplace law will
thus be used in combination with X-ray diffraction data on many sizes of nanocrystals to
determine the surface tension in the wurtzite phase. The results will be used in a

thermodynamic model of the wurtzite to rock salt transformation in CdSe nanocrystals.

3.5 Conclusions:

In this chapter we have presented Se EXAFS data obtained on 2.7 nm radius CdSe
nanocrystals above and below the observed solid-solid phase transition. The low pressure
wurtzite phase data can be fit with the Mumnaghan equations of state to yield a value of B,
=37 £ 6 GPa and B, = 11 £ 3. The high pressure phase EXAFS data is in good
agreement with a bulk rock salt structure. The data can be used to generate a B, value in
the rock salt phase of 66.3 GPa. Despite the agreement with bulk CdSe compressibiliteis
and structures, the phase transition does not occur until the system has been pressurized to
3.5 GPa above the bulk limit of stability.

The implications of this work to fields outside of solid state physics and chemistry
are interesting and merit some speculation. Although these experiments were performed
on isolated nanocrystals homogeneously dissolved in solution, it is reasonable to assume
that as long as there is a high energy interface, this type of effect should be observed in
fused nanocrystal systems as well. That would suggest that accurate modeling of systems
as diverse as geological structures and the high pressure stability of materals would
require a knowledge not only of the types of compounds involved, but of their domain

size, provided the domains are not greater than nanometer dimensions.
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Chapter 4: High Pressure X-Ray Diffraction and Optical Absortption

4.0 Abstract

Structural transformations in CdSe nanocrystals are studied using high pressure X-
ray diffraction and high pressure optical absorption at room temperature. The
nanocrystals undergo a wurtzite to rock salt transition analogous to that observed in bulk
CdSe. Both the thermodynamics and the kinetics of the transformation, however, are
significantly different in finite size. The nanocrystal phase transition pressures vary from
3.6 to 4.9 GPa for crystallites ranging from 21 to 10 A in radius, respectively, in
comparison to a value of 2.0 GPa for bulk CdSe. The size dependent data can be modeled
using thermodynamics when surface energies are accounted for. Surface energies
calculated in this way can be used to understand the dynamic microscopic path followed
by atoms during the phase transition. X-ray diffraction data also shows that unlike bulk
CdSe, crystalline domain size is conserved upon multiple transition in the nanocrystals,

indicating that the transition only nucleates once in each nanocrystal.

4.1 Introduction:

Recent studies of clusters in both the gas and condensed phases show multiple
examples of novel bonding geometries, many of which differ from those observed in bulk
systems.! The existence of these unique structures opens up the general question of the
effects of physical size on structural stability in nanometer size solids. As the total extent
of a material is decreased from the bulk limit to systems containing only a few hundred
atomns, how will the relative stability of different possible solid structures change?

One way to answer this question is to use pressure to force finite size materials to
convert from one solid structure to another, a technique frequently used in bulk solids to
assess the relative stability of various crystal structures. In extending these experiments to

finite systems, a number of factors are potentially important. Three questions in particular
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will be addressed in this chapter: (1) To what extent can pressure induced solid-solid
structural transformations be used to understand the relative stability of various solid
structures in finite size? (2) How will the transition kinetics differ in finite size, as
compared to bulk solids? (3) What can be learned about the basic nature of solid-solid
phase transitions by studying finite systems?

The surface energy of a nanocrystal can play a dominant role in determining the
stable phases. In melting studies on a wide variety of nanocrystal materials, a depression
in melting temperature is observed with decreasing size. The data can be quantitatively
explained by the notion that the liquid phase is stabilized relative to the solid because the
cluster surface energy is lower in the liquid phase.23 In an attempt to answer question (1)
above, we will apply these surface tension ideas to solid-solid phase transitions. The
results, combined with a general understanding of surface structure and surface energy,
will be used to address questions (2) and (3).

The system that we have chosen for these experiments is CdSe semiconductor
nanocrystals. In this chapter we extend our previous work* on high pressure
transformations in CdSe nanocrystals. These crystallites can be synthesized with very
narrow size distributions and high crystallinity in sizes ranging from 10 - 30 A in radius.56
The high quality of these samples makes them ideal for studying the effect of size on
structural stability.

Bulk CdSe is known to undergo a wurtzite to rock salt transition at 2.0 + 0.2
GPa.” The transition is accompanied by a 20% decrease in unit cell volume and a change
in coordination number from 4 to 6. In CdSe?? and CdS!0.!! nanocrystals, however, it has
been observed that the low pressure wurtzite structure is stable to pressures much higher
than the bulk transition pressure. In GaAs/AlAs superlattices!? an elevation of the AlAs
phase transition pressure has also been observed. Neither the CdS/Se nanocrystal nor the
superlattice experiments, based on either Raman or optical absorption, determined the

high pressure phase structure, or the degree of crystallinity in the high pressure phase.
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Also, due to limits in the ability to chemically synthesize II-VI nanocrystals, earlier
experiments investigated only one size nanocrystal, and samples contained a broad size
distribution. Advances in synthetic methods have now removed these constraints.>6

| Recently, we have applied high pressure Se EXAFS to the question of
understanding the transformed structure in these crystallites.!3> Unlike X-ray diffraction
where large Debye-Scherrer broadening makes experiments on small samples very
difficult, EXAFS probes short range order and so quality EXAFS data can be collected on
very small nanocrystal samples. These experiments were limited, however, in that they
could not assess the degree of crystallinity in transformed samples, and they could only
suggest that, by analogy with bulk CdSe, a rock salt structure was reasonable for the high
pressure phase.

In this chapter we have thus chosen to apply a combination of high pressure X-ray
diffraction and high pressure optical absorption to the study of solid-solid structural
transformations in CdSe semiconductor nanocrystals. These techniques allow us to
determine both the structure and degree of crystallinity of the nanocrystals in évery phase,
as well as the dependence of the transformation pressure on nanocrystal size. The
experiments show that the phase transition pressure is elevated in finite size, but that the
nanocrystal domain size is conserved upon transition. These results have important
implications for theories of solid-solid phase transitions in both nanocrystalline and bulk
systems. More importantly, this combination of experiments allows us to separate
- thermodynamic from kinetic effects and thus gain some real understanding of the factors

that control stability in finite size.

4.2 Experimental:
Bulk CdSe samples, which had been annealed to reduce structural faults, were
obtained from Cleveland Crystals. The CdSe nanocrystals used in this experiment were

prepared chemically using a modification of the method of Murray and Bawendi.>®
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Crystallites were characterized using X-ray powder diffraction, Transmission Electron
Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), optical absorption, and
Raman scattering. TEM shows that these nanocrystals are nearly spherical, although
facets can be observed in crystallites over 30 A in diameter.* Detailed surface
characterization was performed using XPS¢ and NMR!5: CdSe nanocrystals dissolved in
pyridine appear to have surface Cd atoms which are coordinated to solvent nitrogen
atoms. Some small fraction of the surface Se atoms are bonded as tri-alkyl-phosphine-
selenide. In addition, some small fraction of the surface Cd and Se atoms could be present
as oxides. The total number of bound ligands appears to be limited by steric effects
between ligands and not by the availability of unbound surface sites.

Crystallite size and size distributions were determined using TEM, X-ray
diffraction, and Small Angle X-ray Scattering (SAXS). The samples used in this
experiment were found to be wurtzite in structure with an average size dispersion of ¢ =
5%. Only samples which were shown to be free of stacking faults by comparison of X-ray
diffraction Debye-Scherrer peak widths and TEM/SAXS sizes were used in these
experiments. A sample diffraction pattern for 2.2 nm radius CdSe nanocrystals is shown
in figure 4.1. The symbols indicate the experimental data. The solid line is a calculated
pattern based on the size determined by TEM/SAXS and the assumption of spherical
nanocrystals. Residuals are included to emphasize the agreement.

High pressure optical absorption data was obtained using a scanning Cary model
118 UV/visible spectrometer in combination with a Mao-Bell type diamond anvil cell
(DAC) with spring steel gaskets and 0.2 mm diameter sample chambers. Nanocrystals
were dissolved in 4-ethyl-pyridine, a solvent which has been shown to be a reasonable
quasi-hydrostatic pressure medium to pressures in excess of 10 GPa,!¢ and in which the
nanocrystals are extremely soluble. Pressure was determined using ruby fluorescence. In
all cases, multiple fluorescence measurements were taken at various locations in the cell

and pressure gradients were shown not to exceed 10%.
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Figure 4.1: Atmospheric pressuré X-ray diffraction pattern from 4.2 nm diameter CdSe
nanocrystals. Open squares represent data. The solid line is calculated based on the
assumption of spherical nanocrystals and the nanocrystal size determined by TEM/SAXS.
Residuals are included to emphases the agreement. Tantalum diffraction peaks are from

the sample holder.
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High pressure X-ray diffraction experiments were carried out on wiggler beam line
10-2 at the Stanford Synchrotron Radiation Laboraﬁory (SSRL). Focused monochromatic
12.5 KeV X-rays were collimated and apertured to a 0.1 mm beam through a series of 3
slits and pin holes. The X-ray energy was chosen to be below the Se absorption edge (12.6
KeV), thus minimizing Se absorption and K- fluorescence. A Merrill-Bassett style
diamond cell with Be rockers was used in combination with inconel gaskets. The cell was
positioned at the center of a Huber 6 circle diffractometer which provided precise
positioning of the cell with respect to the X-ray beam. Diffracted X-rays were collected
on Fuji image plates and read with 0.1 mm resolution. Typical integration times ranged
from 30 min to 1 hour, with diffraction intensities being a strong function of sample
alignment. Debye-Scherrer rings were angle integrated to produce the data presented
here. Like the optical absorption experiments, nanocrystal samples were dissolved in 4-

ethyl-pyridine and standard ruby fluorescence techniques were used to determine pressure.

4.3 Results:
4.3.1 High Pressure X-Ray Diffraction.

High pressure X-ray diffraction data collected on bulk CdSe is presented in figure
4.2a. The system is observed to be completely transformed from a low pressure wurtzite!’
structure to a high pressure rock salt!8 structure by 3.5 GPa. This is in good agreement
with values of 3.0 GPa upstroke for the bulk CdSe wurtzite to rock salt phase transition
pressure presented in the literature.”!® Upon release of pressure, a tetrahedral structure is
recovered, though it appears to be a mix of zinc blende?® and wurtzite. This is also in
agreement with previous observations.”>< Intensity anomalies in the untransformed
wurtzite peaks (figure 4.2a) are due to single crystal diffraction effects from the finite
number of grains in the sample. Using the Scherrer formula, the diffraction peak widths
can be used to calculate that the crystalline domain size decreases as the system undergoes

subsequent transition (figure 4.2a), starting with an instrument limited domain size greater
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Figure 4.2: (a) High pressure X-ray diffraction data obtained on bulk CdSe. The sample
is initially in the wurtzite phase. - By 3.5 GPa, the sample has transformed to the rock salt
phase. Upon release of pressure, a wurtzite/zinc blende mixed phase is recovered.
Intensity anomalies in the original wurtzite pattern are due to single crystal effects caused
by the finite number of grains in the sample. The arrow indicates diffraction from the
metal gasket of the diamond cell. Domain size labels indicate the average domain size in
each phase, and show a decrease in domain size with each transition. (b) Blowup of the
original wurtzite (002) peak [solid line], and the rock salt (111) peak [dashed line]. See
figure 4.4 for indexing. The data is -plotted as A28 with respect to the wurtzite and rock
salt peak centers of 16.42 and 17.76 20, respectively. The marked broadening of the rock
salt peak compared to the wurtzite is cause by a decrease in domain size upon phasé
transition.
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than 600 A (actual size = ~1 pm); decreasing to about 300 £ 40 A in the rock salt phase,
and- then further decreasing to approximately 100 + 30 A in the recovered tetrahedral
phase. Diffraction peaks from the original wurtzite phase and the transformed rock salt
phase have been expanded in figure 4.2b to emphasize this change in peak width. The
broadening in the recovered zinc blende/wurtzite phase is clearly seen in figure 4.2a. This
observation will be discussed further in the next section.

Raw diffraction data obtained on 21 A radius CdSe nanocrystals in the wurtzite
and rock salt phases are shown in figure 4.3. Debye-Scherrer rings were angle integrated
to produce the patterns presented in figures 2, 4-6, and 8. The angle integration increases
the relatively poor signal to noise observed in the raw data by over an order of magnitude.
Averaged data obtained on the same 21 A radius nanocrystals is presented in figure 4.4.
In contrast to bulk CdSe, the sample is observed to retain the wurtzite structure well
above the bulk phase transition pressure of 3 GPa upstroke. At pressures above 6 GPa,
the sample begins to convert to the rock salt structure. The co-existence of both phases is
observed in the 6.3 GPa scan. The two phase stability is in part due to small pressure
gradients in the DAC. Additionally, some inhomogeneity in sample size and surface
structure could contribute to the observed two phase co-existence. Upon further
application of pressure a clean rock salt pattern is observed. There is excellent agreement
in terms of rock salt peak positions and relative intensities between the nanocrystal and
bulk CdSe spectra. Upon release of pressure (figure 4.5), the transition is found to be
highly hysteretic. The rock salt structure remains stable to pressures significantly below
the observed upstroke transition pressure. By 1 GPa, however, the sample does begin to
recover, and by atmospheric pressure, a mixed zinc blende/wurtzite pattern is recovered,
again in good agreement with bulk CdSe.

Significantly different from the bulk, however, is the observation presented in
figure 4.6 that the diffraction peak widths do not significantly increase upon transition

from the wurtzite structure to the rock salt and back to wurtzite/zinc blende: The domain
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Figure 4.3: Raw diffraction data obtained on 4.2 nm diameter CdSe nanocrystals in the
(top) wurtzite [1 GPa] and (bottom) rock salt [10 GPa] phases. Debye-Scherrer rings of

this type are angle integrated to produce the data presented in figures 2, 4-6, and 8.
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Figure 4.4: High pressure X-ray diffraction data obtained on 4.2 nm diameter CdSe
nanocrystals with increasing pressure. Pressures and indexing for both the wurtzite and
rock salt phases are indicated on the figure. The nanocrystals are observed to transform to
the rock salt phase at approximately 6 GPa, which is twice the bulk upstroke transition

pressure. The arrow indicates diffraction from the metal gasket of the diamond cell.
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Figure 4.5: High pressure X-ray diffraction data obtained on 4.2 nm diameter CdSe
nanocrystals with decreasing pressure. Pressures and indexing for both the rock salt and
zinc blende phases are indicated on the figure. The nanocrystals are observed to transform
from the rock salt phase to a mixed zinc blende/wurtzite phase at approximately 1 GPa.

An arrow indicates diffraction from the metal gasket of the diamond cell.
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Figure 4.6: High pressure X-ray diffraction data obtained on 4.2 nm diameter CdSe
nanocrystals in the untransformed wurtzite phase, the high pressure rock salt phase, and
the recovered zinc blende/wurtzite mixed phase. In contrast to bulk CdSe (figure 4.2),

domain size labels show that there is essentially no change in domain size after multiple

transitions.
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size is unchanged upon transition from wurtzite (average size = 41 + 1 A) to rock salt
(average size = 42 + 4 A), and only slightly decreases on the reverse transition (average
size = 38 + 2 A). These data suggest that nanocrystals are coherently transforming from
one solid structure to another. The significance of this observation will be addressed in
the discussion.

The data presented in figures 4 and 5 can be fit to obtain peak positions as a
function of pressure (figure 4.7). This data can then be used to determine the bulk
modulus (B,) in the rock salt phase. B, is defined as the reciprocal of the volume
compressibility. The experimentally determined value for the rock salt phase nanocrystals
of B, = 74 +/- 2 GPa is in reasonable agreement (+ 10%) with other reported values for
bulk and nanocrystalline CdSe.!32! Unfortunately, due to the overlap of the many
wurtzite diffraction peaks, it was not possible to obtain an accurate value of B, for the
wurtzite phase. The wurtzite data are, however, consistent with our previous values
obtained from high pressure Se EXAFS experiments on CdSe nanocrystals.!3

To insure that conclusions based on data obtained on 21 A radius nanocrystals
were generalizable to smaller sized crystallites, a limited data set was collected on 10 A
radius nanocrystals as well (figure 4.8). In good agreement with the results for larger
crystallites, these nanocrystals were observed to transform from a wurtzite phase to a rock
salt phase by 8.6 GPa, and back to a tetrahedral structure. Due to the extreme Debye-
Scherrer broadening in these clusters, it is not possible to distinguish between possible
tetrahedral structures in the recovered sample. Within the limits of the data, however,
there does not appear to be any significant broadening of the diffraction peaks upon

multiple transitions.

4.3.2 High Pressure Optical Absorption.
While the effect of pressure on optical absorption in these systems is an interesting

question, it is not the focus of this chapter, and thus will not be discussed in detail.??
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Figure 4.7: Fractional shift in unit cell volume with pressure for the rock salt phase of 4.2
nm diameter CdSe nanocrystals. Square and diamond markers correspond to data
obtained using the (220) and (200) diffraction peaks respectively. The data can be fit with

a volume compressibility of B, = 74 +/- 2 GPa.
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salt phases are indicated on the figure.
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Figure 4.8: High pressure X-ray diffraction data obtained on 1.9 nm diameter CdSe
nanocrystals in the untransformed wurtzite phase, the high pressure rock salt phase, and

the recovered tetrahedral phase. Pressures and indexing for both the wurtzite and rock

upon multiple transitions, and indicates that results obtained on 4.2 nm diameter

nanocrystals are generalizable to smaller crystallites.
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Optical absorption is used here simply to identify the extent of transformation with varying
pressure. High pressure optical absorption data obtained on 14 A radius CdSe clusters are
presented in figure 4.9. The data presented here have been corrected for intensity changes
due to deformation of the DAC gasket. These corrections are determined by observing
the changes in diameter and thickness of the gasket hole for a typical gasket using an
optical microscope and the thin film interference between the diamond surfaces. Volume
and thickness changes were related to variations in concentration and path length, and
these effects were corrected for using Beer's law. The resulting uncertainty in the correct
data was approximately + 15%. Part (a) shows the shift in the first confined wurtzite
phase exciton transition with increasing pressure. The magnitude of this shift is observed
to be fairly constant over a wide range of nanocrystal sizes.

Figure 4.9(b) shows the disappearance of the confined absorption peak at the
phase transition pressure. The featureless absorption spectrum in the high pressure phase
is consistent with a high pressure rock salt structure, which is predicted to be an indirect,
nartow gap semiconductor. The optically determined phase transition pressure is
observed to correlate well with the structural phase transition pressure determined by high
pressure X-ray powder diffraction (better than * 0.3 GPa). This correlation allows for the
routine assessment of phase transition pressures on multiple sizes of nanocrystals using
simple optical techniques in our own laboratory. In figure 4.9(c), the confined direct gap
absorption is shown to return upon release of pressure. This result is in good agreement
with the complete recovery of the tetrahedral phase observed in X-ray diffraction and the
observation that the domain size, and thus the confinement size, is not altered. (The zinc
blende and wurtzite phases are not distinguishable by their optical absorption spectra.) No
significant loss of oscillator strength is observed in the optical spectra upon reverse
transition, though some broadening of the peak has occurred. The increased tail to the red
in the recovered peak could be due to an elevated number of surface states, formed

through the rearrangement of the surface with multiple transitions at room temperature.
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Figure 4.9:
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High pressure optical absorption obtained on 2.8 nm diameter CdSe

nanocrystals at high pressure. Part (a) shows the shift in the wurtzite phase absorption

with pressure. Part (b) demonstrates that optical absorption can be used to determine the

phase transition pressure. The direct gap wurtzite feature disappears and is replaced by a

featureless absorption which can be assigned to the indirect gap of the rock salt phase.

Part (c) shows that upon release of pressure, the direct gap features are recovered. All

spectra have been normalized for changes in optical density (O.D.) due to deformation in

the diamond cell gasket.
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Figure 4.10: Hysteresis curves for 3 sizes of CdSe nanocrystals. Data were obtained by
integration of the low pressure phase absorption features shown in figure 4.9. "Fraction
Rock Salt” is defined as 1 - (fractional wurtzite phase absorption). Up-stroke and down-
stroke phase transition pressures are assigned to the 50% transformed points on these
hysteresis curves. "Thermodynamic” traﬁsition points are assigned to the midpoints of the

curves (average of up-stroke and down-stroke pressures).
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The hysteresis observed in figures 4 and 5 can be quantified using optical
absorption. . Hysteresis curves for 3 sizes of CdSe nanocrystals are presented in figure
4.10.' These data are obtained by integrating the lowest energy direct gap transition in
béth upstroke and recovered samples. As in figure 4.9, these data have also been
corrected for changes in O.D. due to deformation of the DAC cell gasket. The "fraction
rock salt" value is calculated from the integrated diréct gap peak area assuming 100%
wurtzite at low pressures and 100% rock salt at very high pressure. The apparent
incomplete recovery of some of the samples is probably due to variations in the way
gaskets deform with each experimental run. The up and down stroke phase transition
pressures are assigned to the 50% transformed point for both increasing and decreasing
pressure. A smooth trend with size is observed with smaller clusters transforming to, and
recovering from, the rock salt phase at higher pressures than larger clusters. The widths
of all of these hysteresis curves are, however, significantly broader than those observed for
bulk CdSe in high pressure resistivity measurements. Bulk CdSe shows an upstroke
transition near 3 GPa, and a reverse transition at 1 GPa.” Some size dependence is
observed in the sharpness of the hysteresis curves, particularly for the downstroke
transitions: smaller sizes appear to recover more gradually.

The nanocrystal size dependence of the wurtzite to rock salt phase transition
pressure can be obtained by assigning the phase transition pressures to the midpoints of
the hysteresis curves (average of up-stroke and down-stroke transition pressures). The
validity of this assignment is discussed in section 4.4.1.2. The data are presented in figure
4.11. Pressure error bars are a measure of the uncertainty in determining the up-stroke
and down-stroke transition pressures; they do not reflect any errors introduced by the
choice of the midpoint of the hysteresis curves. The monotonic increase in phase
transition pressure with decreasing nanocrystal size suggests a systematic mechanism for
this high pressure behavior. The exploration of possible mechanisms for this increase will

be the focus of the remainder of this chapter.
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Figure 4.11: Wourtzite to rock salt transformation pressure as a function of CdSe
nanocrystal radius. The transition pressures are defined according to figure 4.10. The
solid line is a fit to the thermodynamic model explained in parts 1(a) and (b) of the

discussion section and the appendix.
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4.4 Discussion:

Can pressure induced solid-solid phase transitions be ﬁsed to understand the
relative stability of various solid structures in finite size? We attempt to answer this
question in the first section of the discussion (Thermodynamics), where the ideas of
surface thermodynamics are used to calculate surface energies in wurtzite and rock salt
phase nanocrystals. In the next section (Kinetics), these surface energies are used to
postulate the dynamic path followed by atoms during the phase transition. Here we
attempt to answer two questions. How do transition kinetics differ in finite size, as
compared to the bulk? And what can we learn about the effect of kinetics on solid-solid

phase transitions by studying finite systems?

4.4.1 Thermodynamics
4.4.1.1 Thermodynamic arguments

Much understanding of the elevated phase transition pressures observed in these
systems can be gained by using thermodynamics to model the transformation.!%.!3 The
observation that nanocrystal compressibilities, in both the wurtzite and rock salt phases,
are almost identical to bulk compressibilities,!%13 argues that the finite nature of our
samples does not result in bonding that is fundamentally different from bulk systems. It is
thus permissible to use bulk-like thermodynamic arguments to describe the observed solid-
solid phase transitions in these nanocrystals. Bulk thermodynamic expressions, however,
need to be modified by surface energy terms to describe our nanophase materials.

In this nanocrystalline system, as in bulk CdSe, we will assume that the wurtzite
and zinc blende structures are approximately isoenergetic, and so the recovered
wurtzite/zinc blende mixed phase will be treated as thermodynamically equivalent to the
original pure wurtzite structure. This assumption is justiﬁéd by the fact that in CdSe and
CdS, zinc blende to rock salt and wurtzite to rock salt phase transitions are observed to

occur at close to the same pressures.’®23 The thermodynamic arguments, presented in
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some detail for a single size of nanocrystal in previous publications,1%.13 are summarized in
the. appendix and generalized to predict the nanocrystal size dependence of the phase
transition pressure.

The internal energies for the high and low pressure phases of the nanocrystals are
given by:

Uz (S, V) =TSy, — PViz + Lo Noy — Yoz Awz n
Ups(S,V) =TSps = PVis + UasNps =Y psAgs
where U, S, and p are the bulk-like internal energy, entropy, and chemical potential terms,
respectively, for each phase, and yand A are the nanocrystal surface tensions?* and surface
areas for each phase.
The exact form of v is an important, although not well established issue. However,
recent observations of faceted nanocrystals suggest that it may be possible in the future to

exactly determine ¥y,,.!* For these experiments, the surface energy in each phase is

assumed to vary as

(2)

Yi=Cut

G
r(A)"
Here the c, term corresponds to the bulk surface energy of some hypothetical average low
index surface. In the limit of large size, only the c; term remains. The ¢, term
corresponds to the increase in surface energy due to the curvature of the cluster. For
spherical systems (which are a reasonable approximation of our nanocrystals), this term
varies at 1/radius?. The c, term can be thought of as the increase in y caused by steps and
edges which must be induced in a low index surface in order to make it curve into a
sphere. An analogous formalism with a similar radius dependence is used to describe the
effect of curvature on the surface energy of micelles.?5

Assuming wurtzite/rock salt equilibrium, the expressions for Uy, and Ugg in
equation 1 can be combined. Thermodynamic relations can then be used to re-express
equation 1 in terms of phase transition pressures, compressibilities, and surface energies,

58



Physical

Constants wurtzite rock salt

B, (GPa) 375 7412

B, 1143

V, (m3) (5.6210.01) x 10 (4.36 £ 0.04)x 10¥
¢, (N/m) 0.34 £0.07 0.63+£0.16

¢, (N/m)(A2) 84+ 16 83+ 20

Table 4.1: Physical constants used in thermodynamic calculations. Here B, is the Bulk
Modulus, B, is the dérivative with the Bulk Modulus with respect to pressure, and V is
the primitive unit cell volume at atmospheric pressure. The c, and c, terms are used to
calculate the surface energy in a nanocrystal, as defined in equation 2. They are the flat
surface and curvature terms, tespectively. All of the constants are determined
independently, except for ¢, pg and ¢, g5, Which are obtained by a fit to the size dependent

phase transition data.
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most of which are experimentally determinable (table 4.1). The details of this process are
presented in the appendix. The goal is to compare phase transition data, collected on a
variety of nanocrystal sizes, with this thermodynamic model. This process can be used to
understand the nanocrystal size dependence of the phase transition pressure, and to
calculate nanocrystal surface energies in the rock salt phase.

This thermodynamic model can, however, be explained on a more intuitive level by
considering the energy-volume plane?6.10 (figure 4.12). In the formalism of the appendix,
an energy-volume curve can be drawn for each phase of CdSe. Theoretically, one should
plot the Helmholtz energy, A, versus volume. Because we have chosen to ignore entropy
effects, however (see appendix), we are actually plotting the internal energy, U, versus
volume. On this plane, pressures are represented by straight lines of a given slope
(-dU/dV =P). The bulk rock salt curve is observed to be offset from the bulk wurtzite
curve to higher energy and smaller volume. A line which corresponds to the bulk phase
transition pressure of 2.0 GPa can be drawn tangent to these two curves. The wurtzite
phase curve for any single size of nanocrystal is offset from the bulk wurtzite curve to
higher energy because of the surface energy, and to slightly smaller volume because of a
lattice contraction caused by this surface energy. Figure 4.12 shows these curves for bulk
CdSe and 3 sizes of nanocrystals. The surface energy offset and the lattice contraction
vary with crystallite size, with the smallest nanocrystals offset to the highest energy and
smallest volume. The experimentally observed elevation in phase transition pressure with
decreasing nanocrystal size can be simply understood by realizing that the surface energy
in the rock salt phase must be higher than in the wurtzite phase. As the nanocrystal size
decreases, the slope of the line needed to connect the rock salt and wurtzite curves
Increases, and thus the phase transition pressure increases. The fact that the nanocrystal
curves in the wurtzite and rock salt phases are offset to both higher energy and smaller

size, however, complicates the mathematical description of this relatively simple effect,
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Figure 4.12: Energy volume curves for bulk CdSe and three sizes of CdSe nanocrystals in
both the wurtzite and the rock salt phases. Nanocrystal curves are offset with respect to
the bulk due to the surface energy in the nanocrystals. The offset of the rock salt curves
with respect to the wurtzite curves determines the phase transition pressure. Transition
pressures and nanocrystal sizes are indicated on the figure.
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and requires the more complex description presented in the appendix to actually compare

theory and experimental data.

4.4.1.2 Comparison to data

The equations presented in the appendix can be combined to define an equilibrium
equation that is a function of Pr, Iyy, € wz Cowzs Cirss and Cps. Here Pp is the
measured phase transition pressure, Iy, is the wurtzite nanocrystal radius, and the ¢, and
c, terms are the flat surface and curvature terms, respectively, used to define the
nanocrystal surface energy in equation 2. The values of ¢; y; and ¢, w; can be determined
experimentally from the size dependence of the lattice contraction at atmospheric pressure
(figure 4.13) using the Laplace Law (equation 3). This equation relates the observed
lattice contraction for a spherical cluster to the surface tension (y) through the concept of

a surface pressure (Pg).?’

_2Y0) 24y 3)
r a

Here 1 is the nanocrystal radius, a is the lattice constant, and B, is the bulk modulus.
Equation 3 is only rigorously correct for a completely homogeneous, spherical system
with no surface structure, like a liquid droplet. The equation has been applied to
nanocfystalline solids in the past, however, with some success.2? With some hesitation,
we will use this formalism to calculate a wurtzite phase surface energy. The data in figure
4.13 are fit with a 1/r + (1/r)® dependence, obtained by substitution of equation 2 into
equation 3. Good agreement is observed between the lattice contraction calculated from

the wurtzite (112), (110), and (103) diffraction peaks. The resulting values are ¢y, =

-0.34 £ 0.07-and ¢, w7 = 84 £ 16. The value-of-0:34 N/m for the bulk surface energy term

is close to the value for a zinc blende CdSe (111) single crystal surface of 0.55 N/m.?*
The difference could be a function of surface passivation by bound organic ligands and any

reconstruction that may occur on the nanocrystal surface.
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Figure 4.13: Fractional change in CdSe lattice constant at atmospheric pressure, plotted
against inverse nanocrystal radius. The data is fit with an a,/r + a,/r* dependence, which
can be used in combination with the Laplace Law to calculate an average surface tension
for the wurtzite phase naﬁocrystals (see text). The functional form for the surface tension
is shown on the figure, and is numerically equal to Yy, = 0.34 + 84/r(A)2 (N/m), where the
first term can be related to a bulk surface energy, and the second term is the elevation in 7y

due to the curvature of the nanocrystal. Square, diamond, and triangle markers represent



This type of model for the nanocrystal surface has consequences for our picture of
thermodynamics in nanocrystals. By assuming an infinitely thin interface layer (frequently
termed a 'Gibbs dividing surface’) we are not allowing for strain equilibrium between the
nanocrystal, a macroscopically thick interface layer, and the pressure medium. This strain
equilibrium can, in principle, modify the applied pressure on the nanocrystal so that the
pressure measured in the diamond cell chamber differs from that experienced by the
interior of a nanocrystal. While these effects are likely present in our experiment to some
degree, good agreement between. bulk CdSe and nanocrystal compressibilities!? and
between bulk CdS and nanocrystal pressure Raman shifts!? argues that the interface layer
is not significantly perturbing the applied pressure. At the struc/:tural transition, the role of
the interface is likely to be more significant. Section 4.4.2.4 includes a discussion of how

surface strain dissipation can contribute to the observed nanocrystal hysteresis.

While the thermodynamic expressions presented in the appendix still can not be
solved analytically for either ¢, g5 OT C, g as a function of Py and ryy, the equations can be
compared to experimental data on Py(ry;) and the values of c g and c,is vaned to
maximize the agreement between the experiment and the model. Experimental values for
the phase transition pressure in both bulk CdSe and CdSe nanocrystals are obtained by
averaging the upstroke and downstroke transition pressures. Assigning the
thermodynamic transition pressure in this way assumes symmetric contributions (over-
versus under-pressing) to the thermodynamic driving force for transition
(AV ans [Prrans shermo™Puransexpl)-  FOT transitions which may involve mechanical instability,
like this one, the assumption of symmetry in the driving force is not rigorously correct.
Additionally, the assumption of symmetric hysteresis curves does not allow for the
possibility of different transformation mechanisms on the forward and reverse transitions
(homogeneous versus heterogeneous nucleation, for example). Lacking further

information, it is the only reasonable approximation.3® We note, however, that the errors
64



cited for the rock salt phase surface energy calculated from the size dependent phase
transition data reflect only the scatter in the data and not any systematic error introduced
by ou; choice of the midpoints of the hysteresis curves.

The best fit to this thermodynamic model is presented in figure 4.11, with the
symbols corresponding to the data and the line representing a numerical solution to the
equation presented in the appendix. The rock salt phase surface energy which produced
this line is given by

(83+20)
r(A)?

The observation that the c, terms are approximately equal in both the rock salt and

Yrs = (0.63+0.16) + (N/m) (4)

wurtzite phases (C,ps = 83, Cywz =‘84) is consistent with our assignment that this terms
stems from the nanocrystal curvature. The increase in the c;, or the bulk surface energy
term in the rock salt phase is, however, less intuitive. Simple calculations performed by
B.N. Oshcherin?! based only on the number of dangling bonds, the bond length, and the
compressibility, predict the opposite trend. A value of y,g(calc) = 0.805 N/m is reported
for the lowest index, (111), bulk CdSe zinc blende surface, while the analogous value for
the lowest index (100) bulk CdSe rock salt surface is Yygg(calc) = 0.69 N/m. While
experimental studies on bulk zinc blende surfaces suggest that these calculations
overestimate the real value [(Yz 111y = 0.55 N/m (Ref. 29)], the trend with structure is
probably meaningful, and our observed deviation from it needs to be explained. This topic

will be addressed in the next section on kinetic effects in phase transitions.

4.4.2 Kinetics
Thermodynamics has proven to be useful in understanding the elevation in
structural transformation pressure observed in CdSe nanocrystals. The anomalously high

value calculated for Ygq suggests that equilibrium thermodynamics are not, however,
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painting a complete picture of this transformation. Kinetic, or path related effects need to

be considered as well.

4.4.2.1 The barrier to transition in bulk CdSe

In the laboratory, first order solid-solid transformations are usually observed to
occur over a range of pressures. In addition, large differences are often observed between
upstroke and downstroke transition pressures. These observations all point to the
existence of a barrier to transition and to the fact that the temperature at which these
experiments are performed is low in comparison to the height of this transition barrier. An
understanding of the kinetics is thus required to correctly apply thermodynamics to this
study.

In high pressure studies on bulk semiconductors, the barrier to transition is usually
explained in terms of nucleation dynamics.3233 Within this premise, the limiting step to
transition is the formation of a stable nucleus of the rock salt phase within the extended
wurtzite lattice (figure 4.14). This nucleus is destabilized by the rock salt/wurtzite
interface energy and thus is unstable right at the thermodynamic transition pressure. At
higher pressures, the rock salt nucleus is stabilized by its internal energy, and at some
pressure it overcomes the interface energy and the transition occurs. On the reverse
transition, the wurtzite phase nucleus is destabilized by the same rock salt/wurtzite
interface energy, and so the pressure must be lowered an equivalent amount beyond the
equilibrium transition pressure before the reverse transition is observed. This formalism
thus predicts that the thermodynamic transition pressure will be near the average of the
upstroke and downstroke transition pressure. The broadening of the diffraction peaks
with successive phase transitions observed in figure 4.2 for bulk CdSe is indicative of this
type of mechanism where multiple nucleation sites cause a decrease in crystalline domain

size upon transition.
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Figure 4.14: Schematic representation of a rock salt nucleation domain in a bulk wurtzite
lattice. The rock salt domain is destabilized by the rock salt/wurtzite interface energy. The
system must be over-pressurized (upstroke) or under pressurized (downstroke) to

overcome this destabilization.
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For the case of nanocrystals however, the observation that the domain size does
not significantly decrease after multiple transitions argues that this type of behavior is not
occurring. From the data, we can make the conclusion that multiple stable nuclei do not
coexist in the same nanocrystal. As the sizes of critical nuclei and the interactions between
them are not generally known in bulk systems, these results help to place a lower limit on
the bulk CdSe stable nucleus size. Further experiments, related to this one, could be used
to gain a more accurate idea of the forces between critical nuclei: The nanocrystal size
could be increased and the experiment repeated until the domain size was no longer
preserved upon transition. Work is currently underway to study phase transitions in this

intermediate size range.

4.4.2.2 Path effects

The existence of broad hysteresis curves, (figure 4.10) suggest that in our
nanocrystals, and possibly in bulk systems as well, there are barriers to transition other
than those associated with nucleation. In order to understand these barriers, though, we
must first understand the microscopic process which leads to the transformation. In bulk
systems, these atomic details are usually ignored. In a nanocrystal containing only 200
atoms, however, the motions of individual atoms must affect the dynamics of the total
transformation.

While the exact nature of these motions is not well understood, Burdett has shown
that much insight can be gained by using symmetry and modeling the rock salt to wurtzite
transition as a Peierl's distortion.3* In the undistorted rock salt structure, every atom is
bonded to 6 other symmetry identical atoms. The system is a narrow gap semiconductor
with a high electronic energy. By lengthening (i.e. breaking) two of the six bonds, and
shortening the other 4, it is possible to open the band gap and decrease the electronic
energy. The motion is analogous to the one-dimensional Peierl's bond alternation

observed in poly-acetylene.35 The rock salt to wurtzite transition in CdSe consists of this
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type of bond alternation in two orthogonal directions, and no distortion in the third
direction. In both CdSe and poly-acetylene, bond alternation opens up the band gap and
reduces the overall electronic energy of the system. Under pressure, however, the total
- volume of the system can be reduced by reversing the Peierl's distortion. Consistent with
the observation in poly-acetylene,36 the effect of pressure is to move the system toward its
higher symmetry state.

This leads to the following possibility for the rock salt to wurtzite transition path:
The motion can be pictured as the three-dimensional analogue of the square net to
graphite transition.3’ Given a repeating pattern of 2 x 3 rectangles, the system can distort
by moving the central atoms apart to form a hexagon. In three dimensions, this distortion
would be accompanied by appropriate motions in the z-direction to create cyclo-hexane
type boats or chairs. If the final structure is zinc blende, only chair structures will form. If
the final structure is wurtzite, both chairs and boats will form. The barrier to this motion
is a function of the loss of octahedral bonding as the central atoms move apart, balanced
against the gain in covalent sp? bonds as the system approaches a tetrahedral geometry.
Another way to picture this motion is presented in figure 4.15 for the rock salt to wurtzite
transition. Shown in part (a) are the 2 x 3 rectangles that will become 6 membered ring
chairs in (001) planes of the wurtzite structure. The rectangles are highlighted in the rock
salt cube, and the transition motions are shown for the conversion of one rectangle to a
chair structure. Shown in part (b) are right angle segments of the rock salt structure that
can open to form boat structures in the wurtzite phase. Finally, shown in part (c) are 2 x 3
rectangles that open and fold to form more wurtzite boat structures. Note that a
consistent set of motions is required for all of these distortions.

Although there is no direct experimental evidence for this path, it is consistent with
Burdett's theories on Peierl's distortions. Additional support is found in the observation
that the acoustic shear modes in these tetrahedral semiconductors soften, that is their

frequency decreases, with increasing pressure.3® These shear modes involve atomic
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Figure 4.15: Schematic representation of a possible mode for the rock salt to wurtzite
transformation. (a) The middle two atoms of a 2 x 3 rectangle move apart and the plane
puckers to produce a six mémbered ring "chair" type structure in a wurtzite (001) plane.
(b) In dimensions orthogonal to (a), right angle pieces of the wurtzite structure form six
membered ring "boat” type structure. (c) Also orthogonal to (a), 2 x 3 rectangles distort
into wurtzite "boat" type structures. In all cases, 6 membered ring structures are
highlighted in the rock salt lattice. These rings are then redrawn with the transition

motions and final structures indicated.
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motions related to those described above (mostly bond angle changes3®). The mode
softening is caused by stabilization of the rock salt structure with increasing pressure.
This lowers the barrier to transition and produces a broadening of the transition mode
potential. It is important to note, however, that while these shear modes do soften with
pressure, they do not appear to extrapolate to near zero frequency at the phase transition
pressure,*0 as has been observed in second order phase transitions.4! This implies that in
moving along the transition path, there is still some finite barrier to transition, even at the

phase transition pressure.

4.4.2.3 Effect on the surface

The concept of a transition mode or path is equivalent to the statement that the
connectivity of the atoms does not completely change during a transition. As the shape of
the unit cell changes upon transition, this connectivity necessitates a change in the overall
shape of the crystallite. This effect is not easily observed in the bulk because the
fragmentation of large crystals due to nucleation in multiple spots masks any local shape
change. In nanocrystals, however, where entire crystallites should transform coherently, a
path driven macroscopic shape change would produce detectable results. If we assume
that, as synthesized at high temperature, nanocrystals have dominantly low index surfaces,
the effect of the path presented in section 4.4.2.2 would be to convert a spherical wurtzite
nanocrystal with a low surface energy into a prolate ellipsoid in the rock salt phase with a
much higher surface energy.

An example of this is illustrated in figure 4.16. A two-dimensional cartoon of a
wurtzite (001) plane is prcsent.ed in part (a). The real (001) plane has alternate atoms
displaced above and below the plane of the page. The "surfaces” of the plane are all low
index, either the degenerate (100) or (110), and have only one dangling bond per atom.
As described above, this structure can convert to a rock salt phase when atoms from

across a ring come together to form a bond. This process produces a rock salt phase
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Figure 4.16: Transformation of a wurtzite phase nanocrystal to a rock salt phase
nanocrystal following a 2-dimensional analogy to the mode presented in figure 4.15a. The
wurtzite nanocrystal contains only low index "surfaces", while the rock salt crystallite
formed by motion along the transition path contains a large fraction of high index

"surfaces".
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crystallite with (100) and (110) surfaces. In the rock salt structure, these surfaces are not
degenerate. The (100) surface has only one dangling bond per atom and is thus low
energy. The (110) surface, in contrast, has two dangling bonds per atom and constitutes a
much higher energy surface.

Figure 4.17 shows an example of this transition path applied to a 3-dimensional
.nanocrystal. The_ starting wurtzite shape is the one believed to be a typical equlhbnur;
structure, based on TEM and Raman depolarization measurements.!4 The most striking
feature of fhe transformation is the distinctive macroscopic shape change: The crystallite
has gone from spherical to oblate. Energetically more important, however, is the fact that
the newly formed rock salt crystallite has a greater number of coordinatively unsaturated
surface bonds. These unsaturated bonds significantly increase the surface energy in the
rock salt phase, relative to the wurtzite phase. This results in the measured elevation in
phase transition pressure observed in our nanocrystals.

The change in surface energy upon transformation can be emphasized numerically
by considering a very small nanocrystal, containing only 90 atoms. In the wurtzite phase
of such a nanocrystal, the whole system averages 80% coordinated. That is, assuming the
ideal coordination is 4, the average coordination is 3.2. This is made up of a combination
of 4, 3, and 2 coordinate atoms which lie both in the interior and on the surface of the
nanocrystal. When the system is moved along the proposed transition path to the rock salt
structure, however, the average coordination decreases to 72%, based on an ideal
coordination of 6. These changes in coordination arise because the surface structure is
- determined by the symmetry allowed motions of interior atoms.

Because the wurtzite structure has low symmetry in comparison to t—he rock salt
s&ucture, it is likely that the transformation depicted in figure 4.17 is unique: bond
alternation (alternate bonds coming together from across a six membered ring) will always
take place along the ¢ axis and one of the degenerate a or b axes. Because of the high

symmetry of the rock salt structure, however, this is not true on the reverse transition.
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Figure 4.17: The same transformation as figure 4.16, presented in 3 dimensions. The
nanocrystal transforms from spherical to prolate. The transformation is accompanied by
the formation of many high index surfaces in the rock salt phase. For the wurtzite phase
nanocrystal, the ¢ axis is vertical and in the plane of the page. The a and b axes form a
120° angle in the horizontal plane perpendicular to the page. In the rock salt phase, the a,

b, and ¢ axes are orthogonal and degenerate.
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The rock salt structure is three-fold degenerate and thus bond alternation (alternate bonds

_breaking to form six membered rings) can occur in any two of the three directions in going
from rock salt to either zinc blende or wurtzite. The inhomogeneity introduced on this
reverse transition is, however, reduced by the fact that transitions to tetrahedral structures
with low surface energies should be accessible at higher pressures and thus should
dominate.

The anomalously high rock salt phase surface energy required to fit the size
dependent phase transition data is thus a real experimental consequence of the
macroscopic shape change upon transformation. While this effect can not be observed in
bulk CdSe, it is probably occurring. In this way, size dependent studies of phase
transitions in the nanometer regime provide information about both nanocrystal and bulk
transformation kinetics. Because the surface energy in a nanocrystal makes a major
contribution to the total free energy of the system, the transition path can actually
determine the final state of the system. In a true equilibrium experiment, where path
effects would not be important, the rock salt surface energy would probably lie below the
wurtzite, and a depression of the phase transition pressure would be observed. Instead,
path effects lead to higher surface energies in the rock salt phase and cause the

experimentally observed elevation in phase transition pressure.

4.4.2.4 Hysteresis

The large hysteresis observed in figure 4.10 indicates the existence of a barrier to
transition. Forward and reverse transitions do not occur at the thermodynamic transition
point because extra energy must be supplied to get the system over the transition barrier.
In this section we discuss the nature of this barrier and the effect of changing temperature

on these transitions.
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A first question is: What is the origin of this barrier? While the actual microscopic
motions of interior atoms surely play a role, the hysteresis observed in CdSe nanocrystals
is much greater than that observed in bulk CdSe.” This suggests an additional nanocrystal
specific barrier to transition. A useful body of literature to help in answering this question
concerns martensitic transformations. These are temperature or pressure induced solid-
solid phase transitions that can be described in terms of a soft mode picture, and which are
marked by hysteresis.#2 One key feature of these transitions is that the extent of
transformation can be described in terms of state variables.4> That is, at a given T and P
beyond the equilibrium transition point, the extent of transformation will be a function of
T and P, and not of the time spent at those conditions. This allows the application of
quasi-equilibrium thermodynamics to describe the under- or over-pressurized system. In
this formalism, the width of the hysteresis curve (i.e., the difference between P, ., and

P ) 1s assigned to non-reversible, non-PV work. Microscopically, this hysteresis in

trans,down
Martensitic transformations can be related to inelastic atomic rearrangements.*3 The
motions of interior atoms in our nanocrystals should be dominantly elastic and the energy
stored in the rock salt lattice should be recoverable upon release of pressure. This leaves
the non-reversible, inelastic rearrangement of surface atoms to explain the extra width of
the nanocrystal hysteresis. The rearrangements could include surface reconstruction, or
the breaking of surface Cd-pyridine, CdO,, or SeO, bonds to accommodate the new
interior structure.

For clarity, it should be emphasized that there are two separate concepts in surface
energy being presented here. The notion of a path driven increase in surface energy
(section 4.4.2.3) is a thermodynamic idea, and corresponds to a reversible storage of
energy in the lattice. This value is thus calculated from the midpoint of the hysteresis

curves. The notion of non-reversible surface atom rearrangements is a non-equilibrium

idea, and relates only to the width of the hysteresis curves, not the center point.
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One experimental difficulty with this picture is that the recovered tetrahedral phase
surface energy is not required to be exactly the same as the original wurtzite surface
energy. If this recovered surface energy were higher than the original wurtzite phase
surface energy (a physically reasonable assumption), some of the driving force for the
reverse transition would be removed. In this case, the apparent width of the hysteresis
curves would be an overestimate of the real situation. The additional width could be
caused by the fact that the upstroke "thermodynamic” transition point differed from the
downstroke "thermodynamic" transition point. While this idea is not unreasonable or
inconsistent with the data, there is no practical way to incorporate it into the analysis of
the data. Absent surface-structure specific high pressure data, we will continue to use the
sirnpiifying assumption that the surface energy in the recovered phase is the same as in the

untransformed nanocrystals.

Another potential explanation for the broad width of the hysteresis curves
observed in our nanocrystal transformations can be found in the work of David Turnbull.4
Turnbull was extensively involved in developing nucleation theories of phase changes of
all kinds. The work of most relevance centers around crystallization (from pure liquids*
and from solution*¢) in “"small" (5-50 pum) droplets. These studies showed that the
transition hysteresis could be dramatically increased by finely dividing the solution into
droplets. The "isolation theory" developed from these experiments states that foreign
material is usually involved in catalysis of phase changes. When the material is finely
divided, however, most droplets become free of foreign material, and so homogeneous (as
opposed to heterogeneous or catalyzed) nucleation temperatures can be measured.

In applying this theory to transformations in nanocrystals, however, one key point
needs to be considered. Nanocrystals have extensive surfaces with surface to volume
ratios approximately eight orders of magnitude large than those present in the Turnbull

droplet experiments. Will this surface serve as a nucleation site for solid-solid phase
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changes? It has been observed in a variety of studies** that grain boundaries and
impurities can act as nucleation sites for solid-solid phase transitions. A grain boundary
will act as a nucleation size if

Yictr 2 Y-y — Vg (5)
where 7y, is the phase I - phase II homogeneous interfacial tension (section 4.4.2.1), vy,
is the phase II - grain boundary interfacial tension, and 7, , is the phase I - grain boundary
interfacial tension. By analogy, for the case of wurtzite phase nanocrystals transforming
to the rock salt phase, the nanocrystal surface will act as a nucleation site if

Ywz-rs = Yrs ~Ywz (6)
where Yy s is the homogeneous wurtzite/rock salt interface tension, and Yy, and Ypg are
the nanocrystal wurtzite and rock salt phase surface tensions.

Tetrahedral/octahedral interface energies in semiconductors are generally
estimated to be on the same order as the nanocrystal surface energies we have
calculated.3? As the difference in the wurtzite and rock salt phase surface energies that we
have calculated is quite large and no exact measure of Yy, g 1S available, the possibility
that the nanocrystal surface does not serve as an up-stroke nucleation site can not be ruled
out. In this situation, the broad hysteresis widths could be ascribed to super-pressing of
the crystallites caused by a lack of heterogeneous nucleation sites. Supporting this idea,
these nanocrystal have been shown to be free of interior defects both by direct TEM
observation and by comparison of TEM/SAXS sizes with X-ray diffraction line widths.
Within this hypothesis, the hysteresis widths should thus reflect the homogeneous
nucleation energies of CdSe, and all nanocrystals should exhibit the same homogeneous
hysteresis width (in reasonable agreement with the results presented in figure 4.10). This
width should also be significantly broader than that observed in bulk transformations (also
in agreement with previous data’).

In applying equation equations 5 and 6 to the reverse transition (rock salt to

wurtzite), one must conclude (assuming Ywzrs = Yrs.wz > 0) that if the up-stroke
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transition goes by homogeneous nucleation, the down-stroke transition must be surface
catalyzed or heterogeneous nucleation. This result has significant implications for
interpretation of the hySteresis curves (figure 4.10): If super-pressing effects are seen only
in the upstroke transition pressure, the "therrhodynarnic" transition pressure should not be
located at the middle of the hysteresis curves (where we have assigned it). Instead, it
should be much closer to the down-stroke transition pressure. While this result would not
effect the existence of a nanocrystal size dependence to the phase transition pressure (seen
in figure 4.10 as a shift of the entire hysteresis curve to higher pressure with decreasing
nanocrystal size) it would reduce the absolute magnitude of the elevation with size. This
reduced elevation would in turn result in a lower calculated value of yp;. We note,
however, that if too much asymmetry in the hysteresis curves is postulated, the resulting
value of Y5 will be so close to the value of Yy, that the condition for homogeneous
nucleation on the up-stroke transition (stated in equation 6) will no longer be met. In the
limit of heterogeneous nucleation in both the up-stroke and down-stoke transitions, the

mid-point remains the most reasonable point to assign to the phase transition pressure.

Another point of interest is to consider the effect of temperature on the hysteresis.
At room temperature, the barrier to transition appears be large in comparison to AT. It
should be possible, however, to raise the temperature to the point that the barrier height is
on the order of kT. In this situation, if the temperature is low enough that diffusion of
surface atoms is still slow, little hysteresis would be expected and the observed upstroke
transition pressures should correlate well with our measured thermodynamic transition
pressure. If, however, the temperature is high enough that the diffusion of surface atoms
becomes fast on the time scale of the phase transition, high pressure phase nanocrystals
with a true equilibrium, low energy surface could be formed. In this case, the phase
transition pressure should decrease to the point determined by the difference in the

equilibrium rock salt and wurtzite surface energies. This reasoning suggests that the
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experiments presented here should not, in fact, even be called quasi-equilibrium: not only
are. the nanocrystallites themselves kinetically trapped high energy structures, but the
phase transition pressures we have determined are path, and thus temperature dependent
quantities.

This result has implications not only for nanocrystals, but also for phase transitions
in bulk materials at room temperature. In the first place, the path driven surface and shape
effects described above should play an important role in bulk nucleation. As previously
discussed, the hysteresis in bulk transitions is believed to stem from an interface energy
associated with a nucleus of phase I in bulk phase II (figure 4.14). This interface energy
should be strongly affected by the surface structure of the transformed phase I nucleus,
and by the shape mismatch between the phase I nucleus and the phase II cavity. These
effects are traditionally ignored in nucleation theories of phase transitions.3233 A
knowledge of these surface and shape effects is required for a full understanding of the
role of nucleation in hysteresis. Perhaps more important, however, is the concept that
path driven changes in surface energy can affect measured phase transition pressures. In
bulk systems which have undergone more than one solid-solid phase transition, the
domains can reach the size where surface energies make a significant contribution to the
total free energy of the system. In this situation, experimentally determined phase
transition pressures at room temperature are not necessarily a good measure of the relative
stability of various bulk phases.

The path dependence and hysteresis of the phase transition pressure could,
however, be exploited for potential applications. In the high temperature high pressure
experiment described previously, the temperature could be slowly reduced while the
nanocrystals were still in the high pressure rock salt phase. The result would be the
formation of a low energy equilibrium surface in the rock salt phase. In contrast to the
present experiment, the effect of this surface would be to stabilize the high pressure phase

with respect to the low pressure phase upon release of pressure. Under the right
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conditions, it should even be possible to trap CdSe nanocrystals in the rock salt structure
at atmospheric pressure and room temperature. Alternatively, surface capping groups and
pressure media could be chosen to stabilize the rock salt phase nanocrystals. If wurtzite
phase nanocrystals could be dissolved in such a medium, the possibility again exists for
recovery of rock salt phase nanocrystals at atmospheric pressure and room temperature
after pressurization. This idea is supported by recent results by J.Lin er al.47 who have
stabilized cube shaped rock salt phase CdS nanocrystals of 100 nm diameter by growing
them in a highly ionic polymer matrix. In this way, surface energies and transition barriers

can be used to tune the stable states of matter in the nanometer size regime.

4.5 Conclusions:

In this chapter we have examined the effect of finite size on the high pressure
stability of CdSe semiconductor nanocrystals. While the nanocrystals do undergo a
wurtzite to rock salt transition that is analogous to that observed in bulk CdSe, it is found
that the limited extent of the crystallites affects both the thermodynamics and kinetics of
the transition. The basic nature of the transition, determined using high pressure X-ray
powder diffraction, shows a clean transition from a wurtzite phase to a rock salt phase,
and back to a mixed wurtzite/zinc blende phase with no significant loss of crystalline
domain size. The transition in the nanocrystals, however, takes place at pressures much
'higher than those observed for bulk CdSe.

A thermodynamic analysis of the phase transition pressure allows for the
determination of the surface energy in the high pressure phase. This value is found to be
h Yés = (0.63 £0.16) + (83 +20)/r(A)? (N/m), in comparison with a value of Yy =
(O.34:t0.07) + (84 £ 16)/r(A)2 (N/m) obtained using the Laplace Law for the low
pressure phase. This large rock salt surface energy can be attributed in part to high index
surfaces formed at the transition because of the dynamic path atoms must travel to move

from one structure to the other. This result suggests that nanocrystal surfaces formed
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during solid-solid phase transitions are non-equilibrium, and thus phase transformations of
this sort are not well suited for the determination of stable equilibrium structures in finite
size. As bulk systems approach this size regime, where surface energy terms become an
important part of the total free energy, these effects need to be considered.

The transition kinetics are also affected by finite size. Broad hysteresis curves
suggest significant barriers to transition in nanocrystals. It appears, however, that
nanocrystals may be smaller than the critical nuclei hypothesized to provide the barrier to
transition in bulk semiconductors. This result can be used to further understanding of the
effect of nucleation in bulk CdSe.

The nanocrystal surface is shown to be important to both the thermodynamics and
kinetics of the transformation. The surface energy, whether thermodynamic or the result
of a kinetic process, appears to be the dominant factor in determining stable states in finite
sized systems. Despite this fact, the basic nature of the transition remains bulk-like. The
differences between transformations in finite systems and those in the bulk can be used to
understand the evolution of solid-solid phase transitions from the bulk limit into a coherent
molecular isomerization. This information can add both to our basic understanding of
phase transitions in solids, and to our comprehension of the role of physical size in the

stability of a crystallite.

4.6 Appendix:
For the bulk system, the internal energy in the high and low pressure phases is
given by:

U (S, V)=TS,, = PV, + Wz Ny AD)
Ups(§,V) =TS — PVig + W pgNis

where U, S, and p are the internal energy, entropy, and chemical potential, respectively,

for each phase. In the case of nanocrystals, equation A1 must be modified by a surface

energy term:
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Uz (S, V) =TSy, — PVy, + W Nopy — Yo Az
Ups(S,V)=TSps— PVis +HpsNps — Y psAgs

(A2)
where ¥; and A, are the surface tension and surface area, respectively, in phase i
Experimentally,*® it has been observed that the entropy change upon transition is small
(~1.7 e.u.), so the TS, terms in equations Al and A2 are frequently dropped in actual
calculations of thermodynamic parameters. Given that the condition for a phase transition
to occur is py, = Hgs, the necessary condition for a phase transition in a nanocrystal
system is given by

Fr (Vaz = Vas) + Uiz (V1) = Ups (V1) = ¥ rsArs = Yoz Awz (A3)
where Vg is the unit cell volume at the nanocrystal phase transition pressure (Py).
Equation A3 can be used in combination with a knowledge of the volume compressibility
in both phases to generate the energy volume curves (figure 4.12). This allows for
experimental determination of the surface energy (y).

The first term in equation A3 can be calculated using the Mumaghan equations of
state*90 in combination with measured CdSe nanocrystal compressibility constants. For
the wurtzite phase, compressibility constants were obtained from high pressure EXAFS
experiments carried out on 2.7 nm radius CdSe nanocrystals.!*> The resultant values for
the bulk modulus and its derivative with respect to pressure are B, = 37 +/- 5 GPa and
B,” =11 +/- 3. The compressibility constant for the rock salt phase is obtained from this
work: B, =74 +/- 2 GPa. As the data is observed to vary quite linearly with pressure, the
rock salt data was not fit with a B_’ value. Note that the size dependence in equation A3
arises both from the variation of Py with nanocrystal size, and from the nanocrystal surface
energy, which is size dependent and gives rise to an effective pressure which in turmn

modifies the applied pressure. The relevant volume equations needed to calculate the first

term in equation A3 for each phase are3°
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sz(PT,rw)= ) o /B’
[H_B;_.(P,rm)] (A%)
Bqn rwz
Y
Vrs(Pr,rgs)= = ,
[H_l_.(pJ,ﬂH (AS)
aRrs r's

where the V term for equation A4 is obtained from bulk CdSe at atmospheric pressure.
In equation AS, the V term is obtained by extrapolation of bond length versus pressure
data from this chapter for a large size nanocrystal sample to atmospheric pressure. While
this value will deviate slightly from the bulk value because of the surface pressure on the
clusters, the large size of the sample makes the error introduced by this approximation
small. The nanocrystal radius in the high pressure phase (rgs) is calculated from the
volume contraction assuming spherical nanocrystals. This, however, leads to a recursive
formula for the high pressure phase volume. Thus, after one level of recursion, rgg is fixed
at 0.7517 times the wurtzite phase radius, which is the value observed experimentally for
2.7 nm crystallites from high pressure EXAFS.15

The second term in equation A3 must be broken into two parts to obtain numerical

values:

Uz (V)= Ups (V1) = Wiy (V) = Uy (V)= [Us (V) = Us (V)] 46)
Uy (V) = Upgs(Vy),
where Vp is the bulk unit cell volume at bulk phase transition pressure. By setting the
chemical potentials equal in equation Al, it is shown that
Uz (V) =Ups (V) = =P 5 [Vip (P3) = Vs (Py)] (AT)
and thus the last two terms in equation A6 can be calculated from the bulk CdSe phase
transition pressure and the volume change at transition in the bulk system. The middle

two terms in equation A6 (square brackets) can be calculated by integrating the

Mumaghan equations of state (equations A4 and AS5) to generate energy-volume curves.
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The explicit forms of these curves for the wurtzite and rock salt phases (i.e., with and

without B_") can be obtained and are presented in equations A8 and A9.

B
Eyz(V)==[P-aV,,

B { Ve Va5 [ (A8)
S0 VAR S P N4 TAL T
B’ [ (B'—1) }P

ERS(V)—_IP,P'qu B (A9)
P

T

p-

=B Vi =[Bos Vi ' In(V,,)] ‘
The nanocrystal size dependence in these equations stems both from the direct dependence
on P and from the size dependence of the volume.

The final term in equation A3 depends only upon the nanocrystal surface area and
the surface tension. The surface area in each phase is calculated from the volume
assuming spherical crystallites. The best form for the surface tension (y) is discussed at
some length in section 4.4.1.1 and thus will not be repeated here.

This combination of approximations and substitutions, in combination with the
constants in table 4.1, allows for numerical evaluation of all of the terms in equation A3
except the rock salt phase surface energy. This is used in section 4.4.1.2 to compare this

thermodynamic model to the size dependent phase transition data collected on a variety of

nanocrystals.
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Chapter 5: High Pressure Studies on Si Nanocrystals

5.0 Abstract:

The kinetics of solid-solid phase transitions are explored using pressure induced
structural phase transformations in Si nanocrystals. In agreement with the predictions of
soft mode theories, large elevations in phase transition pressure are observed in
nanocrystals as compared to bulk Si, and high pressure X-ray diffraction peak widths
indicate an overall change in nanocrystal shape upon transformation. Additionally, unlike
the BC8 phase recovered from bulk Si, amorphous Si nanocrystals are recovered upon

release of pressure providing an example of kinetic size control over solid phases.

5.1 Introduction:

Recent progress in the preparation of finite-sized semiconductor crystallites has
created an opportunity to better understand first order solid-solid phase transitions.
Pressure induced solid-solid phase transitions in extended semiconductors are generally
highly hysteretic, and typically involve multiple nucleations and domain fracture.! The
space groups of the two phases frequently have a group-subgroup relationship.2 This has
led to the conclusion that these phase transitions must involve specific motions that carry
the solid from one structure to another. Formally, this motion belongs to a specific
irreducible representation of the higher symmetry group.? Convincing evidence for this
model lies in the observation of soft modes, or vibrations of the crystal that tend towards
zero frequency as the transition pressure is approached.? In this Chapter we demonstrate
that studies of pressure induced transformations in nanocrystals provide another route for
observing the pathway of solid-solid phase transitions, as well as a means of explaining the
hysteresis and fragmentation observed in bulk transformations.

Nanocrystals are smaller than the fragment domains that result when a single

crystal undergoes a solid-solid phase transition. Thus, nanocrystals of CdSe have been
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observed to transform from wurtzite to rock salt structures as single domains, with only
one nucleation event per crystallite.* Further, these CdSe studies* demonstrated that the
smaller the nanocrystallite, the higher the transformation pressure. These observations led
to a hypothesis, consistent with a soft-mode transformation mechanism, in which the
nanocrystals change shape upon structural transformation. If the nanocrystals have
“ dominantly low iﬁdex surfaces as synthesized in the low pressure phase, then the shape
change must result in high index, high energy surfaces in the high pressure phase. These
newly created high energy surfaces destabilize the high pressure phase and explain the
elevation in transformation pressure with reduction of nanocrystal size. The soft mode
hypothesis therefore requires that nanocrystals change shape upon undergoing pressure
induced solid-solid transitions. Observing this change in shape, however, is not a simple
matter.> At atmospheric pressure, the shape of a nanocrystal can readily be observed
using transmission electron microscopy.® The pressure induced transitions observed to
date, although hysteretic, are reversible, so that back transformation prevents simple
analysis of shape in recovered samples. The shape must therefore be determined at high
pressure. In this chapter we demonstrate that X-ray diffraction line widths can be used to
observe the change in shape that occurs when Si nanocrystals are converted under

pressure from the diamond to the primitive hexagonal structure.

Beyond access to the microscopic nature of phase transitions, another primary goal
of nanocrystal research is the search for non-standard bonding geometries in finite size. In
very small clusters, these unusual geometries are sometimes found to be
thermodynamically stable. In larger nanocrystals, however, the effect of size is not
sufficient to stabilize these novel bonding geometries. In dynamic processes such as
crystal growth and structural transformations, however, the possibility exists to use
smaller variations in thermodynamic stability to trap metastable structures in larger

crystallites. This effect is seen in the growth of kinetically trapped rock salt phase CdS
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nanocrystals in a highly ionic polymer matrix.” In this work, we demonstrate the kinetic
trapping of amorphous Si (a-Si) nanocrystals upon release of pressure from the B-Sn

phase.

In this Chapter, high pressure X-ray diffraction and optical absorption are used to
examine the phase stability of SiO, coated Si nanocrystals.® The Si/SiO, interface has an
extremely low dangling bond density and is considered to be a well passivated surface.®
This stable diamond phase interface should emphasize phase transition path induced
changes in surface structure by producing a significant increase in the total energy of the
nanocrystals upon transformation. In addition, this covalent semiconductor contrasts well
with previous high pressure studies on ionic semiconductor nanocrystals.4.10

Another advantage to studying Si is its extremely rich phase stability: Bulk Si has
been observed in as many as 10 different solid structures between atmospheric pressure
and 45 GPa. Extensive theoretical and experimental work has gone into understanding the
many stable phases of bulk Si. Bulk Si transforms from the diamond structure to the B-Sn
phase at approximately 11 GPa.!! The [B-Sn phase undergoes a second order
transformation to the closely related Imma structure.!? The Imma phase then converts via
a second order transformation to a primitive hexagonal (PH) structure near 16 GPa.12.13.14
By 40 GPa, bulk Si is found in a hexagonal close packed structure (HCP).!3 Upon partial
release of pressure from 40 GPa, the PH and -Sn phases are again observed.!'* Bulk Si
does not, however, transform back to the diamond phase upon full release of pressure.
Instead, a number of metastable crystalline!s and amorphous!é phases are observed. The

most common of these, known as BCS, is a slightly distorted tetrahedral structure.!”

5.2 Experimental:
The nanocrystal samples used in these experiments consist of diamond phase Si

crystallites coated with an approximately 15 A thick layer of Si0,.8  The nanocrystals
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were synthesized by gas pyrolysis® of Si,H and O, and characterized using Transmission
Electron Microscopy (TEM), electron diffraction, X-ray diffraction, luminescence, and
optical absorption. Nanocrystal sizes ranged from 100 to 500 A in diameter with size
dispersions varying from 20% for small samples to 35% for larger samples. Samples were
observed to be highly crystalline, both by TEM and by agreement of TEM sizes and sizes
calculated form X-ray diffraction peak widths.

High pressure experiments were carried out using piston-cylinder style diambnd
anvil cells; pressures were determined using standard ruby fluorescence techniques. The
Si nanocrystal samples were dissolved in ethylene glycol (EG). Under pressure, EG forms
a glass which deforms in a quasi-hydrostatic manner up to about 10 GPa. Above this
pressure, EG will support significant pressure gradients. Well dissolved samples,
however, remained optically clear at all pressures reached in these experiments. High
pressure optical absorption data was obtained using a scanning Cary model 118 UV/visible
spectrometer. High pressure X-ray diffraction experiments were carried out on wiggler
beam line 10-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). Focused
monochromatic 20 KeV X-rays were utilized in an angle dispersive geometry. Debye-
Scherrer rings were angle integrated to produce the data presented here. Diffraction peak
widths were deconvoluted for both the instrument function and broadening due to
pressure gradients; a gaussian distribution of pressures around the measured pressures was
assumed. Domain sizes were calculated from the peak widths using the Debye-Scherrer

formula.

5.3 Results:
Like bulk Si, Si nanocrystals are indirect gap semiconductors. Optical absorption
thus shows only a featureless rising edge in the diamond phase.!® Despite the lack of

discrete features, the onset of structural transformation can be easily seen in the absorption
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Figure 5.1: Phase behavior for 9.6 nm diameter Si crystallites coated with SiO, measured
by optical absorption. The increase in optical density at about 22 GPa marks the
semiconductor to metal transformation. The decrease in optical density at 5 GPa marks

the B-Sn to amorphous Si transformation. The arrow marks the bulk Si upstroke diamond

- to B-Sn phase transition pressure.
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spectra as a large increase in optical density (O.D.)! and the loss of the JO.D. versus
energy dependence in the spectrtum. Figure 5.1 shows the change in absorbance observed
in 96 A diameter crystallites. These hysteresis data are constructed by integration of the
absorption intensity between 1.95 and 2.05 eV. Similar results are obtained by integration
at any other comparable visible wavelengths. The upstroke semiconductor-to-metal
transformation in figure 5.1 appears at approximately 22 GPa, in sharp contrast to the bulk
Si diamond to B-Sn transition which takes place around 11 GPa.!! Also in contrast to
bulk Si, nanocrystals appear to recover to a semiconducting phase, while the metastable
BCS8 phase most commonly observed in recovered bulk Si is a semi-metal.!’

Since optical absorption cannot distinguish the mahy metallic high pressure phases
of Si, diffraction experiments are requiréd to determine the actual structures involved.
High pressure X-ray diffraction powder patterns obtained on 492 A Si nanocrystals are
presented in figure 5.2. Nanocrystals are initially in the diamond phase?® O and are seen
to be stable to well above the bulk Si diamond to 3-Sn phase transition pressure of 11
GPa.ll With application of sufficient pressure, however, the system can be converted to
the PH structure!® @. Upon partial release of pressure, an Imma phase is observed @ as
well as a 3-Sn phase (not shown).!2 Upon full release of pressure, instead of recovering
the metastable BC8 phase!” observed in bulk silicon, the sample appears to form a-Si @.
Note the change in the amorphous scattering background between the Imma and
amorpﬂous Si patterns. In the crystalline phases, this background is probably dominated
by SiO,. In the a-Si phase, the back ground is altered because it is now a combination of

Si10, and a-Si.

5.4 Discussion:
The most striking feature of the high pressure behavior observed in Si nanocrystals
1s the extreme elevation in upstroke phase transformation pressure observed in crystallites

as large as 500 A in diameter. These nanocrystals contain ~106 atoms per crystallite, so
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the vast majority of atoms are in an almost completely bulk-like interior environment.
CdS and CdSe nanocrystals in this size range show bulk-like phase behavior.* Insight
gained from studies on CdS and CdSe nanocrystals, however, can be used to postulate
that transition path induced changes in surface structure destabilize the high pressure
phase and cause an increase in transition pressure. It is highly unlikely that the stable
Si/Si0O1 interface can survive intact when the interior Si atoms, but not the exterior SiO,
atoms, move along the transition path. The result is the destruction of the low energy
Si/Si0O, interface upon structural transition. Analogous results have been observed in
GaAs/AlAs superlattices.?! This large change in interfacial energy at the Si nanocrystal
transformation point necessitates a great deal of additional work to make the system
change phase. This explains the observed significant deviations from bulk behavior, even
for very large crystallites, and provides important confirmation of the postulate that
surface energy controls the phase stability in nanocrystalline solids.

Because of the symmetry of the structures involved, Si nanocrystals can also be
used to seek evidence for a path driven change in the shape of a nanocrystal upon
transformation, providing direct confirmation of the theory of soft mode transitions in
solids.? Propagating atoms of a diamond phase crystallite along the proposed transition
path produces a crystallite with a long axis in the (001) direction, and shorter axes in the
degenerate (100) and (010) directions.22 By examining the widths of the (100) and (001)
diffraction peaks, evidence for overall changes in nanocrystal shape upon transformation
can be obtained.?3

Figure 5.3 shows an enlargement of the Si nanocrystal PH diffraction pattern at 21
GPa. The peak widths in the (100) and (001) directions are clearly different. When
deconvoluted for the instrument function and prlessure gradients and averaged over
muluple diffraction patterns between 20 and 30 GPa, these peak widths correspond to
domain sizes of 549 + 68 A in the (001) direction and 267 + 10 A in the (100) direction.

This results in an aspect ratio of ~2.05, in good agreement with a value of ~1.9 expected
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Figure 5.3: Expanded view of figure 5.2 @ shows that the (001) and (100) diffraction
peak widths differ. The difference in domain size is due to a shape change in the

crystallites.
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from the change in unit cell shape along the most probable transition path.22 The domain
size in the (101) direction is in reasonable agreement with the geometric average of these
two domains. These results strongly suggest an overall change in nanocrystal shape upon
transformation. Note that the alternative explanation, that the nanocrystals fragment upon
transformation, can be ruled out from the data: At 17 GPa, a pressure where the
nanocrystals are still clearly in the diamond phase, some broadening of the diffraction
peaks in comparison to atmospheric pressure is seen due to pressure inhomogeneity.
While the peak widths in the PH (100) direction are significantly broader than the 17 GPa
diamond phase lines, the peak widths in the PH (001) direction are actually narrower than
the 17 GPa diamond phase lines. This effect can not result from fragmentation. The
difference in peak widths thus provides direct evidence for an overall change in
nanocrystal shape. The results are a confirmation of the soft mode theory of phase

transformations.

Another observation of key interest is the recovery of a-Si upon release of pressure
in nanocrystals, in contrast to the recovery of the metastable BC8 phase in bulk Si.
Amorphous Si is a metastable phase of Si which can be kinetically trapped upon release of
high pressure under certain circumstances.!® Under the conditions of this experiment, a-Si
is not kinetically favored in the bulk. A wide variety of experimental and theoretical work,
however, has suggested that a-Si is more stable than diamond phase Si in very small size
nanocrystals (below ~30 A in diameter),2¢ which is reasonable as long range bonding is
not required to stabilize the amorphous phase. While a-Si is not predicted to be
thermodynamically stable over the diamond phase in larger sizes, it is likely that some
stabilization of the amorphous phase persists even for 500 A nanocrystals. These ideas
can be combined to gain an understanding of our room temperature recovery of a-Si
nanoclusters. The amorphous phase, while not the thermodynamic ground state, is

stabilized in finite size, and as a consequence, the barrier for the B-Sn to a-Si reaction is
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reduced in finite size in comparison to the B-Sn to BC8 reaction channel. An additional
kinetic factor favoring the dynamic formation of a-Si in finite size systems can also be
found: As the B-Sn to a-Si transition is diffusive (that is, it has no symmetry prescribed
transition path), no change in the nanocrystal shape is required upon transition so there are
no symmetry dictated changes in the surface structure. All of this points to an important
general phenomenon for nanocrystal studies: While "novel" bonding geometries do not
generally appear to be thermodynamically stable in large crystallites, it is possible to use
kinetics in combination with the slightly altered stability of higher lying states to trap

metastable structures. This general phenomenon is worth further exploration.

5.5 Conclusions:

In summary, high pressure optical absorption and X-ray diffraction studies show
large elevations in the semiconductor to metal structural transformation in SiO, coated Si
nanocrystals. The elevation can be attributed to destruction of the low energy Si/SiO,
interface at the structural transformation. Recovery of a-Si clusters upon release of
pressure shows further how the observed phase stability in nanocrystals can be controlled
by kinetics: Formation of a-Si clusters is demonstrated to be a kinetically, rather than a
thermodynamically controlled process. Finally, overall changes in the shape of a
nanocrystal upon transformation are observed by X-ray diffraction in Si crystallites. These
changes, induced by motion of interior atoms along a transition path, are the root of
kinetic control of phase stability in nanometer scale systems. Further, the observed
changes in nanocrystal shape provide direct confirmation of soft-mode theories of phase

transitions in solids.
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Chapter 6: Conclusions Thus Far

6.1 From Phase Transition to Molecular Isomerization:

Cluster research has led to a general question: can crystal size be added as a new
axis to the phase diagrams of materials? In the case of melting, it appears that the answer
is yes. A 1/radius axis that varies from O to 1 can be added to the bulk phase diagram,
extending it into a new dimension. Only at the very smallest sizes, below 50 atoms, is
there any remaining uncertainty on this point. The complete bulk phase diagram,
however, occupies the P, T plane. The results presented here suggest that a great deal of
caution is required before the size dimension can be added to the complete P, T phase
diagram. Indeed, the solid-solid phase transitions studied here appear to evolve smoothly
into kinetically controlled molecular isomerizations in finite size.

The dependence of the phase transition pressure on the transition path exemplifies
a fundamental difference between the surface tension induced change in nanocrystal
melting temperature and the surface tension induced change in nanocrystal solid-solid
phase transition pressure. In melting, the transition temperature is reduced because the
liquid phase has a thermodynamically lower surface energy than the solid phase. In solid-
solid phase transitions, in contrast, the surfaces formed in the high pressure phases are
path driven and thus are non-equilibrium surfaces. If the high pressure experiments were
performed at sufficiently high temperatures to allow for rapid reorganization of the
crystallite surface structure, the uniform elevation in phase transition pressure that has just
been described would not be observed. Instead, a decrease in phase transition pressure
would be observed in most cases. While these high temperature/high pressure
experiments should sull extrapolate to the bulk limit at infinite size, they should
extrapolate from the opposite direction; that is, from depressed transition pressures.

Given the potential for such profound kinetic control of the transformations, these

transformations cannot be described as true solid-solid phase transitions. Kinetically
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controlled molecular isomerizations between metastable phases are common. In fact,
almost all molecular isomerizations take place between thermodynamically metastable
states. More importantly dependence on the path specified by P, T, or other intensive
thermodynamic variables is common in molecular isomerizations. Theoretically, phase
transitions are thermodynamic path independent. For a true thermodynamic phase -
transition, the following two T, P paths should produce the same final product: 1) The
temperature is raised at atmospheric pressure, and then lowered at atmospheric pressure.
The pressure is then raised above the bulk phase transition pressure, but below the
nanocrystal transition pressure. The result: low pressure phase nanocrystals. 2) The
temperature is raised at atmospheric pressure. The pressure is then raised above the bulk
phase transition pressure; at high temperature, this pressure should be sufficient to induce
a transformation. Finally, the temperature is lowered. The result: metastable high
pressure phase nanocrystals. These two paths obviously produce completely different final
products.

It should be noted that residual signatures of these path effects are present in bulk
transformations as well. In bulk systems, however, the crystalline domains are sufficiently
large that path induced changes in surface structure do not have a controlling effect on the
total energy of the system. Thus, the widths of the hysteresis curves reflect the shape
changes and path effects we have described; however, the midpoints of the curves do not.
The midpoint of the bulk hysteresis curve properly belongs on the phase diagram. Note
that many existing phase diagrams of solids report the upstroke transition pressure on the
phase diagram, which is clearly in error. In addition, when bulk solids undergo multiple
cycles through these phase changes, nucleation induced decreases in the domain size are
often observed, with nanometer-sized domains produced in many cases.!23 As soon as
the number of surface atoms approaches the number of interior atoms, these systems cease

to undergo true solid-solid phase transitions.
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The discussion presented above emphasizes the point that nanocrystals present a
unique regime in structural transformations. As the understanding of these unusual
structural changes improves, insight into the nature of true molecular isomerizations and
true solid-solid phase transitions should improve as well. The need to extend the present

measurements to high temperature and to ever smaller sizes is apparent.

6.2 Summary and Conclusions:

In chapters 3-5 of this thesis, we have presented a number of methods which can
be used for studying structural transformations in semiconductor nanocrystals. High
pressure EXAFS can be used to learn about structural changes in both low and high
pressure phases of nanocrystals, and to measure linear compressibilities. EXAFS is limited
to certain matenials, however, as not all elements have a core absorption energy
appropriate for work in the diamond cell: low energy X-rays can not penetrate the
diamonds, and high energy X-rays can not be focused. Additionally, EXAFS can not
provide information about the degree of crystallinity in the transformed phases. High
pressure X-ray diffraction can provide a great deal of information about phase transitions
in nanocrystals. Diffraction peak positions and intensities can provide an absolute measure
of structure as a function of pressure, and diffraction peak widths can be correlated with
the crystallinity of a nanoparticle. Diffraction experiments on nanocrystals are time
consuming, however, and require synchrotron radiation. With a knowledge of the
structure and crystallinity from diffraction experiments, high pressure optical absorption
can be routinely used to determine phase transition pressures and hysteresis curves for
nanocrystals of many sizes. By combining all of these experiments, a real understanding of
the pressure induced structural changes in semiconductor nanocrystals can be obtained.

Using melting in nanocrystals as a model, the changes in phase transition pressure
resulting from changes in nanocrystal size can be related to the difference in surface

energies between the low and high pressure phases. As a reduction in surface tension in
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the liquid phase causes a decrease in melting temperature in finite systems, the increase in
solid-solid phase transition pressure must be caused by an increase in surface tension in
high pressure phases of semiconductor nanocrystals. The compact high pressure phase
structures, however, are usually predicted to have fairly low surface energies. The
apparent contradiction can be understood in terms of phase transition paths. Because the
basic connectivity of atoms does not change in a solid-solid phase transition, symmetry
allowed motions of the interior atoms (related to Peierls distortions) control the motions
of all atoms in a nanocrystal during a transformation. This results in the formation of high
energy surfaces in the transformed phases. This elevated surface energy disfavors the
formation of the high pressure phase crystallites and caused the observed elevations in
transition pressure.

In a nanocrystal, where the surface energy makes a dominant contribution to the
total energy of the system, the surface structure can actually control the phase stability of
the crystallites. Despite this fact, the interior geometry appears to control the surface
structure: Upon phase transformation at room temperature, the motion of interior atoms
along the phase transition path moves surface atoms from low energy environments,
formed during high temperature synthesis of the nanocrystals, to high energy
environments. A real understanding of this effect is limited, however, by the fact that the
potential in which atoms (particularly surface atoms) move during a transformation is not
well understood. In contrast to the wealth of simulations of melting in nanocrystals,*> no
detailed calculations have been performed for solid-solid transformations in nanocrystals.
There is great potential to further understanding by simulations of the experiments
described here. In particular, molecular dynamics could provide real insight into
understanding the hysteresis in these transformations.

While the structural transformations described here appear to be non-equilibrium
events, the basic conclusions drawn from them are still very general. As more nanocrystal

systems are studied under high pressure and simulations are performed, these effects of the
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transition path on the surface structure and the phase transition pressure should become
increasingly well understood. In addition, these results provide one more link in
understanding the relationship between the phenomena observed in bulk and in molecular
systems. The findings clarify a wide variety of existing data as well as predicting results

for future studies.
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Chapter 7: Cg, Single Crystals at High Pressure and Variable Temperature

7.0 Abstract:

Vibrational Raman studies on Cg, up to 18.0 GPa and between 4 and 360 K are
presented. No significant changes are observed up to 10 GPa; mode-Griineisen
parameters are calculated. The low pressure, temperature dependent Raman spectrum
shows a sharp shift in peak position and width at 240 K. This is near the point were Cy,
molecules are reported to begin rotating freely.! The data can be explained in terms of
rotational-vibrational coupling. Comparison of high pressure and low temperature data

suggests the formation of a rotational glass at high pressures.

7.1 Introduction:

The recent discovery of a method of producing Cg, in macroscopic quantities? has
spurred intense investigation in many branches of physics and chemistry. One such area is
the structure of solid Cg, and the way it is affected by extremes in temperature and
pressure. Powder diffraction studies on Cg, at high pressure suggest that it behaves like
most molecular solids, having a large decrease in intermolecular spacing, and a small
change in bond length with pressure.3 Low temperature diffraction studies also show a
small decrease in intermolecular spacing with decreasing temperature; in addition, they
show a first order phase transition at 249 K from a low temperature rotationally ordered
phase, to a high temperature phase where individual molecules are rotationally
disordered.!* The situation has been further illuminated by a recent low temperature NMR
study which confirms that C,, molecules are freely rotating on the NMR time scale above
260 K, and which also suggests that between about 190 K and 260 K, molecules are
undergoing large amplitude hops between symmetry related sites. 1

In this chapter, we present Raman data on C, at high pressures and low

temperatures. Our data can be modeled in terms of dephasing of high frequency vibrations
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by low frequency librations, and is consistent with the data obtained by others which is
summarized above. Further, by comparison of high pressure and low temperature data,

we can hypothesize about the rotational state of Cq, at high pressure.

7.2 Experimental:

C¢o samples were prepared by the method of Hawkins, et. al., and included
separation of C, from C;, on a Prikle phenylglycine-based HPLC column.# Crystals were
grow by heating Cq, powder in a temperature gradient in a sealed quartz tube under
moderate vacuum (10 torr). The tubes were heated to approximately 560 °C for 36
hours, followed by slow cooling over 4 days. Samples were heated to about 200 °C
before sealing the quartz tubes to drive off bound surface gasses. Shiny, black, faceted
crystals were found at the cool end of the tubes, approximately 14 cm from the original
sample. All samples were stored in a desiccator under nitrogen.

High pressure studies were performed using a Mao and Bell type diamond anvil
cell. A sample consisted of two or three pieées of Cg,, approximately 20 to 40 pm in
diameter, and some ruby dust. Spring steel or rhenium gaskets with holes ranging from
0.15mm to 0.25mm in diameter were used with either a 16:3:1 mixture of
methanol:ethanol:water, liquid nitrogen, or liquid argon as the pressure medium. None of
these variables seemed to affect the data. In all experiments the pressure was determined
by ruby R,/R, fluorescence. Pressure gradients never exceeded 5% in any experiment.

Low temperature samples were prepared by attaching crystals to a sapphire
window with low temperature, conducting silver epoxy. Samples were cooled with liquid
He or liquid N,. |

Raman studies were carried out using the 514.532 nm line of an Ar* laser. For the
diamond cell studies, 30 to 60 mWatt of incident power were used and both 45 degree and
back scattering geometries were employed.. The detection system consisted of a Spex

triplemate monochromator with a Photometrics series 200 nitrogen cooled CCD detector.
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Figure 7.1: Raman spectra of the three high frequency Cg, modes at pressures from 1.9

GPa to 11.2 GPa. Spectra are offset vertically for clarity.
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In the low temperature experiments, 1 mWatt incident power was used with a flow-

threugh cryostat in a back-scattering geometry.

7.3 Results:
Raman spectra of three Cg, modes are shown in Figure 7.1 as a function of
pressure. Peak assignments are consistent with the work of Bethune, et. al.> Spectra up to
9.2 GPa are qualitatively similar. The width of the non-degenerate A, mode peak does not
change significantly, though the 5-fold degenerate H, mode peaks do appear to broaden
slightly. This can easily be explained by breaking of the H, mode degeneracy due to the
lower site symmetry of the crystal environment. By 11.0 GPa the lower frequency A, and
H, modes have completely merged. This pattern continues at higher pressures so that by
16.0 GPa the spectrum has decreased to the point that it can not be distinguished from the
background. Signal does not return as pressure is increased to 18.0 GPa, the maximum
value for the present experiments. Signal was recovered upon lowering the pressure. We
were unable to obtain Raman data on other Cg, modes in the diamond cell because of the
low intensity of those modes.
Figure 7.2 show dv/dP for the three high frequency C;, modes. Values are
consistent with those presented by Butler, et. al. for the high frequency Cg, IR active
mode.6 Different symbols indicate different experiments; linear fits to the data and mode-
Griineisen parameters are also presented.  Mode-Griineisen parameters (y,) are
dimensionless quantities which relate the fractional change in volume to the fractional
“change in frequency for a given mode (i),
Ay, AV,
\2 Y

13

(1)

Values of 7y, can thus be calculated from dv/dP and the atmospheric isothermal bulk
modulus (K_). The value of Duclos, et. al. (K,=18.1 GPa) was used.>* The mode-

Griineisen parameters describes how the frequency of a given mode scales with the
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Figure 7.2: Raman peak position plotted versus pressure for the three high frequency C,
modes. Different symbols denote different experimental runs. Lines are fits to the data

with slopes (dv/dP) as shown. Values of mode-Griineisen parameters (y,) are calculated

from the frequency shift with pressure.
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volume. The very small values of 7y, are compatible with there being little change in
intramolecular bond length for a given change in intermolecular spacing. The values of ¥,
presented here are typical of high frequency modes in molecular crystals.”

The shift in Raman frequency with temperature for the totally symmetric A, mode
is shown in Figure 7.3. Again, different symbols denote different experimental runs. The
most distinctive feature is the sharp break at approximately 240 K. This corresponds
reasonably well with the temperatures reported by Heiney, et. al.!s and Tycho, et. al.!® for
the first order phase transition to a rotationally disordered state. A plot of full width at
half maximum height (FWHM) versus temperature (Figure 7.4) also shows a sharp
discontinuity at 240 K with an approximately two fold increase in width at this point. The
fact that our shift is seen at slightly lower temperature than previous studies could be

explained by a slight heating of the sample by the laser.

7.4 Discussion:

The shift in vibrational frequency with temperature can be described in terms of

two effects: thermal or population effects, and density or lattice expansion effects. This

(&), -5, == (%)
dtJp \or), "% \orP); @

where the first term describes population effects and the second density effects. K is the

can be summarized by

bulk modulus, and «a is the isobaric thermal expansion coefficient, calculated from the
paper of Heiney, et. al,!* and having the value of 9.6 x 105 Kl. By examining both
temperature and pressure shifts, it is possible to determine the fractional shift due to

density effects, given by

B ' (0v/oP),

n=-Keavjan, ©)
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Figure 7.3: Raman peak shift plotted versus temperature for the Cq, high frequency A,
mode. The peak position in the low temperature limit is 1466 cmrl. Different symbols
denote different experimental runs. The line has a slope of M=1 and represents pure
density effects. The discontinuous change in peak position at about 240 K correlates well
with the rotational ordering phase transition reported by Fischer, et. al.!2
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A value of n=1 corresponds to pure density effects; =0 to pure population effects.? In
the region below 240 K, the peak position is shifting very rapidly with temperature, and
thus n<<1. This means that population effects dominate and the observed shift is largely
due to coupling between the observed vibration and some other low frequency mode that
is being thermally populated as the temperature changes. For the case of Cg, a likely low
frequency mode is a libration.

To model coupling between vibrational and rotational motion, it is necessary to
consider the time scale of the rotation. In the region from 190 K to 240 K, Tycho, et. al.1b
obtained values of T, the rotational autocorrolation times, on the order of 60ns. Although
these correlation times are fast on the NMR time scale, and correspond to significant
narrowing of NMR lines through large amplitude molecular motions, they are
approximately 3 orders of magnitude slower than the vibrational time scale.? In this
temperature region then, we can assume that on the time scale of a vibration, Cg,
molecules move only small amounts, and that rotational motion can be modeled as
librations within a single potential minimum. This prediction is confirmed by the
molecular dynamics simulations of Goddard, et. al.10

There are a number of papers that model the dephasing of a high frequency mode
by a lower frequency mode.?!1.12 The coupling of a vibration and a libration is given by
perturbation theory as

H=H,+H,+H,, 4)

where Hy; is the perturbing hamiltonian and is usually considered to be of the form
Hy, 6%, ©)
with q the vibrational coordinate and 0 is the librational coordinate.!!'2 The temperature
dependence of the vibrational frequency shift thus depends only on <62>, which is a
function of the librational frequency, and can usually be calculated explicitly for a
harmonic oscillator in thermal equilibrium. For the case of Cy, though, the situation is

complicated by the fact that as the temperature changes, the lattice spacing and thus the
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Figure 7.4: Raman peak width plotted versus temperature for the Cy, high frequency A,

mode. Again a discontinuous change can be seen at about 240 K.
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rotational barrier height (V) and the librational frequency should change. It is not possible

~ to fit the change in position and width of the Raman line using a single barrier height to
. rotation; the theoretical shift in peak position due solely to the thermal population of a low
| frequency libration is nearly linear as opposed to the strongly nonlinear temperature
dependence observed in Fig. 3. As classical potentials for the Cg-Cq, interaction are
developed, a critical test will be their ability to predict the change in barrier height with
intermolecular separation. Since vibrational-librational coupling in the fixed barrier limit is
well documented and understood, the present data will be useful in determining the change
in barrier height with intermolecular spacing.

In the limit of free rotation (above =250 K), <62> is no longer a meaningful
quantity and dv/dT can not be explained in terms of rotational-vibrational coupling.
Examination of Figure 7.3 though, shows that the data is well approximated by a line of
slope N=1 in this high-temperature regime. In other words, in the free rotation lirn.it, thé
rotational motion can no longer be modeled as a simple thermally populated libration, and
the entire frequency shift with temperature is instead accounted for by density effects. The
fact that the coupling changes dramatically when the rotational motion changes
emphasizes that the frequency shifts in excess of pure density effects are due to rotational-
vibrational coupling.

The final picture is then one in which a high frequency vibration is coupling to a
low frequency libration at low temperatures. As the libration is thermally populated and
shifts in frequency with temperature, the effect on the high frequency mode changes. Near
250 K, the coupling undergoes a dramatic change as the rotational barrier decreases to the
point that free rotation is possible. Above this temperature the coupling between the
rotational and vibrational modes no longer changes significantly with temperature. Using
this model and assuming that the phase transition is solely a function of the crystal density,
we can calculate from our Raman data the pressure at which the Cg, rotations should

order and freeze: 0.1 GPa. In practice the transition pressure should be somewhat higher
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than this because molecules in the diamond cell at room temperate have higher kinetic
energy than molecules cooled to 250 K and thus should be able to reorient despite a higher
potential barrier. Further, the entropy is higher at room temperature than at 250 K.
Assuming these effects are relatively small, we conclude that the Cg, is rotationally
frozen in all of our high-pressure measurements. If Cg, molecules order as they freeze, as
they do in the low temperature case, one would expect that peak widths obtained in the
diamond cell would be narrow, and that the intercept of the dv/dP line would correspond
to the peak position in the low temperature limit (1466 cm!). Experimentally, we observe
peak widths up to 9.3 GPa that are approximately equal to the atmospheric pressure room
temperature value. Also the intercept of the dv/dP line corresponds to the high
temperature limit (high T=1459 cm!, intercept=1455 + 3 cm'!). This suggests that as
pressure is increased, molecules are not able to order into the same structure as that
observed at low temperatures and low pressures. We speculate that they freeze but do not
order forming a rotational glass at high pressure. The conclusion is reasonable in light of
the extremely short time required to change the pressure in a diamond cell compared to

the time required to grow highly ordered crystals.
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Chapter 8: Optical Properties of CdSe Nanocrystals in the Rock Salt Phase

8.0 Abstract:

The size dependent electronic absorption spectra of CdSe nanocrystals have been
measured in a diamond anvil cell. Under pressure, these nanocrystals are reversibly
converted from a direct gap wurtzite structure to a rock salt structure which has an
indirect gap in the bulk. It is thus possible to compare the influence of quantum
confinement on direct and indirect transitions in nanocrystals of the same size. The ratio
of oscillator strength between direct and indirect structures does not change with size,

indicating that zero-phonon transitions are not occurring in the indirect nanocrystals.

8.1 Introduction:

In semiconductors of finite size, there are pronounced quantum confinement
effects on the electronic absorption spectra. Nanocrystals of the prototypical direct gap
semiconductor, CdSe, exhibit the following effects: shifts to higher energy of the onset of
absorption on the order 0.5 eV,! and the concentration of oscillator strength into just a
few optical transitions,? as the size of the nanocrystals is decreased. There is less
knowledge of what happens to the optical spectra of indirect gap semiconductors in finite
size, which in the bulk require phonon assistance and have much lower oscillator
strengths. These issues have been brought to the fore by the observation of intense photo-
luminescence in porous Si 3 and Si nanocrystals.* Much speculation has been made about
the exact nature of this luminescence, which is not observed in bulk samples of this
indirect gap semiconductor.’ The relative oscillator strength of direct and indirect gap
semiconductor nanocrystals is not experimentally known. Simple confinement models,$
which should apply to both types of transitions, predict comparable shifts in energy levels
derived from any highly curved region of the band structure. These same models predict

concentration of oscillator strength for both zero phonon direct gap transitions and
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phonon assisted (vibronically allowed) indirect gap transitions. However, zero phonon

transitions may become allowed in finite size indirect gap semiconductors due to mixing of

~ momentum states, yielding a further enhancement in the oscillator strength of indirect

versus direct gap semiconductors.”® CdSe nanocrystals can be converted under pressure
from direct (wurtzite) to indirect gap (rock salt) structures, providing an absolute
comparison of the quantum confinement under the different selection rules.

We have chosen to study the effects of quantum confinement on the electronic
absorption spectra. While luminescence is frequently used as a measure of oscillator
strength in these types of systems, the results are complicated by the fact that
luminescence can involve one or more highly localized states. In the case of nanocrystals,
these localized states tend to originate in the crystallite surface, which can contain a large
fraction of the total number of atoms in the nanocrystal. Extremely fast trapping to the
surface has been observed in semiconductor nanocrystals,? and thus surface dominated
luminescence is expected. This is confirmed by the observation that chemical modification
of nanocrystal surfaces can change the luminescence.  Absorption, in contrast,
automatically probes the interior states of the nanocrystal. Support of this conclusion
comes from the fact that the relative spacings of the multiple absorption features follow
simple confinement rules, and the fact that chemical modification of nanocrystal surfaces is

not observed to change the absorption.

8.2 Experimental

CdSe nanocrystals in the wurtzite structure were synthesized chenﬁcaliy by a
modification of the method of Murray and Bawendi.?10 Samples have been characterized
by TEM, X-ray diffraction, small angle X-ray scattering (SAXS), Raman, and XPS, and
have been shown to be highly crystalline with narrow size distributions (¢ = 5%). Figure
8.1a (bottom) shows diffraction data obtained on an ensemble of randomly oriented 4 nm

diameter wurtzite phase CdSe nanocrystals in a high pressure diamond anvil cell (DAC).
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The diffraction peaks are broadened only by the finite size of the nanocrystals and are
consistent with nanocrystals containing less than one stacking fault per crystallite. The
optical absorption spectrum of these same nanocrystals (figure 8.1b, bottom) consists of a
sharp absorption onset with multiple discrete features and is consistent with quantum
confined direct gap absorption. For all high pressure diffraction and optical absorption
data presented here, nanocrystal samples were homogeneously dissolved in a soft organic
solvent (4-ethyl-pyridine) which has been shown to be a reasonable quasi-hydrostatic
pressure medium to pressures in excess of 10 GPa. In all cases, pressure was determined
using standard ruby fluorescence techniques. Diffraction data was obtained at the
Stanford Synchrotron Radiation Laboratory in an angle dispersive geometry using a
Merrill-Bassett style diamond anvil cell. High pressure electronic absorption data was
collected in a modified Mao-Bell style diamond cell. Visible absorption was obtained
using a scanning Cary model 118 spectrometer. Extension of this data to the near IR
(figure 8.2) was accomplished using a chopped tungsten lamp, lock-in detection, and

either two germanium or two silicon diodes.

8.3 Results and Discussion

The X-ray diffraction data in figure 8.1a (middle) shows that under pressure, the
nanocrystals undergo a solid-solid phase transition. The new diffraction pattern at 9.7
GPa indexes cleanly to rock salt structure CdSe. Furthermore, the diffraction line widths
do not broaden, indicating no introduction of defects into the sample upon phase
transition. Electronic absorption data obtained on rock salt phase nanocrystals at 8.5 GPa
(figure 8.1b, middle) show no discrete features in the IR or visible regions, and are thus
consistent with a vibronically allowed transition. The strength of the absorption near
threshold is much weaker in this phase. Upon release of pressure, recovery of a direct
gap, tetrahedral structure is observed in diffraction (figure 8.1a, top). The recovered

diffraction data is consistent with a mixture of the closely related direct gap structures,
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Figure 8.1: (a) High pressure X-ray diffraction data obtained on 4 nm diameter CdSe
nanocrystals showing forward and reverse pressure induced structural transformations.

(b) High pressure optical absorption of the same 4 nm CdSe nanocrystals.
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zinc blende and waurtzite. The electronic spectrum also recovers its full intensity, and
many of the discrete features, albeit with some broadening. The recovery of discrete
features upon release of pressure supports our assumption that lack of structure in the
rock salt phase absorption spectrum is intrinsic and not due to inhomogeneity: shape and
surface structure variation resulting from one solid-solid phase transition should only be
increased after two such transitions. Additionally, because the rock salt structure has
higher symmetry than the wurtzite, the number of possible transition paths, and thus the
potential for induced inhomogeneity, in going from wurtzite to rock salt is much lower
than that in recovering from rock salt to zinc blende or wurtzite.!! These effects combine
to show that crystalline, homogeneous, rock salt CdSe nanocrystals can be created at high
pressure, and that the spectra of these nanocrystals do not exhibit discrete states.

Rock salt structure CdS and CdSe are indirect gap semiconductors in the bulk.
This conclusion is supported by local density approximation calculations of the bulk CdSe
rock salt band structure!? which predict that this material should be an indirect gap
semiconductor with an absorption onset in the near IR. Previous calculations on the
related semiconductor, CdS, also show that it is indirect in the rock salt structure.?> Two
possible transitions are suggested by these calculations, from either the L or Z point in the
valence band to the X point in the conduction band. Previous experimental work!4 on
bulk CdSe further substantiates the conclusion that rock salt phase CdSe has an indirect
gap, and place the absorption onset at 0.76 eV at 3 GPa. Finally, the absorption near
threshold in rock salt CdS measured by Batlogg, et al.15 shows a weak, featureless indirect
gap spectrum arising frdm a far red band gap of 1.7 eV.

"Direct” and "indirect" gap absorption spectra for three sizes of nanocrystals are
shown in figure 8.2. While the wurtzite to rock salt structural transformation pressure is
observed to vary with nanocrystal size, these size effects are the topic of another
chapter.16 For this experiment, all rock salt phase data were collected at pressures well

above the highest transition pressure, and all data were collected at approximately the
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Figure 8.2: Electronic absorption of 17.3, 11.6, and 9.6 A CdSe nanocrystals in the
wurtzite (atmospheric pressure) and rock salt phases (9.3+5 GPa). The spectra have been
normalized so that the concentration and path length in the direct and indirect gap phases
are the same. Additionally, spectra have been scaled so that the integrated area under the
first two absorption features in the direct gap phase are the same. Indirect gap spectra
have been multiplied by 10 to improve clarity. The bulk CdSe rock salt band gap at 9 GPa
and the bulk wurtzite band gap at atmospheric pressure are indicated with arrows.
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same pressure (9.3 + 0.5 GPa). We have previously established that the compressibility of
the nanocrystals in both phases is the same as the bulk and does not depend on size within
the present range of sizes.!17 This ensures that all the rock salt spectra were collected on
nanocrystals with the same bond length. We also note that the shift in the bulk indirect
gap absorption with pressure is very small, = -15 meV/GPa.}*

The effect of confinement on the energy of the absorption threshold in each phase
in figure 8.2 can be clearly seen. More precise indirect absorption onsets were determined
by extrapolating O.D.1”2 versus energy to the energy intercept. These data, obtained on a
wide variety of sizes, are presented in figure 8.3 plotted as confinement energy versus
inverse radius squared, with the direct gap absorption data included for comparison. The
data are plotted this way because the crudest model of quantum confinement predicts that
the shifts will vary in proportion to the increased kinetic energy of the carriers as the "box"
size is reduced. In nanocrystals, the translatonal momentum, k, is not well defined.
Simple confinement theories model the electronic energy levels of a nanocrystal as
superpositions of bulk electronic energy levels of differing momentum. For a given size of
nanocrystal, the degree of mixing, Ak, is fixed. One hypothesis is that the intrinsic matrix
element for absorption is unchanged in a nanocrystal, but that the density of electronic
states is altered by quantum confinement. In that case, the shift in energy, AE, and the
concentration of oscillator strength are both determined by the curvature of the bulk
bands. The fact that AE versus size is so similar for the wurtzite and rock salt structure of
CdSe (figure 8.3) means that the ratio of oscillator strength should not change as a
function of size, provided the oscillator strength dependence on size arises only from this
collapse of momentum states. This hypothesis is supported by the observation that the
curvature at valence and conduction band extrema is similar in the wurtzite and rock salt
structures.!218  Any additional oscillator strength changes with size, observed in the ratio
of wurtzite and rock salt absorption spectra, can be assigned to changes in the matrix

element for absorption, for instance, zero phonon processes.
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Figure 8.3: Confinement energy versus 1/radius? for wurtzite and rock salt phase CdSe
nanocrystals. Rock salt phase absorption onsets (m) are plotted relative to a bulk value of
0.67 eV at 9 GPa and room temperature.!* Wurtzite phase nanocrystals are included for
comparison. These crystallites were sized by both TEM (%) and SAXS (a) and are
plotted relative to a bulk room temperature absorption onset of 1.74 eV.!? For the

wurtzite phase, the absorption onset is assigned to the peak of the first excited state.
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Figure 8.4 shows rock salt absorption data for five sizes of CdSe nanocrystals.
These data have been ratioed to the integrated area of their recovered direct gap
absorption spectra. Normalization in this way allows for determination of changes in
indirect gap absorption intensity relative to the direct gap intensity, and accounts for
gasket deformation with increasing pressure which can change the optical path length.
Gasket deformation upon release of pressure is found to be small. The results show
clearly that within the precision of this experiment (¥ 5%), no change in relative
absorption intensity between the two phases is observed for nanocrystals ranging from 9.6
A t0 17.3 A in radius. To the degree that quantum confinement influences oscillator
strength, it has the same effect on both wurtzite and rock salt electronic transitions.

The featureless nature of the absorption spectrum and its weak intensity relative to
the direct gap phase allow us to conclude that in rock salt phase CdSe nanocrystals down
to 9.6 A in radius, the material is still fundamentally an indirect gap semiconductor.
Further, despite the finite size, the terms "direct” and "indirect" appear to still apply, in the
sense that vibrational assistance is still required in the "“indirect" case. Increases in
absorption intensity with size in the indirect gap phase due to concentration of oscillator
strength can be accounted for by normalization against the direct gap phase. The
possibility of a further increase in oscillator strength in these small nanocrystals of rock
salt CdSe due to zero phonon processes can be ruled out by our observations.

These experimental results are readily generalizable to nanocrystals of other
indirect gap semiconductors. In most indirect materials, for example Si, GaP, and AgBr,
as well as rock salt CdSe and rock salt CdS, the change in crystal momentum required for
the lowest energy transition is nearly the length of the Brillouin zone. For nanocrystals
containing more than about 100 atoms, the crystal momentum mixing induced by finite
size is relatively small in comparison to the change in crystal momentum required for the
indirect transition and thus does not give rise to significant absorption from zero phonon

processes, as is observed in our rock salt CdSe nanocrystals. Since the amount of crystal
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Figure 8.4: Electronic absorption spectra of 5 sizes of rock salt phase CdSe nanocrystals
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momentum mixing depends only on the crystallite size and not the material, this result
should also be true for other indirect gap nanocrystals with valence and conduction band
extrema that are well separated in k space. This conclusion is shared by Wilson et al.4
who used radiative rate measurements to show that zero phonon processes do not
significantly affect oscillator strength in Si nanocrystals. Experiments by Chen et al.20 on
AgBr nanocrystals, and calculations by Hybertsen” and Wang et al.2! on Si nanocrystals
also find slow radiative rates, indicating that phonon assisted processes dominate.
Further, these results show that despite the increased oscillator strength in indirect gap
nanocrystals compared to the bulk, direct gap nanocrystals retain their advantage over

indirect ones for optical applications where fast radiative rates are important.2?
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