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ABSTRACT OF DISSERTATION

The first part of this dissertation discusses GaSe monomeggrepated particles. GaSe
nano-disks have been prepared by several different synthetic methstlgly on the effect of
various ligations suggests that well-aggregated stable particieligated by tight-binding alkyl
phosphonic acid anhydrides. Addition of dodecyl aldehyde to particlesréhptimarily ligated
by trioctylphosphine and trioctylphosphine oxide results in stroeglypled aggregates that
cause a large red shift of the absorption spectrum (1609 and the reversal of singlet and
triplet states. This spin reversal results in changes inrsa@ved anisotropy and a dramatic
decrease in radiative lifetime. The quantum vyield of particleeases from 4.7% in monomers
to 61% in strongly coupled aggregates. GaSe aggregates camdzbwith a smectic-A phase
liquid crystal, LC (4-octyl, 4’-cyanobiphenyl), where the liquid taydorces the particles to
form long stacks that are in line with the director axis of tle This only happens when the
synthesized GaSe particles are extremely well-aggregated.

The second part of this dissertation discusses the synthesis @tah ekynamics of
various morphologies of CdTe/CdSe nano-heterostructures. Highly lummthé&sd&e spherical
nanoparticles with an average size of 3.4 nm are synthesizedausowg! synthetic method that
uses Octadecylphosphonic acid in the Te precursor. These pardicleave a quantum vyield of
up to 90%. Core/shell and dot/tetrapod CdTe/CdSe heterostructures izgufesm these Te
cores are used to study the biexciton Auger dynamics anddbtkoa cooling rates in these

structures by means of femtosecond transient absorption meastseln effective mass



approximation (EMA) is used to model the exciton dynamics, spaityf Auger times, in these
particles. Calculations of the electron and hole wavefunctions usendeMA model predict
electron and hole overlap and radiative lifetimes that match thotee adxperimental data. A
better agreement between the experimental and calculated sdataserved if compression
effects, resulting from depositing a smaller-lattice shelb @alarger-lattice core, are considered.
The analysis shows that as thicker Se shells are deposited, béthgéreand electron cooling
processes are progressively suppressed, as expected. Calcslabwnthat the Auger time is a
strong function of, and thus directly proportional to the coulombic irtteraenergy between

the electron and the hole.
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INTRODUCTION

Nanotechnology deals with the discovery and engineering of $igrtienomena at the
nanometer (18 meters) scale. Nanoparticles, particles ranging from I0€bnm in size, often
exhibit properties that are different from the bulk materiak ksense, nanoparticles serve as the
bridge between bulk material and individual atoms. In bulk materigfsigdd, chemical and
optical properties of the sample are not affected by the dfizbbe sample. Nanoparticles,
however, show optical properties that are strongly dependent orsiteiiSince bulk chemistry
and classical electromagnetic physics are often inadequateltonethe observed phenomena,
scientists in the field of nanoscience have to constantly use quahtgsits and chemistry for
their research. In addition, the larger surface area of nandesirtitakes the properties of
surface molecules dominant, while in bulk samples, the propertibe sample are determined
by the molecules in the bulk of the material and surface molecules can be ignored.

Even though nanoparticles have been used by artisans over the gieatgjcsresearch
on their properties and potential usage in modern technology israistyColored glass used to
decorate church windows is an example, where old glassmakers usedugoparticles to create
a variety of glass colors. Artisans during Middle Ages and the iBsarae also used gold or
copper particles to create a glitter thin film over pottefthdugh nanoparticles have been used
unknowingly over the past centuries, the science is considered aabwgt50 years old. The
word “nano-technology” was first used by Taniguchi in a paper heghdaliabout ion-sputter
machining in 1974. During 1980's the science got a big boost primarigube of new

advancements in the field of cluster science and the invention of sgaanneling microscope
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(STM). Carbon nanotubes, semiconductor nanocrystals, quantum dots, and atamaic for
microscopy (AFM) were all breakthroughs that followed in later years.

Semiconductor nanocrystals are of particular interest Hr dissertation. They are
defined as semiconducting particles that are single-crystallime single-crystallinity of these
particles eliminates the complications associated with ¢rgdtere defects and grain boundaries
that are present in bulk samples. Small semiconductor nanocritstalsly <10 nm) that are
guantum confined in all three dimensions are referred to as quantun{@}s The size-
dependent and tunable optical properties of these dots are the unigaeesisdics that make
them so interesting. Applications of quantum dots range from LEBsrd, photovoltaics, solid-
state computing, to highly sensitive cellular imaging in biolalgiesearch. The amount of
research and publications in this area is so vast that it isgatcimpossible to keep track of.
Among the widely researched semiconductor QDs are CdSe, CdTeZ#A88, and PbS. A
rather recent advancement in this area of research is the sgntbie semiconductor
heterostructures, where a QD core is coated with a semicamglutiaterial shell. Optical
properties, electron and hole dynamics, and charge transport thrasghhtterojunctions has
evolved to a whole new branch of research in the past years. Apaaj@f this dissertation will
concentrate on the properties and electrodynamics of type |l Cd3e-Ccore-shell
heterostructures.

Semiconductor particles such as gallium selenide (GaSe) have erotgbt#ing much
attention in the scientific community simply because they arereely hard to synthesize. The
first part of this dissertation will focus on the synthesis, aptaroperties and spectroscopic

characteristics of monomer and aggregate gallium selenide quantum dots.
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PART I. GaSe NANOPARTICLE AGGREGATES
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Chapter One: What are GaSe Quantum Dots?

1.1. Basic Properties.

Layered semiconductors have been of special interest because ofttimesic plate-like
crystal structure and their potential applications in memory deviéxamples of these
semiconductors are molybdenum disulfide, lead iodide, and gallium d=leini which the
unique layered structure leads to quasi two-dimensional behavior abfoeke in between the
sheetS Bonding within the layers is covalent and thus strong, whereasténactions between
the layers are governed by Van der Waals forces.

Among IlI-VI semiconductors, GaSe quantum dots are of particodereist due to their
unique optical properties arising from the disk-like morphology. GaBelpa discussed in this
dissertation are nanodisks of approximately less than 8 nm in diaamet about 4 atoms thick
a single tetra-layer of Se-Ga-Ga-Se atoms with strong dbollés between the gallium atoms.
Figure 1 depicts the crystal structure of bulk GaSe and a ihtde confirming the disk-like
morphology. Se atoms cover the outer faces of the disks wheraamgatibms are only exposed
at the edges. Edge ligands that bind to the gallium atoms plkexti@mely important role in the
stability and extent of aggregation of these particles. Synthetihods and role of various
ligands will be discussed in detail in later chapters. Prof. Yea&JC-Merced provided AFM
images of the nanodisks, confirming the thickness of the dots to be d@dutal 1 angstroms,
equivalent to thickness of four atoms. Figure 2 presents the AFigeiraad the topographical

height curve. As a result of their morphology, these particlesegpected to have highly
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anisotropic spectroscopic properties and also exhibit large intiefpaelectronic interactioris
Organized arrays of these tightly interacting particles sleowwremely promising optical
properties: They can serve as a channel for exciton migratiocieefly collect and transport
energy, and even be used as birefringent material.

Most semiconductor quantum dots have a defined three-dimensional stystture that
hinders strong interparticle coupling. Their crystal structure ghetparticle centers at relatively
large distances from each other, therefore suppressing dipolactidaas. However, it has been
shown that GaSe nanoparticles spontaneously form strongly iitgraaggregatés The
electromagnetic interaction between the disks is about 1000whereas this interaction is only
on the order of a few wavenumbers in nanospheres of comparableTigdransition density
can be modeled as a dipole located at the particle center. Rippteximations are valid when
the size of the dipole in comparison to the distance in betweenpibleslis small. This is true in
case of GaSe nanodisks. Thus, stronger interparticle interactiernsxpected in the case of
nanodisks. The two-dimensional disks stack on top of each other to formnoaesdnal linear
aggregates. Naturally, there is substantial amount of disordee iaggregates and thus they are
linear only over a few number of particles. As mentioned befamgly interacting aggregates

of GaSe particles have a great potential for becoming efficient antiemreagergy transfer.
1.2. Optical Properties.

What happens when GaSe dots are photoexcited? The principal idkeat ispbn
excitation, the incident photon kicks an electron out of the valence bdndtarthe conduction
band, leaving behind a hole in the valence band. The bound state of monehete pair is
called an exciton. This exciton can be localized over a spajtécle or delocalized over several

ones. Bulk GaSe has an indirect band gap at about 2.1eV. In the rel@igelynanodisks (8 to
15



10nm is diameter), there is only z-axis quantum confinement whicles#us absorption onset

to move to the blue of bulk GaSe bandgap by about 0.6eV. The lowest gaesgyon lies ai’

and is z-polarized (Figure B)Z-axis is defined to be the axis perpendicular to the plane of the
nanodisks. This z-polarized direct transition for a monomer absorlmat 405nm and has an
onset at about 470nm giving it a deep yellow color (Figure 4). Faltpwhotoexcitation, the
nanoparticles exhibit moderately intense fluorescence, alsoylgog&drized along the z axis.
The fluorescence quantum yield of as-synthesized particlepically 10-15%4. There is also a
slightly higher energy transition &t that is x,y-polarized and has an onset at about 350nm.
Figure 5 shows a typical absorption and photoluminescence spectruaSefr@onomers. The
exciton in a monomer can be modeled as a particle in a cylinder (the nanodisks).

Several studies have characterized the size-dependent spectr@swbprelaxation
dynamics of GaSe nanoparticles and aggregates of these rimegddr *°*1? The aggregates
are (locally) one-dimensional; that is, the disk-like nanopastistack to form linear aggregates.
Electromagnetic coupling between transitions on adjacent partietilts in the formation of
delocalized singlet excitons. The alignment of zipolarized lowest energy transition results in
the lowest energy singlet exciton transition having most of tbidlaier strength. This behavior
is strongly reminiscent of the lowest energy transitions iarocgJ aggregates; they shift to the
red and become narrower at high concentratigiis®'®'”. The second transition igy-
polarized (polarized in the plane of the nanoparticle) and, therefar¢hda@pposite behavior; it
shifts to the blue and, thus, behaves like an H aggregate. The spmntrobthese aggregates is
largely determined by the relative magnitude of the intexar(dipolar) couplings and the
inhomogeneous width of the transitions. The as-synthesized particles aiggregates with

interparticle couplings of about 300 cr. This is significantly less than the energetic
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inhomogeneity of the monomers, about 1000 cmhich will be discussed in detail in chapter
three of this part. As a result, optical excitation produces atoaxeith a coherence length (the
number of particles over which the exciton is delocalized)ishsthort, on average, about two to
three particles. Time resolved luminescence depolarization studieate that these excitons

readily diffuse along the one-dimensional aggregate, with a diffusion constartif°Xnf/s.
1.3. ATheoretical Approach: Extension of a Dimer Model to an N-mer.

Consider the case of monomers interacting to form aggregatexjisks that are stacked
on top of each other. Because of the interaction between the forming esnam the
aggregates, the excited state becomes delocalized over a felepaGaSe aggregates and their
transitions to excited state can be best described by a coupledrdbdel. The zero’th states of

a coupled dimer argp1[H2>, [p1¢203>, wherepl and$p2 are wavefunctions of monomer 1 and

monomer 2, respectively. The monomers are uncharged and so thenétdoteraction between
them is dominated by dipole-dipole coupling. Hamiltonian of the dimer k& written as

H=H;+H,+V 1, where \{; is the operator describing the dipole-dipole interaction:

1

V=3

3
S R ()

The eigenfunctions for this Hamiltonian are the linear combinations of thelzdnmiéer states:

W= (27)(91092 + $1920)

W= (27%)(9102 - 9 1¢20)
Consider the z-polarized transition in a coupled dimer (Figure 6)difher excited state splits
into two levels with a splitting of 2 , corresponding to the two linear combinations. The lower
energy transition corresponds to the in-phase, head-to-tail arrangefithe coupled oscillators

and has a positive net dipole and therefore a large oscillatag#trerhis low energy head-to-
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tail arrangement is very much analogous to the J-aggregatagaimaodyes. The other transition
(i.e. the higher energy one) corresponds to the head-to-head orttail-4orangement. The
dipoles are cancelled and thus this transition has no oscillatnggir The Xx,y-polarized
transitions are analogous to the H-aggregates of organic dydkat the lower energy
arrangement of the dipoles has no oscillator strength due to thellaton of dipoles. The
higher energy state has a positive net dipole and therefahe ascillator strength. The focus of
my project was on the z-polarized transition and so there wiibferther discussion of the x,y-
polarized transition. It should be clear that extension of the dinodrlem to a trimer problem
creates three excited state levels with the lowest enlexgt having the largest oscillator
strength. It is critical to realize that the lowest enestgye of a trimer is lower in energy than the
lowest energy state of a dimer. So, one should expect that a éforserbs to the red of a dimer.
A further extension of the dimer problem to an n-mer is a propetel capable of describing
GaSe aggregates. By analogy to the dimer problem, the exeitenl state is split into n levels
with the lowest energy transition having all the oscillatoerggth. Notice that the more

monomers are coupled, the lower the excited state energy.
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Chapter Two: Synthesis

2.1. The Established Synthetic Procedure.

GaSe nanoparticle samples are synthesized using slight aasiati the same methods
reported in a previous publication2. In general, 11.25 mmol of Ga{@ik mixed with 15.75
mmol of TOPSe in a total volume of 15 mL of purified trioctylphospHii@P) in a nitrogen
atmosphere. The Se to Ga ratio is mostly selected to be semewitween 1.1:1 to 1.5:1 to
have some excess Se in the reaction mixture. As long as chogen the recommended
window, minor variations in Se:Ga ratio do not affect the qualitthefsynthesis dramatically.
Ga precursor concentration can be varied from 0.75 to 1 M depending bthevltesired final
particle concentration is. Generally speaking, higher concentrafioeactant precursors do
result in slightly better aggregated particles. Building ondiheer problem discussed in section
1.3, when the two or more oscillators couple, the lowest z-polariaadition drops in energy
and the corresponding absorption peak moves to the red. At the samehantegher Xx,y-
polarized transition in the coupled oscillator has a higher energy the corresponding
transition in the monomers, and thus, the absorption peak moves to th€hdusplitting of the
lower z-polarized and higher x,y-polarized transitions createdalkey in the absorption
spectrum. Therefore, the tentative estimation of aggregation c&ndven by measuring the
peak to valley ratio of the absorption spectrum. Also, Ga concemsatf lower than 0.75
typically result in monomer particles with low degree of aggregation.

The TOP is prepared by careful vacuum distillation of tech-grade TOPTDIfss sealed
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and kept in a glove-box to avoid any oxidation to trioctylphosphine oxidePQ)O The
distillation is performed using an apparatus in which all oirgg have been ground together and
sealed with Teflon O-rings, ensuring a leak-free vacuum. Thadrabetween 210 and 230 °C is
kept. It is important to note that the distillation temperatura strong function of vacuum
pressure, and thus can be different on various Schlenk lines. Small ardaiifitsat lower
temperatures, and small amounts are left behind at temperahoes 230 °C. We note that
typical distillations and the subsequent synthesis reaction usindastl glassware with ground
joints and Teflon sleeves result in the formation of very slaghbunts of phosphonic and
phosphinic acids that undergo dehydration to the corresponding anhydridesvitBuho
controlled addition of these anhydrides, there's usually litddyred and the concentrations are
unknown and unpredictable. Further details can be found in section 2.3 dfapteré'P NMR
and GCMS indicate that these TOP solutions do contain little of these compounds.

The Se precursor is made by mixing the required amount of &eut 10 mL (or 2/3 of
total TOP volume) of TOP. This mixture is then stirred vigorowghyi20°C for at least 30
minutes under nitrogen flow. This assures that the solution is conyptetghen-free before the
Ga precursor is injected into it. The Ga precursor is preparécidnting trimethylgallium into
about 5 mL (or 1/3 of total TOP volume) of TOP in the glove-box. phesursor is then taken
out of the glove-box in a sealed vial and injected into the Se precheddnas been stirring at
120°C. The reaction is then quickly heated to 268and maintained at that temperature for 90
minutes under nitrogen flow. Upon cooling, some of the smaller pami@dgrecipitate and the
solution may become turbid. This is possibly a characteristicea€tion solutions lacking
strongly binding ligands, specifically, phosphonic and phosphinic anhydridesonijesdge-

binding ligands in this type of syntheses are TOP and very smalirgs of TOPO, which bind
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relatively weakly. The lack of strongly binding edge ligands aldle particles to irreversibly
agglomerate, thereby limiting their solubility. The precipdatparticles are removed by
centrifugation, leaving a clear yellow solution. An example of dbsorption and emission
spectrum of this solution can be seen in Figure 12 and Figure 18ortt@sponding curves are
labeled “as-synthesized”. The absorption onsets indicate that yihés df anhydride-free
synthesis typically gives particles having diameters of 5-6 Sgmtheses in which tightly-

binding ligands are used can result in particles that are up to 12 nm in diameter.
2.2. “Greener” Synthetic Alternatives

As explained above, GaSe nanoparticles are synthesized bydherred Ga(CH); with
trioctylphosphine selenium (TOPSe) in a high-temperature coordinatblgent. The
nanoparticles consist of single Se-Ga-Ga-Se tetra-layénsiva top and bottom Se sheets being
coordinately saturated and therefore relatively inert. In cantfesedges of these particles have
dangling bonds and are reactive. The particle edges are pedsiltating the synthesis by the
presence of the coordinating solvent, in this case, trioctylphosphineP)(Tanhd/or
trioctylphosphine oxide (TOPO). TOP and TOPO effectively coordinate thessexf the particles
and thereby prevent the particles from forming bulk GaSe. Tiseycantrol the particle growth
kinetics and allow ‘focusing’ of the particle size distributfbriThis method was devised in
analogy to the CdSe synthéSisThis synthesis reliably produces strongly fluorescent, size-
controlled, monodisperse particles. It does, however, have two significaisiems; the use of
TOP and TOPO as coordinating ligands, and the use of Gg(@sl a gallium source. These
considerations motivated a careful look at the methods of GaSe nanoparticleisynthes

The problems associated with the use of TOP and TOPO in the syntfie€dSe

nanoparticles are well known. The chemistry of gallium is Sicamtly different than that of
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cadmium, specifically, gallium has a much greater affinitydboygen than does cadmium. This
creates greater difficulties in the synthesis and especladysubsequent manipulation of the
GaSe particles in a TOP/TOPO solvent. The main difficultihes oxidation of TOP and the
relative extents to which TOP and TOPO bind to GaSe nanoparfi€@&sis easily oxidized to
TOPO, which binds much more strongly to the edges of GaSe naniggariithough TOP is a
bulky ligand, it does not bind so tightly to the particles to inhib& formation of strongly
interacting aggregates. In contrast, TOPO binds very stronglyetmanoparticles, completely
inhibiting aggregate formation. Although TOP and TOPO may be digplagecoordinating
other ligands such as hexadecylamine or alkyl carboxylic atidg,are somewhat difficult to
eliminate from the final solution. Thus, although particles synthddiwy this method are very
stable, the extent to which the particles aggregate is difftoultontrol and a lot of times
unpredictable.

One of the main projects in Dr. Kelley's lab at the time twasign GaSe aggregates in
liquid crystal (LC) samples to study exciton dynamics andgehfiow through the long chains
of aggregates. Chapter Four: Alignment of GaSe AggregateqqindLCrystal Samplesof this
part will discuss some aspects of this project. In addition talibge problems, TOP and TOPO
were structurally incompatible with incorporation of the aggregatt® liquid crystals. Liquid
crystals consist of long, rod-like molecules that form phasesgawvientational and in some
cases positional order. TOP and TOPO are bulky three-dimensiathér than a linear
molecules and therefore destroy the LC alignment at moderdtgghoconcentrations. In the
presence of TOP and TOPO, the concentration range over which raaSparticles can be
incorporated into liquid crystals is limited by the incompatwpibff liquid crystal phases with

high concentrations of TOP and TOPO. High concentrations of nandgswicd their ligands
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will allow the LC material to maintain an ordered LC phasly if the binding ligands are more
or less linear. It was therefore desirable to either ceplhe TOP and TOPO ligands with linear
ones, or avoid their use altogether. In order to address this issuef tmegs tried was the
addition of dodecyl aldehyde to GaSe patrticles after syntheseptace the bulky TOP/TOPO
ligands. This successful ligand exchange brought about excellent gptpalties and dynamics
which will be discussed in minor details in Chapter Three: Sifigiplet Reversal in Strongly
Coupled GaSe Aggregates. In general though, TOP is difficultutdyp easily oxidized,
expensive, odorous and generally undesirable. Thus, elimination of TOPO#@ from the
synthesis is preferable to replacing the ligands on the finttlea. As such, this section will
report the alternative synthetic methods that were used to dewvdietier greener synthesis of
GaSe patrticles by eliminating TOP/TOPO or trimethylgalliumi@a).

First attempt was to run the synthesis in a non-coordinatingergohnd linear edge-
binding ligands, for example, using octadecene (ODE) as the soherat eoordinating ligand
such as octadecylamine (ODA) or a carboxylic acid such as at&d (OA). ODA or OA and
ODE are oxidatively stable and much more compatible with liguistals. They are also easy to
get pure and free of trace amounts of air and water. (Tringatliyim is extremely reactive with
air and water, and we have found that great care must be takesut@ ¢hat all reagents are
rigorously anhydrous and anaerobic.) Sample syntheses are chosew tthesleffects of these
changes. Figure 7 shows a comparison between four chosen typeshesegnSample 1 shows
nicely aggregated particles that were synthesized by Lian §heotdrmer postdoctoral fellow in
2006. The superb peak to valley ratio of about 3.4 suggest a high deggggaxiation. This is a
traditional synthesis done using TMGa and TOP-Se and thus ctodight of as the control

experiment. Sample 2 shows a synthesis where ODA is used @othéeating ligand and TOP
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is replaced with octadecene in both Se and Ga precursors. USIR§eT as the source of
selenium obviously requires the purification of TOP and ending upsaitie TOP in the final
mixture. However, it is possible to make a (fairly dilute) solutdrselenium in ODE. It has
recently been shown that selenium will dissolve in deoxygenatdtl &R00 °C, forming stable,
clear dispersion of selenium allotrop&sThis type of solution has been used as the selenium
source in the synthesis of CdSe nanoparticles, and was tried sythisesis as well. The Se
precursor was prepared by dissolving Se and ODA in ODE and the Ga precurscepaasdby
directly dissolving TMGa in ODE.

In addition, numerous syntheses were done in an attempt to elirtrinadéhylgallium
and replace it with less toxic, less volatile Ga source ag gallium acetylacetonate
(Ga(acag), gallium chloride (GaG), and even tributylgallium. GaMeas pyrophoric and can
only be handled and in a glovebox with an extremely good atmospher¢ydédly maintain
sub-ppm oxygen levels.) Furthermore, the use of pure, liquid gesMery undesirable because
it is quite volatile (b.p. of 55 °C) and will irreversibly deactevéghe glovebox catalysts. This
makes it very difficult to handle. A better synthesis might stéth a gallium salt, rather than an
organometallic. Gallium oxide or halides are too stable and would nexpgezted to react. We
noted that the chemistries of gallium and indium are very sirfblath form very strong oxygen
and halide bonds) and In(acetatey used as the metal source in the synthesis of InP. This
suggested that Ga(aca®ill be sufficiently reactive and thus, several syntheseg wexd with
Ga(acag). Sample 3 and 4 shown in Figure 7 show selected absorption spectnaple 8, the
Se precursor was made by dissolving Se in tributylphosphine #dlesmmolecule than TOP
although it has very similar chemical properties). The Gaupser was prepared by dissolving

Ga(acag) and ODA in ODE. In sample 4, the Se precursor was made by diss@eing
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minimal TOP and then diluting it in ODE, and the gallium precunszs prepared by dissolving
Ga(acag) in a mixture of oleic acid and ODE. As the graphs in Figure 7 stiggfghough use of

these “greener” reagents does result in growth of GaSe psrtintee of these alternative
syntheses seem to produce well-aggregated monodisperse particldgditibonathe absorption

peak onsets of the spectra imply that the particles producedatreetg small, approximately 3

— 5 nm. This limits the usefulness of the particles, particufaryuse in LC samples where
coherent stacking of the nanodisks is only obtained with larger diampatticles. All in all, the

most promising of these syntheses appears to be sample 3 wBlP-&€T precursor and a
Ga(acag}ODA-ODE solution as the Ga precursor. This protocol producescleartinat are

somewhat focused and not as small as the other ones.

In a continuing effort to replace TMGa, few syntheses wergedaout with gallium
chloride. Gallium chloride comes in the form of solid pellets kepgmpules under argon. It
does turn into gallium oxide once exposed to air, but not as quickly &aTaid it certainly
doesn't catch fire! It is also much less volatile, less expersnd easier to handle. The Se
precursor in these syntheses was made as always and gallandeckas simply dissolved in
TOP at slightly warm temperatures (not soluble at room tefmyseraThe Se and Ga precursors
were mixed and heated to the regular reaction temperature dfC268wever, no signs of a
reaction or particle production were observed. It was expectedugtuat the dissolution of
gallium chloride, gallium atoms will bond with the phosphorous atom&O#t, and CAg) will
be released as a vapor. However, our experimental observation wie tGat-Cl bonds seem to
lie at a lower energy than Ga-P bonds. We also tried synthggrautylgallium in hopes of it
being slightly easier to handle due to its higher boiling poibulylgallium was synthesized by

a reaction between gallium chloride and butyl lithium in ether. wathchloride, a solid salt is
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another product of this reaction:

GaChk + 3 CH(CHy)sLi — TBGa + 3 LiCl)
Low amounts of tributylgallium were successfully synthesizedthoy method. However,
extracting pure tributylgallium from the lithium chloride mud prdvee be, at the least,
practically not feasible.

It was hoped that the above improvements will result in a muciereéagreener”
synthesis that produces particles having edge passivation ligandsotigaently aggregate in
long chains. Coherent aggregation and organization of GaSe pamgplesas several criteria on
what can be considered a good synthesis. First, the synthesizetepastioculd be relatively
large in diameter. This allows for stronger interaction betwasjacent nanodisks and therefore
provides for formation of longer kink-free aggregate stacks. Seconslizthdistribution should
be narrow. Large inhomogeneities in nanodisk diameters cause kinksa&s lm the aggregate
stack. And third, edge ligations should be just right to allow for optarmeount of interaction
between the particles. On one end of the spectrum are bulkgléiddke TOP or TOPO that can
inhibit coupling between the particles and prevent stacking. On theestief the spectrum are
small linear ligands such as dodecyl aldehyde, which allow fdr slose interaction that once
two adjacent monomers pair, they form these strongly coupled dihardon't like to stack on
other dimers. This will be discussed in detail in Chapter Theaeglet/Triplet Reversal in

Strongly Coupled GaSe Aggregates.

2.3. A Study on Ligation Effects.

GaSe nanoparticles were synthesized in the presence dy tgiding ligands. These
ligands are formed by heating a solution of pure TOP and octatdesphonic acid (ODPA) at

170 °C for about 12 hours. GaSe particles made by this synthesisedireaggregated and
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extremely stable over time. GC-MS data imply that the ligantecule is relatively heavy. P-31
NMR data show signature peaks of anhydride functional groupsf alhich suggests that the
ligand is possibly an anhydride molecule. In addition, it was foundttieatommercial TOP
from Aldrich contains free radicals that vary from lot to bOtese free radicals seem to play a
significant role in the success of GaSe syntheses.

What are the differences between weaker (loosely-binding)teorthsr (tightly-binding)
ligands? We speculate that upon nucleation of particles during areaetaker ligands such as
TOP or TOPO passivate the gallium dangling bonds at the eddles pérticles just enough to
still allow for further growth and size-focusing of the particldswever, particles synthesized
by this method suffer from short shelf-life (on the order of a @uwgdl weeks). Slightest
introduction of oxygen into the sample, leads to oxidation of the edgengatoms. Keep in
mind that Ga-O bonds are energetically more favored than Ga-P Mdeaker ligands can also
be easily replaced with much stronger ligands such as dodecamalgeBtiigands could
potentially inhibit the interaction between fresh nuclei in theti@aand therefore suppress
particle growth and size-focusing. Thus, the amount of coordinagiagd used in the synthesis
is very critical in order to get optimal focusing of the gizstribution. It was found that a high
concentration of strong ligands such as phosphonic acid (PA) anhydrides ledigds to
polydisperse samples. The correct concentration range liesvbense between 2 to 5 % for
long-chained phosphonic acids, depending on which one is used. Particlesizgdtiissg
these stronger phosphonic acid anhydride ligands are generallytaly, snuch less sensitive
to oxygen, and last for months without any of their optical properties degradeatédtrésting to
note that dodecanal does not effectively replace these long-di2#n@nhydride ligands, which

further supports the idea that they probably grab on the partigks aery tightly. Please note
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that dodecyl aldehyde, DDA (or dodecanal) is always added tgaheles after they are

synthesized. An obvious synthesis to try would be one where dodecanasestprethe Ga

precursor from the beginning of the reaction. However, since #dotioas are run at about 268
°C and the boiling point of dodecanal is at 237-239this was practically problematic. Longer
chain aldehydes such as octadecyl aldehyde (stearyl aldethgdldjave a boiling point of 320
°C could serve as promising alternatives. A synthesis usingyistalliehyde was never
performed.

GaSe nanoparticles with tightly-binding PA anhydride ligands wen¢hesized using a
variation of the methods previously reported in section 2.1 of this digeartSince this method
produces especially long-lasting, stable, well-aggregated jgartiath clean optical properties,
details of the synthesis are reported as follows. Here isligteof chemicals used.
Trioctylphosphine (TOP), technical grade 90 % form Aldrich; Triocty§piine oxide (TOPO),
technical grade 90 % from Aldrich; n-Octadecylphosphonic Acid (ODPA % from PCI
synthesis; Dioctylphosphinic acid (DOPA), 99 % from Dr. Willi&whro’s group at Washington
University; Trimethylgallium, 99+ % from Strem Chemicalsje®@am powder, 90+ % from
Alfa Aesar. TOP was purified by vacuum distillation and wadeskand kept in the glove box
under oxygen free atmosphere. ODPA was purified by double retiradiah from acetonitrile.
TOPO was purified by double recrystallization from toluene. Eseaf the chemicals were used
as received.

In this case, a 3.5% ODPA mixture was made by mixing 0.204 g oAQD& 7.5 mL of
distilled TOP. This mixture was heated at 2Z0for about 12 hours. It is of utmost importance to
heat this precursor solution for a long time. The synthesis damiign non-heated precursors

resulted in less stable particles that are low in concenmtras well. The Se precursor consisted
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of 7.6 mmols of Se dissolved in 5 mL of the 3.5% ODPA solution. The Ga precursor, consisted of
5.6 mmols of trimethylgallium dissolved in 2.5 mL of the 3.5% ODPA smiutvas then added

to the Se precursor. The reaction was run at 268for 90 minutes. For purposes of
simplification, let's call this synthesis, synthesis A.

A few aliquots were taken in the duration of the reaction to mothi®mgrowth of the
particles. Due to the presence of the tightly binding edge ligdmelseaction stayed clear up to
75 minutes into the reaction. After the reaction was shut off atif0tes, the turbid solution of
particles was centrifuged to obtain an optically clear solution plinicles were then kept in the
glove box. Figure 8 shows the absorption of the particles measureddnthis after synthesis.
As seen in the figure, not only the particles have not deteriobatiechther they have become
better aggregated and also the size distribution has become mordfdéadicles made by this
method are extremely stable and can keep for months. As previepslyed, ligations on GaSe
particles that are loosely bound by TOP or TOPO can be easihaded by long chain
aldehydes such as dodecyl aldehyde. This displacement causete@ititgraction between the
monomers, and thus shifts the absorption spectrum to the red by about 5@ditranAof
dodecyl aldehyde to this set of particles however, produces desmhift in the absorption
spectrum. This again implies that the particles are verylyididund. Figure 9 shows the
particles before and after the addition of dodecyl aldehyde.

A more thorough study was carried to further investigateetieet of different ligations.
Four more syntheses were carried under identical conditions drceqatriations in the type of
ligands. It is of particular importance that the TOP used iofdalhese syntheses were from the
same bottle. A method very similar to the synthesis method erplabove was used for these

four syntheses. The molar ratios of gallium to selenium and theewation of gallium and
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selenium precursors were kept constant and equal to the ratios @edtcations of synthesis A.
In the first of these 4 syntheses, synthesis B, again 3.5%A@@f used but this time it was not
heated for 12 hrs. In synthesis C and D, 3.5% DOPA and 33% TOPO wedtaespectively. In
synthesis E, our control synthesis, the reaction was run in purefidRexe were no additional
ligands present.

Extensive’’P NMR and GC-MS measurements were performed on these ligand solutions.
Hui Zhu, a graduate student in Dr. Matt Meyer’s group, an organimishrg faculty at UC-
Merced kindly performed the NMR runs. Dr. Jaramillo-Fellin, the spisy and chemistry
laboratory coordinator kindly authorized our use of the GC-MS. Thehdi#tat the formation of
a relatively heavy molecule in the heated ODPA precursorishabsent in the non-heated
sample. Phosphonic acid anhydride is a plausible candidate but unfortuessetyassignment
of some NMR and GC-MS peaks were not achieved. Regardless afsiies the heated ODPA
sample has a peculiarly clean and peakless NMR and GC-MS aspatitr almost only the
anhydride peak left. Most of the peaks that are present in the ntatiszenple are gone. This
might mean that the lighter phosphorous containing molecules are tntneanhydrides. Even
after few cycles of purification, TOP and TOPO tend to hala af impurities in them, which
are mostly phosphorous containing molecules, the most common ones being phpspimioes
and di- phosphonic, and phosphinic acids. The equilibrium between TOP, TOPO sed the
impurities can be easily perturbed by slightest addition of phosphoomiigiring molecules,
oxygen, or thermal effects. Buhed al. does an excellent job of mapping out these equilibria in
his publications on beneficial and harmful impurities of TOPO timdluence particle
synthesi§"%% Determining the exact nature and composition of molecules in thrigdigands

solutions is an intensely laborious project that is beyond the instrusapabilities of the lab,
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and certainly beyond the scope of this dissertation.

Table 1: Quantum Yield of GaSe Particles with Various Ligations.

Quantum Yield
Synthesis A (3.5% ODPA + heating) 11.2 %
Synthesis B (3.5% ODPA) 12.4 %
Synthesis C (3.5% DOPA) 13.8%
Synthesis D (33% TOPO) 8.25 %
Synthesis E (TOP only) 7.1 %

Figure 10 and Figure 11 provide a comparison between the absorption &sibem
spectra of all of these five syntheses. A heated 3.5% ODPA poecwsults in the most
concentrated and aggregated sample, consistent with the NMR and Giatd3t also seems
that, in comparison to our control synthesis E which is run in only &@dfion of DOPA or
ODPA with no heating only diminishes the quality of particles. Quantighd measurements of
each synthesis are provided in Table 1.

At this point, it is of some significance to discuss a ratimeisual phenomenon that was
observed in some GaSe syntheses. GaSe has been synthesizedeitelps ¢roup for over six
years. Traditionally, it used to be that the progress of thénasist was monitored by taking
absorption spectra of frequent aliquots taken during the reactitrouggh, most of the reactions
were run for approximately 90 minutes, what ultimately determihedshut-down time for the

reaction was the absorption spectrum. When the absorption spectrusitheas not evolving
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anymore (i.e. reaction was out of source precursors and pangdebed the end of their
growth), or hinting at “oswalt ripening”, the reaction would be shut ddivmas been a well-
known matter that the particle solution remained optically dleaughout the whole reaction.
However, starting early 2007, some syntheses would go turbid at soevpdint during the
reaction and hence, since we couldn't measure absorption spectayaélseno control over the
progress of the reaction. We call these syntheses “blind”. Above ithat,also seen that
sometimes, although clear throughout the reaction, the particle soatesnfoggy or slightly
turbid after shut-down. In case of a blind synthesis, the reactidiowsed to run for the usual 90
minutes. After shut down, particle solution is centrifuged (in cemiftubes that have been
previously pumped and filled with nitrogen gas) to obtain a clear sajaert containing the
GaSe nanodisks. The nature of the precipitate at the bottom of thdugentube varies from
synthesis to synthesis. Sometimes, it consists of a white sdilyht yellow solid, a deep yellow
gel (sometimes optically clear), or a combination of somelaf @hese. To this date, the exact
nature of these precipitates and the exact cause of why sgmtleeses become blind are
unknown to the group. One speculation is that they are tiny nucleattersehat have never
reacted further to grow big particles. They are also probablgateti, which causes them to
agglomerate irreversibly and thus, become insoluble in TOP and lethe toirbidity of the
reaction mixture. Deborah Lair, a fellow graduate student in OleYe group has delved deep
into the science and behavior of these nucleation céhters

To relate this discussion to the five reported syntheses abmeaznts that the heavier
ligated syntheses are less prone to develop any turbidity atttilutie the nucleation centers.
This supports the idea that the nucleation centers are un-ligatetdesatbre precipitate out of

solution. For example, synthesis D, in which the highest concemtrattiligand is used (33% of
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TOPO), remained crystal clear all throughout and afterghetion. Synthesis A became “blind”
only after 75 minutes of reaction time while synthesis B wasdf turbid from early on but it
was not “blind” in the sense that absorption spectra could stilnbasured. Even though
syntheses A and B both contained 3.5 % ODPA, we strongly susp¢didating of the ODPA
prior to synthesis A produces a higher amount of PA anhydrides ipat@on to synthesis B.
Presence of a higher amount of the strongly binding PA anhydmd#geireaction probably
prevents the nucleation centers to fall out of solution, thus is rebporisr the fact that
synthesis A remains clear for a longer time. SynthesisdCEawere both blind, though synthesis
C seemed to produce the highest amounts of the precipitate. Thimexp&fact that it had the
lowest amount of absorbance among all five samples (Figure 1@.wisole, DOPA can be
considered the least effective ligand.

Experience with GaSe particle synthesis in the past yemsshown that a TOP-only
synthesis should not produce good particles. Rather, it produces dittitdes with a maximum
absorption of about 0.6 at 410 nm, with minimal peak to valley ratio. Peadl&y ratio is a
measure of the aggregation of the particles. However, as seegune ED, this particular TOP-
only synthesis produces rather very good particles. The group used towoakerfully
aggregated GaSe particles following TOP-only protocols before 2007 (Figure 7, $anhpléne
past few years, we realized that the same synthesis prqiommbices very different particles
when different bottles of TOP are used. In other words, the contdma faP varies from bottle
to bottle. The TOP used in the syntheses is always carefdiyuwadistilled, the lower boiling
point components are discarded, and the higher boiling points comporeelgft Behind. Every
effort is made to keep the distillation oxygen-free by udiafion sleeves and O-rings at the

joints, and grinding source and receiving flasks to the vacuum distillapparatus. In general,
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since GaSe syntheses are very sensitive, details of the giratecfollowed meticulously to
ensure consistency and reproducibility of the syntheses. The onllyiéeasplanation left is that
the free radicals used in the process of synthesizing TOP arg¢hoxtughly removed.
Considering the fact that these free radicals are not remgveddoum distillation either, they
pose a serious problem in terms of keeping reaction conditions constass alifferent
syntheses. In all the studies reported in this dissertation, hdeas made sure that comparisons
are correctly made between syntheses that used TOP from tlee Mohetheless, free radicals
in TOP seem to play a critical role in the success ohhsgis. Other factors such as precursor
concentration, reaction volume, and type of ligation can and do improvenmish the quality

of particles but what matters the most is the free radmatentration of TOP. Aside from the
problem of synthesis reproducibility, a reliable method by which ghesticould be isolated,
purified, and then redissolved in another solvent does not exist. It wasdeeof this difficulty

and the irreproducibility problems that the group abandoned the research on GaSe.
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Chapter Three: Singlet/Triplet Reversal in Strongy Coupled GaSe

Aggregates

3.1. Background.

First, GaSe nanopatrticles were synthesized in the absetigathf binding edge ligands
following the synthetic method described in section 2.1. These particdeBgated primarily
with TOP and TOPO ligands that are easily displaced byefs bulky dodecyl aldehydes
(DDA). Ligand replacement results in nanoparticle aggregates ohwime lowest energy optical
transitions are strongly coupled, resulting in a large red shihe absorption spectrum (about
2600 cm-1) and a reversal of the singlet and triplet states. The reversalmhts@tes results in
changes in the polarization spectroscopy and a dramatic dedredise radiative lifetime.
Specifically, the exciton singlet states are linear adoits, and time-resolved fluorescence
polarization spectroscopy gives an initial anisotropy very cloghd linear oscillator limit of
0.4. The radiative lifetime of this fluorescence is about 12 ns, cothparabout 82 ns for the
monomers. Upon aggregation, the fluorescence quantum vyield increase$. Trem61%. This
chapter will discuss the details of the static and transierttrsgeopy of these DDA-treated
particles.

Whereas previous scientific literature have elucidated much of stingctural,
spectroscopic, and dynamical characteristics of as-syntdeGia8e aggregates, they have not
addressed the spectroscopy of more strongly coupled aggregates aiftbaipehave not

addressed the relative roles of singlet and triplet statebeirspectroscopy. Electromagnetic
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(dipolar) coupling mixes transitions on adjacent particles hathiegsame polarization and
comparable energies. The extent of the coupling depends on the intdribgytransitions. The
lowest singlet-singlet transition is allowed in GaSe nanopestiaesulting in relatively strong
coupling between the singlet states on adjacent particles. Biadeiplets have a far smaller
oscillator strength, they are only weakly coupled. Unlike mostnicganolecules, the GaSe
singlet states are at only slightly higher energy thandhéte triplets, 16 cih in bulk GaS#".
This is far less than the typical interparticle coupling (30d)¢cmnd one might, therefore, expect
that interparticle coupling could lower the singlets below theetisplHowever, this does not
occur in any of the GaSe aggregates previously reported. The redhahthe magnitude of the
coupling is smaller than the inhomogeneous width of transition endagiest 1000 ci), and
the coupled aggregate singlet states are interspersed witiptbtst The three-fold degeneracy
of the triplets means that, following equilibration, only about one-foofrtihe population is in
the strongly fluorescing singlets. This is the same as iG#&e nanoparticle monomers, and the
difference in singlet and triplet interparticle interactiaies not result in large spectroscopic
effects in the previously-studied aggregates. These effectsdshecbme apparent only when
the magnitude of the interparticle coupling becomes comparable to the enefgehogeneity.
The magnitude of the interparticle dipolar coupling is strongltadee dependent. The
particles are very thin disks and, in principle, can get very ¢tosach other. The interparticle
distance in these aggregates depends primarily on the sizdamfesligands. Since the disk-like
particles have gallium atoms exposed at the edges, the medalg ligands are attached
exclusively at the particle edges. The nature and density ¢ tigands can be controlled by the
surface chemistry of the particles. In this chapter, it @l shown that replacing the usual

ligands with less bulky ones dramatically increases thepiaticle coupling. This coupling
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between the singlet states is larger than the inhomogeneous avidf therefore, results in
lowering the allowed singlet states below the triplets. Asesult, essentially all of the
equilibrated population is in the delocalized singlet excitons. Tieetedf this is to greatly
increase the effective radiative rate and fluorescence quangalthand alter the polarization

spectroscopy.
3.2. Static Spectroscopy.

The absorption onsets of GaSe nanoparticle monomers are size-ahepehare to
guantum confinement. These size-dependent spectra have been chacdhdbgrielectron
microscopy, and it is possible to determine particles’ sim@a these spectra9. The absorption
spectra indicate that this type of anhydride-free synthggially gives particles having
diameters of 5-6 nm. Dodecanal is then added to this solution, 3% by eocAIrsimple
calculation indicates that this is somewhat more than enough to biofl the edge gallium
atoms in the nanoparticle solution. The solution has an immediate tdoge and, under
fluorescent room lights, becomes obviously intensely fluorescent.spéetrum continues to
evolve for several hours, after which it is stable for dayseeks. Eventually, bulk GaSe will
precipitate out of solution. The absorption and fluorescence spedina phrticles before and
after addition of DDA are shown in Figure 12 and Figure 13. The as-synthesidecles may be
diluted (typically by a factor of 10) in a tributylphosphine/TOR{uSon to obtain nanoparticle
monomers. The above solutions are used for the static and time-respéattbscopic studies
reported here. These same GaSe monomers and DDA-treated Ga8gateggwere also
provided to Dr. Tao Ye’s group at UC-Merced, where they were ssfatlgsoriented on a gold
surfacé”. The surface chemistry of particles determines the surfabéized stacking of the

disks.
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Instrumentation. Static fluorescence spectra were obtained using a Jobin-Yvon
Fluorolog-3 spectrometer, with a xenon lamp and double monochromat@tiexcgource and a
CCD detector. The spectra are corrected for instrument respuss® correction curves
generated from the spectrum of a Optronix spectrally calibdaieg. The spectrum of the
excitation source is determined by scattering from a Ba&@#ed microscope slide. Quantum
yields are determined by comparison of the nanoparticle speitfréhe spectrum of rhodamine
6G, with the appropriate spectral calibration factors. Timewvedaineasurements were obtained
by time-correlated photon counting, using a Becker & Hickel SP-63fibdhe detector is a
Hamamatsu red-enhancegr® microchannel plate PMT. The light source used to obtain the 410
and 430 nm excitation results is a cavity-dumped Ti:sapphire |@sdre(ent Mira), with a 1
MHz repetition rate. The light source for the 460 nm excitatesults is a Spectra-Physics
Tsunami operating in picosecond mode with a repetition rate of 80 NMHall cases, the
fluorescence is focused through a 0.25 m monochromator with a 150 groogeating and
onto the microchannel plate PMT. Polarized detection is accomplisiteda Polaroid film,
following fluorescence collection. The monochromator has a polarizati@mbler in front of
the entrance slit, which almost completely eliminates the pal@wn dependence of the
monochromator throughput. A small correction to the polarization-dependamchromator
throughput is determined from the long-time (>5 ns) fluorescence obuanarin dye in
methanol, which is taken to be isotropic.

Figure 12 shows the absorption spectra of particles obtaineddireen the synthesis,
diluted by a factor of 10 to obtain monomers, and following the addition otd@8&canal.
Comparison of these spectra shows that the monomers and the asisgdtheomparatively

weakly aggregated particles both have maxima in the 400-410 nm regiotioAddidodecanal
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shifts the absorption onset and the absorption maximum about 260 dtre red (407 to 455
nm). This shift is assigned to the absorption of strongly inteiacaSe nanoparticle
aggregates. Both the as-synthesized and, especially, the dilutedesaatgd show weak
shoulders in the 430-460 nm spectral region, which are also assignéoMtac@ncentration of
these aggregates. The magnitude of this shoulder in the dilutedesdimghishes with time as
the particle aggregation approaches equilibrium. These spectrdptbenedicate that strongly-
coupled aggregates are always present at low concentrations atite aleminant species
following the addition of dodecanal. Figure 13 shows fluorescencerapddhe same samples.
The fluorescence of the dodecanal sample is considerably réelddsarfd much more intense
than that of the as-synthesized or diluted samples. These spift¢ér@nces can be understood
in terms of the particle surface chemistry and the resulting aggrfegaiation.

The surface chemistry of GaSe nanoparticles is controlledthéychemistry of the
reaction mixture. Recall that the TOP/TOPO reaction mixsigepared from tech-grade TOP
and TOPO, which are purified by vacuum distillation. The surfatabese two dimensional
particles are unreactive, and the ligands are believed to &ttélc edges where gallium atoms
are exposed. It was long believed that TOP and, especially, T@POtke primary ligands on
the particle edges. This is also the case in the synthesidSd# @Ganoparticles. However, the
chemistry of TOP/TOPO mixtures is surprisingly complicated| secent studies have shown
that, in the CdSe case, other species are typically the sligand$*?°?"A similar situation is
found here. We usettP NMR and GCMS to study the chemistry of these mixturesoitmirs
upon distillation in an imperfect vacuum. The TOP/TOPO mixturegarticularly complicated
(much more complicated than tech-grade TOPO alone) and wetesshscin detail in section

2.3. One of the plausible conclusions is that, upon distillation and uragtrore conditions,
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TOP/TOPO mixtures produce anhydrides of octylphosphonic acid. Thestrangly binding
ligands that coordinated the edges of the GaSe nanopartigiessinof our previous syntheses
(prior to 2007). These bulky bi- or polydentate anhydride ligands bind Btramghe particle
edges and keep the particles from getting closer together, théneliyng the extent of
interparticle coupling. These ligands are not easily displacedirendubsequent addition of
alkyl aldehydes has little effect on the particle absorptiofluorescence spectra as was shown
in Figure 9.

Synthesis in higher purity TOP (containing very little TOR@d, essentially, no
anhydrides) changes the rates of nucleation and growth, assatbi gurface chemistry of the
particles. In this case, the reaction produces smaller partigigically 5-6 nm. The absence of
these stronger binding ligands also results in particles ligatadive much weaker binding TOP
and TOPO ligands. These ligands are easily displaced by thes$abulky alkyl aldehydes. As
shown in Figure 12, addition of a few percent of dodecanal shifts tresti@mergy transition to
longer wavelengths, indicating the presence of very stronglyactieg aggregates. The
fluorescence from the dodecanal-ligated particles is much nmsnse than from the
TOP/TOPO-ligated particles (or from previously reported anhydigad¢ed particles), indicating
a dramatic increase in the fluorescence quantum vyield (seeHigurThe fluorescence quantum
yield in both the dodecanal and as-synthesized aggregates depehdsratation wavelength,
and quantum yields are given in Table 2. This excitation wavelengéndepce is due to two
types of inhomogeneity. First, there is a finite distribution ofigartsizes, and the larger
particles absorb further to the red. Larger particles are knownwue higher fluorescence
guantum yields#. Second, more strongly coupled particles absorb further to the saetfingin

more delocalized excitons. Thus, the red-absorbing sections of thegatggreexhibit more
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superradiance and, hence, have larger fluorescence quanturf®yields

Table 2: Fluorescence Maxima and Quantum Yields at Different Excitdamelengths.

Excitation Wavelength With Dodecanal As-synthesized Monomers
410 503 nm, 27% 476 nm, 14% 473 nm, 5%
430 506 nm, 44% 499 nm, 25%
445 507 nm, 54%
460 509 nm, 61%

Table 2 also shows that, in general, thgx values of the fluorescence spectra are
excitation wavelength dependent. This is particularly true for abeynthesized particles
because of the inhomogeneities mentioned above. However, in theofcdlse dodecanal
aggregates, thnax value of the fluorescence spectrum is a much weaker functiowcibateon
wavelength. This indicates less inhomogeneity and rapid relaxatigimilar emitting states,
independent of the photoselected state. Exciton relaxation procabdesdiscussed in terms of

the time-resolved results.

3.3. Time-Resolved Anisotropy.

The absorption and fluorescence from lowest excited (band-edgg)sstargely, but not
completely polarized along the z-axis of the particle. The exténpolarization can be

characterized in terms of the fluorescence anisotropy, given by
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The fluorescence can be depolarized by electronic relaxationtfiimand edge into trap states.
These trap states derive oscillator strength from both z- anrplolarized transitions and give
rise to nearly isotropic fluorescence. The static fluorescéas contributions from both trapped
and band edge states and therefore reflects an average ofgmsiot fluorescence. This is, in
part, why the fluorescence spectra in Figure 13 are rehatwrebd. The band edge fluorescence
anisotropy can be assessed from a time-resolved measuremeaific8lty, the anisotropy
immediately following excitation (prior to electron or hole traygiis characteristic of the band
edge states. Figure 14 shows that the anisotropy of GaSe monomesdiately (< 50 ps)
following excitation with linearly polarized light is about 0.33. Sanilvalues have been
previously reported7 and are also obtained from the as-synthesizegiaggr This anisotropy
can be understood in terms of transitions to the allowed singtet &atd nominally forbidden
triplet states. The transition to the singlet state is z peldr The transitions to thejm £ 1
triplet states obtain x,y-polarized oscillator strength throygh-arbit coupling to the higher
energy, allowed (x,y-polarized) staté The m = O triplet state is dark. These states and
transitions are depicted in Figure 15. The role of the tripletiénfluorescence anisotropy
depends on the rate of singlet/triplet population equilibration. Two phigsgican be
considered: equilibration is fast and the initiak(t50 ps) fluorescence anisotropy reflects a
Boltzmann distribution of these populations, and equilibration is slow, @egwon a timescale
longer than 50 ps. The second possibility is excluded by the follaingjderations. In the case
of four states, a z-polarized singlet and three triplets ffeing X,y polarized and the other being
dark), the fluorescence anisotropy before and after equilibrationeodlifferent levels can be
calculated in terms of the fractiofy, of the oscillator strength in the singlet transition. That is,
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the singlet has a relative absorption or emission intensityapid each of the spin-orbit allowed
X,y-polarized triplet sublevels has a relative intensity ef)(2. Ignoring the small difference in
wavelengths, this may be written in terms of the singlettapkét radiative ratess = Kad, singlet
I(Krad, singlet+ Krad, triple)- PTiOr to relaxation, the total emission intensity isfs * + (145 )% The
observed anisotropy is the fraction of light coming from eachsitian, multiplied by its
anisotropy. Linear and planar oscillators give anisotropies of 0.4 anckfpEctively. Therefore,
when no relaxation has occurred, r = 0.33 = 9%+ 0.1 (1f;)%/1 . We get thafs = 0.65. This
is a very low value, and one that is not consistent with measuregpfbs intensity ratios for
bulk GaSe. It is also not consistent with the previously reportedrizeda absorption
measurements on aligned GaSe nanoparticles in liquid cfystéle conclude that the
anisotropy value of 0.33 does not correspond to unrelaxed singlet amd leyels, and that
relaxation among the triplet and singlet levels occurs in consigdess than 50 ps. The singlet-
triplet splitting (16 crit for bulk GaSe) is small compared to thermal energies at room
temperature (210 ch). A somewhat larger value is expected in the case of GaSe raponom
nanoparticles, due to quantum confinement effects. However, the egcimdegral is expected
to scale roughly as the ratio of the exciton Bohr radius to fmarsize. This consideration
suggests that the singlet-triplet splitting will also be much smiléer room temperature thermal
energies in GaSe nanopatrticles. We conclude that following fagaten, the singlet and triplet
levels are close to equally populated. In this case, the anisotropy is given @33 = 0.4 - fs
(1-fg)) + 0.1(1-f)* and we get that = 0.93. Otherwise stated, the conclusion is that about 93%
of the oscillator strength is in the z-polarized singlet and about 7% is in tpelayyzed triplets.

It is possible to assess the roles of the singlet anéttspdtes in the fluorescence from

dodecanal-ligated aggregates from time resolved anisotropy regesus. The 460 nm
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polarized fluorescence kinetics are obtained using an 80 MHztrepette light source, and the
polarized fluorescence kinetics are somewhat complicatedebjatt that when an excitation
pulse arrives, fluorescence from the previous pulse has not completsyed. This can be
corrected for by a deconvolution procedure, presented in Appendix A: Decoondhnbcedure
for Correcting Fluorescence Kinetics. With appropriate apprations, this procedure amounts
to subtracting off the respective slowly decaying parallel angbepelicular fluorescence
components obtained prior to pulse arrival. Properly corrected anisatemays are shown in
Figure 14, and an initial fluorescence anisotropy of 0.39 is me@stihis is very different from
the 0.33 value observed for the GaSe monomers, and very close to thegaredcillator limit
of 0.40. This is a definitive and remarkable result. It clearly atds that in the case of the
dodecanal-ligated aggregates, the singlet states are beldnplbts, and are selectively excited

by 460 nm light. This is the situation depicted for the case of a dimer in Figure 15.
3.4. Model for Aggregate Excitons.

We propose that the photoexcited excitons in these aggregatdserdagcribed in terms
of a simple dipolar coupling model that includes both diagonal (enérgetd off-diagonal
(coupling) disorder. A similar model, lacking off-diagonal disorders waed to model the
spectroscopy of the as-synthesized aggregateswl aggregates of GaSe nanoparticle produced
by a low temperature syntheSisThe z-polarized transition is modeled as a one-dimensional
array of oscillators with nearest neighbor dipolar coupling. In tesgmt case, the monomers are
taken to have an inhomogeneously broadened absorption centered at 400hnanGaiissian
width (standard deviation) of 1000 émThese values are obtained from fitting the monomer
absorption spectrum. The mean and standard deviation of the off-diaggmehts are the only

two adjustable parameters of the model. These interparticle ogs@re taken to be a Gaussian
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distribution centered at 1930 &mvith a standard deviation of 2300 ¢mThus the matrix
describing the energies and interparticle interactions of teoseaf the aggregate has diagonal
elements () chosen randomly in a 25000 + 1000 tuiistribution and off-diagonal elements
(Ciix1 and Gi1;) chosen randomly in a -1930 + 2300 tmiistribution. Diagonalization of this
matrix gives the absorption spectroscopy of that aggregate eifie@values are the exciton
energies and the eigenvectors give the contribution of the indivgaréicle states to that
exciton. Thus, théth excited state is given by

Vi = Ci101* @2...0n + Ci2 0102*...0n + ... +Cin Q102...00* Equation (1)
The eigenvector coefficients permit calculation of the netatiscillator strength of that exciton
state. Specifically, the oscillator strength of a monompragortional to the square of the dipole
moment operatoy® = |<p|ulo* >F , wherep is the dipole moment operator and is assumed to be
the same for all of the particles. The oscillator stiieraj each aggregate eigenstate is a very

simple expression in terms pf, given in equation 2.

2 Equation (2)

2
(ol = =¥

<¢1¢2--¢nlu1+uz+--unlzci,j¢1¢2-¢j *-¢n>

=

All of the eigenstates and their oscillator strengthsuaesl to construct the absorption spectrum
of that aggregate. The total absorption spectrum is obtained from surmamin@ny of these
(randomly) calculated spectra. The results of this calculat®stawn in Figure 16. Using these
parameters, the z-polarized part of the absorption speckrmdQ0 nm) is fit quite well. The
short wavelength part of the spectruin<(400 nm) is dominated by the x,y-polarized transition
and no attempt is made to fit this region. The only part oithed00 nm spectrum that is not
accurately described by the model is the shoulder at 500 — 520 nm.e&@husefis absent
immediately after the sample is made, and grows in as thplsages. It is probably due to a
different phase of the aggregates that is in the process ohfptmik GaSe. This feature is not

45



excited by 460 nm light and it will not be considered further. Tharpaters used to obtain this
fit are noteworthy. The coupling is much larger than in the ch#iee as-synthesized aggregates.
However, the standard deviation of these couplings is very larger thagethe median value.
The calculations therefore indicate that the aggregates hastech disorder in the coupling
strengths. The magnitude of the coupling depends on the magnitude ohrtbiéan dipole,
which depends on the particle size. Some of the coupling disorder is the finite particles
size distribution. However, the following considerations suggesttitsistnot a major source of
coupling disorder. Similar particles have been characterizedeEldy imaging and have a size
distribution of about £ 8%. The present synthesis results in a very slightly bedesibeption and
are somewhat more polydisperse; £ 10% is a realistic estifihe magnitude of the transition
dipole scales roughly with the particle volume, and therefore haebidy on the order of £
20%. The magnitude of interparticle dipole-dipole couplings depends oratisgtion dipoles of
adjacent particles and its variability of is expected to beewsdrat larger than 20%. However,
this is much smaller than the calculated variability of grethen + 120%, and we conclude that
particle size distribution is a minor source of the off-diagorsbrdier. Most of the off-diagonal
disorder must be due to structural disorder in the aggregate. rgeentagnitude of this disorder

has implications for the fluorescence characteristics of the aggedeteussed below.

3.5. Radiative Rates and Coherence Lengths.

In addition to the anisotropy results, the total (wavelength4iated) fluorescence
decays are obtained from the time-resolved results. From thefltaieescence decays and
guantum yields, it is possible to determine the initial (band ediggative and non-radiative
rates. The case of the dodecanal-ligated nanopatrticles following 46@aitation is particularly

simple; the fluorescence kinetics closely follows a singfwegntial decay. (We will discuss the
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significance of the single exponential decay in connection wititoexcelaxation, later.) The
decay time is 7.42 ns and the fluorescence quantum vyield is 61%. dheiguyield and decay
times are related by® = 0.61 = kad/(Krag + Kn), With (Kag + Kn) = (7.42 ns), where kgand kK
are the radiative and non-radiative rates, respectively. &vehgt kg = (12.2 ns)} and k, =
(18.9 ns). Similar considerations apply to the monomers. The fluorescence qugietanior
the monomers following 410 nm excitation is 4.7%. In the case omireomers, there is
significant inhomogeneity in the particles, resulting in mamglicated decay kinetics. These
kinetics can be fit to a biexponential decay having 1800 ps (49%) and 57091{9
components, similar to the decays previously repdrtddhe monomer band edge radiative rate
(t = 0) can be obtained from the comparison with the aggregate deacayand quantum vyield,
assuming that the non-radiative decay rates in the monomers angaagg@e the same. This is
almost surely a good assumption; the main difference betweenahemers and aggregates is
the spin state. Non-radiative recombination is preceded by cam@ping and the rates of
carrier trapping are not expected to depend on whether they fomnglat ¥ersus triplet spin

states. Comparing the monomers and aggregates, the radiaigearmt quantum yields are

related by
o, .047_k_ ((0.49 180(s+( 0.5 570p3
Dy 61 K ag 7420s

This gives kg, agdKrad,mon= 6.8, or the radiative lifetime of the monomersbout 82 ns. The ratio
of oscillator strengths is related to the ratioradiative lifetimes by a factor af. The initial
fluorescence maxima are at about 470 and 506 nmther monomers and aggregates,
respectively. Considering this factor gives a rafioscillator strengths of 8.5.

The larger radiative rate of the aggregates istdueo factors: the larger population in

the singlet states and the coupling of singleestan adjacent patrticles, i.e., the finite cohezenc
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length of the exciton giving rise to superradiarinéboth monomer and aggregate cases, the net
radiative rates depend on the singlet and tripdgufations and radiative rates. Specifically, we
have

Krad = Ps Kad,singlet* P Kead.triplet Equation (3)
where the singlePs, and total triplePr, populations are given by a Boltzmann distributzom

Krad singlet@nd Kiad wripler @Nd the singlet and triplet radiative rates. Thpybation factors are given

by

_ exp(-AEg, /KT)
°  3+expFAEg, /KT)

andPr=1-Fs Equation (4)

The factor of 3 comes from the fact that therethree essentially degenerate triplet states, and
Pr is the total triplet population. As discussed ahothe singlet-triplet splitting in GaSe
nanoparticle monomergdEsy, is much smaller than thermal energies at roonpésature. Thus,

in the case of the monomers the Boltzmann fackm(-8Es+/KT) is expected close to unity. The
anisotropy measurements discussed above indicate®©8% of the oscillator strength is in the
singlet and a total of 7% in the triplets. Thug dscillator strength of each of the a1 triplet
levels is a factor of 26.6 lower than that of thmgket and the = 0 is dark. We conclude that an
equilibrated population in the monomers has vepse&lto equal populations in each of the
singlet and triplet levels; that is, only about ¥ilte population is in the strongly fluorescent
singlet state, one-half is in the weakly emitting=nt1 triplets and % is in the dark mO triplet.

In contrast, in the case of the aggregates, thplioguof the singlet states lowers their excitation
energy from about 406 nm to about 455 nm, 4Bgr in equation 4 is a large negative number,
about -2600 cf. As a result, in the case of the aggregates, tfigmBann factor, expdEs7kT),

is very large and the coupled singlets have esdbndll of the populationPs~ 1 andPr~ 0 in

equation 3. Applying equation 3 to both monomerd amthe aggregates, a ratio of radiative
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rates can be calculated. Thus, considering onlydlaive singlet and triplet populations (and
assuming constant singlet and triplet radiativesgta factor of 3.5 in the net radiative rate
results from the change in populations associatid twe reversal of the singlet and triplet
states. Including the® factor obtained from the initial fluorescence nmaaj the population
change and spectral shift together give an osuilistrength ratio of 4.4. This does not match the
observed ratio of oscillator strengths, 8.5. Theeotfactor of 1.9 (= 8.5/4.4) comes from the
coupling of the singlet oscillators, the superrad@& This factor of 1.9 is the coherence length of
the exciton which undergoes fluorescence. Othersiated, following 460 nm excitation and
any fast (<30 ps) relaxation, the exciton is ddiaed over on average about two nanopatrticles.
The large red shift of the absorption and fluoeese maxima of the dodecanal
aggregates compared to the monomers suggesthéhattérparticle coupling is very large, on
the order of thousands of wavenumbers, and thiboe out by the coupled oscillator
calculations described above. The interparticlepting is considerably larger than the energetic
inhomogeneity of the particles, and one might ekplgis large coupling to result in very long
coherence length aggregates. However, the abovgsenaf the radiative rates indicates a very
short coherence length — about 2 particles, a diWer suggest that these results may be
understood in terms of a simple dipolar couplingdeiocand fast relaxation processes of the

exciton.
3.6. Exciton Relaxation.

The above model also permits calculation of theeoaice length and the fluorescence
oscillator strength. This calculation is complichtey electronic and structural relaxation. We
first consider electronic relaxation. The initiakxcited state can be taken to be the eigenstate

closest in energy to the energy of the excitatibntpn, in this case, 460 nm. This state is a
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coherent superposition of monomer excited statddalowing equation 1, can be denoted as

Pinit = C1 @1 @2...0n + C2 0102"...0n + ... +Cq 1002...00" Equation (5)
Following photoexcitation, the exciton can undergpid electronic relaxation, specifically an
“internal conversion”, corresponding to dephasihthe initial coherent superposition. In a room
temperature bath, this results in energy loss andaversible. A state that has undergone only
electronic dephasing has the same amplitude on @attfe monomers as the initially excited
state. Thus, this is a non-diffusive relaxationt thacurs without any overall motion of the
exciton. In room temperature solutions, dephassngxpected to be rapid, < 30 ps. The results
presented here focus on radiative lifetime measatmEit 50 ps after excitation, which is fast
compared to exciton diffusion. Spectral reconstomctesults show that exciton diffusion occurs
on a slower timescale (refer to section 3.7). Wechale that the radiative rate measurements
presented here correspond to states that are ogleetily relaxed, but have not undergone
significant exciton diffusion.

Excitons corresponding to both the initially exditend electronically relaxed states can
be described in terms of tliecoefficients in equation 5. The oscillator strénghd energy of
the initially excited state (and every other excittate) depends on the magnitudes and relative
signs of the coefficients. The coefficients in gahewill not all have the same sign.
Spectroscopic considerations allow us to make general statements about how the oscillator
strengths of these states vary with energy. Thesitian to the lowest energy state for these
particles is z-polarized. Particle stacking is e tz-direction and results in a J-aggregate; the
lowest energy state has the dipoles pointing irsdme direction and the coefficients all have the
same sign. In the present case, 460 nm photoegaitet close to the center of the aggregate

absorption band. Thus, in contrast to lowest enstafes, the initially excited state will generally
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have coefficients of different signs. Following gation, the exciton does not move to different
particles in the aggregate, that is, purely eleitroelaxation corresponds to keeping the same
amount of excitation on each of the particles. #hig to occur the magnitudes of each of the
coefficients in equation 5 remain constant and thiaxation only changes the signs of the
coefficients. Specifically, the electronically nedal state is given by
Pix =|C1| 01* @2...0n + |Co] @1002*...0n + ... H|Ch| 1002...0n* Equation (6)

where theg coefficients are the same as in equation 5. itnjgortant to note that dephasing
changes the coefficients in equation 5 and theeeftso changes the oscillator strength of the
exciton. This relaxed state is not an eigenfunctbrthe coupling Hamiltonian, but can be
expanded in the basis set of these eigenfunctibims. relaxed state is a superposition of the

aggregate eigenstates and the expansion coefaeatgiven by
3 =(Yu|¥) =5 ¢, Equation (7)
i

where the coefficients;; correspond to those in equation 1. The oscillatoength of this

superposition relative to that of a monomer is gilsg

2

f :K\.pg|u|l_prlx> Equation (8)

2
#%a (%6
i j

where the subscript g indicates the ground speiethe dipole moment operator (see equation 2)
and theg; coefficients are given by equation 7. This reslitives the evaluation of the relative
oscillator strength, that is, the superradiancethaf relaxed aggregate following electronic
relaxation but prior to structural relaxation ocean diffusion. It is important to note that once
the monomer and aggregate absorption spectratatieeiie are no further adjustable parameters
in this calculation. The extent to which electroretaxation changes the oscillator strength of the

fluorescent states depends on the excitation wagtdeWe find that for 460 nm excitation and
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the same parameters as were used to fit the almsorppectrum, the calculated oscillator

strength of the initially excited state is 3.0 tanthat of the monomer. Electronic relaxation

increases this oscillator strengths ratio to 3sBper equation 8. This is the calculated exciton
coherence length and is significantly greater thia@ value of 1.9 determined from the

comparison of monomer and aggregate radiativentiget and quantum yields. The conclusion is
that this coupled-dipole model alone does not éxjlee observed short coherence length of the
exciton luminescence.

We suggest that in addition to electronically rek#on, the excitons also undergo rapid
structural relaxation. Prior to photoexcitationg ttistances between particles are determined by
the balance between attractive van der Waals faandsrepulsive steric interactions from the
edge-binding ligands. The extent of coupling betwaey two particles depends critically on the
distance between them. If the coupling is suffilieatrong, the presence of the exciton affects
the balance of these forces. Two particles will fogled together if the increased exciton
stabilization energy exceeds energetic cost dygattcle-particle steric repulsion. We suggest
that this occurs in the case of the aldehyde-ltdygiarticles. Following photoexcitation and
electronic relaxation, the exciton resides on agraye of 3.8 particles. The two most strongly
coupled particles on which the exciton resides dn@vn together, increasing the coupling
between these particles. This motion increasedigtance between those two particles and their
other neighbors, so this increase in coupling caitr the expense of lowering the other
couplings. This process amounts to exciton sejfiray. It occurs as a result of the interaction of
the excitation and the particles longitudinal disgiments, i.e., the of electron-phonon coupling.
The effect of this process is to turn a delocalizgditon into what is spectroscopically a very

strongly coupled dimer. We note that when the ercttonsistently collapses to a dimer, it forms
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a rather well-defined spectroscopic entity — dimease very little inhomogeneity. We suggest
that this may explain why simple, single-exponéritizorescence decay kinetics are observed

following 460 nm excitation of these aggregates.

3.7. Time-resolved Emission and Stimulated Emission in GaSe Aggregates

Further characterization of the aldehyde-ligatedregates was done by time-resolved
emission spectroscopy and transient absorptionriemeets. A reconstruction of a curve of
emission maxima as a function of time leads to somaght (Figure 17). Maximum emission
peak for monomers shifts to the red by only 4nmhiwithe first 4ns and it does not exceed
485nm. In contrast, the maximum emission in aldeHighted aggregates shifts by about 20nm,
eventually reaching a maximum value of about 520fine reality is that the aggregates are far
from being perfect and straight: they have kinksnds, non-linearities, and defect sites that
inhibit the movement of the exciton. The length romaich the exciton is delocalized is called
the coherence length and it critically depends ow defect-free the aggregates are. The more
kink-free the aggregates, the longer the coheréarggth. Initially, a photon creates an exciton
and the exciton delocalizes over nearest kinkfrgighboring particles. The amount of red-shift
in the emission spectrum is a function of coherdength and the coupling strength between the
particles. Thus, the time-resolved emission dagsemted in Figure 17 is an indirect qualitative
measure of the combination of two independent factooupling and the coherence length.
Following the discussion in previous sections a$ tthapter, we know that although a small
percentage of longer aggregates exist in the soluthe red-shift in the emission spectrum is
primarily due the strong coupling of dimers. Thediresolved data are still helpful in that they
give us an idea about the timescales. Fitting threecto a bi-exponential implies that there is a

fast 200ps component and a slower nanosecond ca@mptmnthe dynamics of the exciton.
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Another technique that can be utilized to charaxtethe aggregates is femtosecond
transient absorption spectroscopy. Using a pumpetechnique and a delay stage, one can
obtain information on time-dependent decay of thadient excited population. Figure 18 shows
the transient absorption spectra for the GaSe mermofor the first 200ps after excitation. The
positive change in absorbance in the red (peakatita620nm) indicates the intraband hole
transitions. Note that there is no bleach in theeblThe Figure also shows the spectra of the
aldehyde-ligated aggregates for 200ps after eiaitatin addition to the intraband hole
transitions, there is a strong bleach in the binéryg at stimulated emission. It has been shown
that stimulated emission from the excitons leadsstperradiance. Superradiance is the
phenomenon where the coupled oscillators in amasgecooperate to collectively emit light at
a rate which is much greater than their incoheesenission rate. Relative measurement of the
stimulated emission yields Einstein A and B valaesl therefore the excited state transition
dipole moment. It is important to realize that a@amnot obtain quantitative values from these
experiments. The results qualitatively tell us @baucombination of coherence length and
coupling strength of aggregates. The data in #usien are just presented to provide some extra
insight on earlier material. Nonetheless, no rigsrattempt was made to collect further transient
data.

In summary, several conclusions may be drawn fitwrresults presented in this chapter.
GaSe nanoparticles have aggregation propertiesathatrongly dependent on the nature of the
surface (edge) ligands. In the present case, tHe &i@ TOPO ligating the particle edges are
easily displaced by alkyl aldehydes, resulting @myvstrongly coupled aggregates. The strong
dipolar coupling between adjacent particles resirtsdelocalized singlet excitons that are

energetically below the triplet states; polarizatimeasurements indicate that singlet-triplet
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reversal occurs in these aggregates. The radiattes and fluorescence quantum yields in these
aggregates are much greater than in the monomhrs.i§ due to a combination of all the
population being in the singlet states and the logpf the singlet oscillators. The highly
fluorescent aggregate state is essentially a natidpadimer that results from self-trapping of

the delocalized exciton.
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Chapter Four: Alignment of GaSe Aggregates in Liqud Crystal

Samples

4.1. Overview and Potential Applications of GaSe/Liquid Crystal Hybrid Samles.

This chapter discusses highly organized three-déineal structures of strongly
interacting semiconductor GaSe dots in liquid abgstThe development of organized arrays of
these quantum dots could result in entirely newsda of optical materials. Liquid crystals (LCs)
form a highly anisotropic and ordered environméfust liquid crystals consist of long, rod-like
organic molecules. These molecules are typicallghmmore polarizable along their long axis,
compared to the perpendicular direction. This tesul birefringence when the molecules are
aligned. When these molecules align in LC phasaretis a well-defined preferred direction, and
hence a well-defined birefringence. It has beenaletnated that liquid crystals can align low
concentrations of guest molecules, for exampleararmnotube? or sections of polymets
The underlying idea is to use organic liquid crigstédo organize aggregates of GaSe
nanopatrticles into well-defined three-dimensiontalctures. The structure of these nanoparticle
aggregates is constrained by the structure of u@wnding organic liquid crystal (LC) phase.
Thermotropic liquid crystals, such as 8CB, chanlggsp with temperature changes. In a nematic
phase, the long molecules of the LC have no paositiorder but have somewhat of a directional
order that keeps the long axes of the moleculeghlgiparallel to each other. The LC molecules
in smectic phases, which are formed at lower teatpsgs than nematic phases, have positional

order and form well-defined layers. Otherwise stathe presence of the organic nematic or
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smectic phase forces the disk-like nanoparticlés @& collinear and/or planar discotic liquid
crystal phase. The discotic phase is formed whskrldie particles, in this case GaSe, pack into
stacks. The entire system may be thought of as ti@thacotic or smectic/discotic hybrid liquid
crystal composed of organic and semiconductor comms. The nanoparticles in these
structures have both orientational and three-diteas positional order. As such, the optical
and electronic properties of the hybrid organicisenductor liquid crystal are highly
anisotropic and could be made to be spatially degetn Furthermore, it should be possible to
change the orientation of the hybrid liquid crystiay the application of an external electric field,
just as it is in conventional organic liquid crystaApplication of an electric field will result in
changing the orientation of the liquid crystal dig field and hence the nanoparticle structures.
In this sense, reconfigurable photonic devicesdasehybrid liquid crystals could be fabricated.
The combination of using semiconductor quantum dstshromophores to collect photons and
subsequently funneling energy through stronglyratng structures of these quantum dots has
many technological possibilities. These include therication of very efficient displays or
detectors, and solar energy conversion.

Organized arrays of GaSe disk-like nanopartictadccresult in materials that are very
strongly birefringent. The extent of birefringendepends on the difference in the refractive
indices for light polarized parallel versus pergealdr to the liquid crystal director axis. We also
speculate that if there is strong electronic caogplbetween adjacent quantum dots in one
direction, the refractive index along that direntiwill approach that of the bulk material. As

such, hybrid LCs may be far more birefringent th@ir organic counterparts.

4.2. Polarization and Time-Resolved Spectroscopy.

For this project, 8 nm GaSe particles are dissbivethe smectic-A phase of a very
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common LC material 4-octyl, 4’-cyanobiphenyl, 8G®8.temperatures over 40.8 °C, 8CB forms
an isotropic phase, a true liquid. As the tempeesitsi lowered, it forms a nematic liquid crystal
phase, in which there is orientational, but no fimsal order. Between 22 and 33.8 °C, 8CB
forms a smectic-A liquid crystal phase, consistrigvell-defined layers of oriented molecules.
Finally, below 22 °C, a crystalline phase is otedif In addition, GaSe particles were provided
to Dr. Ghosh’s lab at UC-Merced, where particlesemguspended in a nematic phase LC and
successfully aligned with the director axis of @™, In this study, the spatial orientation of the
aggregates and thus their spectroscopic propentee controlled by application of in-plane
electric fields.

Samples are prepared by sandwiching the nanopdk®l mixture between two
microscope slides. Through chemical modificatiorthaf glass surfaces, the director axis can be
made to be parallel or perpendicular to the slitfeébe surface is coated with poly-vinyl alcohol
and unidirectionally rubbed, this establishes aalor axis that is parallel to the surface of the
slide. A perpendicular director axis is obtainedcbgting the surfaces with a sub-monolayer of a
surfactant, such as an alkyl carboxylic acid. Aanlslide is simply dipped in an aqueous solution
of the carboxylic acid, rinsed and dried. The caytete group anchors to the surface and the
alkyl chain extends perpendicular to the surfades Establishes the preferred direction for the
liquid crystal. Polarization spectroscopy data oiatd on parallel director samples by Sheette
al®® show that in the smectic-A phase, the GaSe natidparare extremely well oriented. Figure
19 shows the polarized absorption intensity of Ga8eroparticles in smectic-A 8CB as a
function of the angle®, between the LC director axis and the polarizatbrthe light. Also

shown is a sine squared curve, fitted to the 416 paharized absorption curve. The curve

2
corresponds to A = 0.004 + 0.055 gin The 0° versus 90° absorbance ratio is aboutéit5116
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nm. We note that the absorbance is largest whepdlagization of the light is aligned with the
unique axis of the LC. The lowest energy GaSe namicte absorption is almost entirely
polarized along the axis, the normal to the particle. The results iguFé 19 therefore indicate
that thez axes of the particles are very well aligned with HE.

Time-resolved fluorescence spectroscopy (also dpnéd.. C. T. Shoute, a previous
postdoctoral fellow in the group) indicates thathe LC environment, GaSe nanoparticles form
aggregates consisting of weakly- and strongly-adng domains. Most of the particles are in
the weakly-interacting domains and a small fractdrihe particles are in strongly-interacting

domains. The strongly-interacting domains haveedtusk-like particles stacked to form linear,

one-dimensional regions in which the interpartibeipling is very large, about 1600 _(l:rTWe
speculate that most of the nanopatrticles in thekiyeateracting domains are between the layers
of 8CB molecules, forming two-dimensional sheetspafticles. Time-resolved fluorescence
spectra presented in Figure 20 suggest energyféraf®m the weakly- to the strongly-
interacting domains, in which the fluorescence mmaxn evolves from about 474 nm to 517 nm
in less than 30 ps. This is followed by slower (-nS energy transfer within the strongly-
interacting domain, with the result being a furthed shift of the fluorescence spectrum. This
result indicates that excitons migrate a long distaalong the director axis.

In the case of a perpendicular director, this distais limited by the thickness of the
sample, typically tens of microns. Thus, with a pkmof known thickness, the differences
between fluorescence spectroscopy of the samplésparallel and perpendicular directors can
be indicative of the exciton migration distancelsc@herefore, by varying the thickness of the
LC layer, these experiments provide a means ofrmi@tieng the distance scale over which

exciton transport occurs. Preliminary results @akd by L. C. T. Shoute) shown in Figure 21
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suggest these distances are very long. The resuitparing 46m parallel and perpendicular
samples are displayed in Figure 21. The resultsliffierent for the two samples, indicating that
the exciton migration distance is somewhat limitadthe thickness (46n) of the sample.

Figure 21 therefore implies that excitons migratetioe order of tens of microns! This is an

extraordinary result — it corresponds to the excitaigration through 140— 105 particles. The
result suggests that these types of nanoparticeysamay be capable of extremely efficient
photon collection, followed by long distance diegtenergy transport.

As mentioned above, this project has extraordinaoientials. However, the results
presented here can only be obtained if the GaSelparare extremely high quality; relatively
larger, very-well aggregated (high peak to vallayia), and have the right edge-ligands. An
example of this type of synthesis was shown in &gl (sample 1) earlier. Unfortunately, a
reproduction of these particles was never attai@en.speculation is that extremely high quality
particles such as those in Figure 7 (sample 1) welhe possible to synthesize with the earlier
(before 2007) commercial bottles of TOP that camdithe right concentration of free radicals.
GaSe particles produced by the variety of synthestes that never led to the production of
particles that will readily align in LCs. At firsit, was thought that the problem might be possible
introduction of air or water in the 8CB, and thine tparticles are oxidized. However, same
results were obtained even after the liquid crystad carefully heated and vented with nitrogen
gas to get rid of any trace of air and water. Idigah, a range of concentrations from 1 part in
300 to 1 in 50 was tried with no success. We spéeuhat the nano-disks will only align in the
liquid crystal if they come in an already well aggated form, as synthesized. The other less
likely reason can be concentration. That dedudsamade based on the fact that even particles

such as those presented in Figure 8, which arévedialarge, concentrated, and have tight-
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binding ligands on their edge did not align in tie@ samples. The peak to valley ratio of this
sample (~2.2) is much smaller than that of sample Rigure 7, which is around 3.4. In fact, a
common obstacle with these PA anhydride-ligatetighes is that they form bulk when dissolved
in 8CB. The nanoparticle/LC solution quickly tumerk yellow, red, and eventually gray, which
signals that bulk GaSe has formed. The GaSe hyloudd crystal project, with all of its

extraordinary potentials, was discontinued becabifigis issue of synthesis irreproducibility.
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Figure 1. Crystal Structure of BupcGaSe (Top) and TEM Image of GaSe Nanodisks (Bgttom
Purple represents gallium atoms, and yellow repteselenium atoms.
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Figure 2: AFM Topography Image of GaSe Monomers.
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Figure 4: GaSe Nanopatrticle Solution Showing a Désdjow Color. [Photograph by Deborah
Lair (c 2010)]
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Figure 6: Transition Levels of a Coupled Dimer @&S& Nanodisks.
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Figure 8: Absorption Spectrum of Synthesis A, GRS#icles on the Day of Synthesis (Solid
Circles) and Two Months after Synthesis (Open €g8tlThe particle size distribution has
focused down over time.
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Figure 10: Absorption Spectrum of GaSe Particlgh Wifferent Ligations. The reaction
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Figure 11: Emission Spectrum of GaSe Particles @itferent Ligations. The reaction precursor
contains in order 33% TOPO (black), 3.5% DOPA (r8%5% ODPA with no heating (green),
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Figure 13: Fluorescence Spectra of the GaSe Sar8pt@sn in Figure 12, As-synthesized with
TOPO, Diluted in TBP/TOPO, and with 3% Dodecanaliralicated. The intensities are scaled
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PART II. CdTe/CdSe NANO-HETEROSTRUCTURES
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Chapter One: Introduction

1.1. Importance of Nano-heterostructures (NHS).

Bulk semiconductor heterostructures have beenndrdor a relatively long time,
approximately since 1930s. In fact, we owe somi@imost commonly used technology in our
daily life to heterostructure-based electronic desi such as light-emitting diodes (LEDSs),
double-heterostructure lasers used in telecommiioinsa and high electron mobility transistors
(HEMTSs) used in satellite television. Heterostruetulike AlGaAs have been used as solar cells
for space program for years ndwMost of the research during this era focused roug l11-V
compound structures. In 1970s, Dingteal. demonstrated quantum well effects by replacing the
existent bulk GaAs section in a GaAs-AlGaAs witBa@As thin film, showing a continuous shift
in energies with progressively thinner filfisFollowing the scientific advancements in quantum
well heterostructure devices, researchers stahiedtimg of using structures with even lower
dimensionality, and hence came the era of quantura and quantum dot heterostructures
starting in 1980's Since then, extensive research has been dongntitesis, self-assembly, and
optical and dynamical properties of these nanorbsteictures.

Modern nano-heterostructures (NHSs) are grouptdtimee categories, straddling gap
(type 1), staggering gap (type Il), and a less cammne, broken gap (type Ill) (Figure 22). Type
| heterostructures such as CdSe/ZnSe or CdSe/ZeSsarthat the band gap of one
semiconductor, CdSe in this case, is sandwichéukitband gap of the other material. The larger

band gap material usually passivates the surfadgteomaller band gap semiconductor and
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increases its quantum efficiency. In type Il hesémactures such as CdTe/CdSe, CdSe/ZnTe, or
ZnTel/ZnSe, both the conduction and valence banttgeddtructures lie lower in energy.

Type Il NHSs are of particular interest because¢hefspatial separation of the electron
and hole following photoexcitation. Upon excitatiand creation of an electron-hole pair or an
exciton in one of the sections of the NHS, eitler eélectron non-radiatively relaxes down to the
conduction band of the other section or the holéhéovalence band of the other section. This
leaves the electron in one section of the NHS &edhble in the other. This spatially charge
separated state makes NHSs promising candidatesséin photovoltaics given 1) the band
gaps are tuned to absorb most of the sunlighth@jge separated state is sufficiently small in
energy that re-absorption of emitted light is miizied, and 3) the charge separated state has a

long lifetime during which the electron and hole ¢e transported.

1.2. Properties of II-1V Semiconductor Heterostructures.

The electronic properties of 1l-IV semiconductord(@r Zn with S, Se or Te)
nanoparticles are such that several different tymed type-Il junctions can be formed. Type-I
junctions result in the electron and hole residmthe same material. Type-Il junctions result in
a lowest energy state in which the electron anck feok spatially separated. The relative
energetics of the conduction and valence bandsgaleith quantum confinement effects
determine the extent to which charge separationrscc

The 1I-1V semiconductors adopt either cubic (zirelde) or hexagonal (wurtzite) crystal
structures. In the former case, the anions adoptlac-close-packed arrangement, and the
cations go in every other tetrahedral hole, alsmiiog a cubic-close-packed arrangement. The
cubic lattice has no unique direction and the apticoperties are isotropic. In the wurtzite case,

the anions adopt a hexagonal-close-packed arramgermed the cations go in every other
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tetrahedral hole. The wurtzite lattice has a uniguis perpendicular to the hexagonal planes.
The two lattices have the same nearest neighbadic@dion and differ only at longer ranges.
Similar physical properties are therefore obtaingdS, ZnSe, ZnTe and CdTe favor the
zincblende structure; CdS and CdSe favor the waritructure. The energy difference between
the zincblende and wurtzite structures is smalbfbH-1V semiconductors and most of them will
grow in either crystal structure. These consideratidictate which nanoparticle morphologies
are most easily obtained and the synthetic metlogied used to obtain the more and the less
favorable crystal structures.

The lattice parameters of the different materiaizels of the unit cells and hence atomic
spacings) greatly affect the properties of any fionc Coherent (defect free) growth of one
material on another is possible only if the lattmesmatch is small. Large lattice mismatches
result in excessive strain energy and coherentgigmo is limited to a few layers. The lattice
mismatch is the driving force that produces intgdha defects and/or island growth after
deposition of several layers. Interfacial defeets act as carrier recombination centers and their

presence can dramatically alter the photophysitseojunction.
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Chapter Two: Control of Morphology in Synthesis ofVarious

CdTe/CdSe and CdSe/CdTe

Chemicals. A list of chemicals used for all of the synthesegorted in this chapter is
presented, as follows: Cadmium oxide (99.5%, Algrioleic acid (technical grade, 90%, Alfa
Aesar), tellurium (powder 200 mesh, 99.8%, Aldrjckglenium (powder, 99+%, Alfa Aesar),
tributylphosphine (97%, Aldrich), toluene (>99.3%igma-Aldrich), methanol (HPLC grade,
99.9%, Fisher Chemical), cyclohexane (HPLC gra@e9%, Fisher Chemical), and acetonitrile
(99.9%, Fisher Chemical) were all used as recemigdno further purification.

n-Octadecylphosphonic acid (PCI Synthesis) andctyiphosphine oxide (technical
grade, 90%, Aldrich) were recrystallized two toethrtimes from toluene and acetonitrile,
respectively. 1-Octadecene (90%, Aldrich) was vatudistiled at around 140°C.
Trioctylphosphine (technical grade, 90%, Aldrichgsaprepared by vacuum distillation at around
180 °C. Small amounts distilling over at temperature dowhan 180°C were discarded. The
purified TOP was sealed and kept in a gloveboxvimdaany oxidation to trioctylphosphine
oxide (TOPO). The distillation was performed usamg apparatus in which all the joints have
been ground together and sealed with Teflon O-fiegsuring a leak-free vacuum.

Instrumentation. Particle syntheses reported in this chapter areactaized by
absorption spectroscopy, static emission spectpgscand TEM imaging. Static fluorescence
spectra were obtained using a Jobin-Yvon Fluor8logpectrometer using the Horiba J-Y
software. The instrument consists of a xenon laoyidte monochromator excitation source and
a CCD detector. Quantum yields are determined ypemison of the nanoparticle spectra with
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the spectrum of rhodamine B in methanol, with thprapriate spectral calibration factors. This
comparison involves collection of the luminesceimca face-on geometry. The absorbances of
the nanoparticles and rhodamine samples are stygikdlly about 0.3). The quantum yields are
then determined by taking the ratio of areas umideruminescence spectra. These spectra are
corrected for instrument response: monochromatoutihput and detector efficiency.

Most TEM images were obtained on a FEI Technaird@simission electron microscope
with an accelerating voltage of up to 120 kV anthagnification capability of up to 300,000
times. This instrument has a 2 A TWIN line resalntiOther TEM images were obtained on a
JEOL JEM-2010 transmission electron microscope pgmpd with a LaB filament. This

instrument is capable of 2.4 A point-to-point imagsolution and 1.4 A lattice fringe resolution.
2.1. Various Possible Morphologies of NHSs of CdSe and CdTe.

CdSe/CdTe heterostructures are relatively easiesytahesize due to the low lattice
mismatch between them. A zinc blende unit cellaBretd by the a-axis lattice parameter and a
wurtzite unit cell is defined by the a- and c-gg#ameters. The lattice mismatch between CdTe
and CdSe is about the same along both axes abdiig 26%°. CdSe is the most versatile type
of core particle and tremendous amount of resehashbeen done on synthesis of a range of
CdSe morphologies. Wurtzite nanoparticles can beigras nearly spherical particles or as rods
with an easily controllable size and aspect f&fib*>*® Under highly non-equilibrium
conditions, zincblende CdSe nanospheres can alsbthimed*. CdTe can be grown with either
spherical, tetrapod, or rod morpholodfe$“’ The spheres are zincblende. The zinchlende
crystal structure has four equivalent faces (themaés at tetrahedral angles) which match the
face normal to the unique wurtzite axis. Thusadds are formed when a zincblende nucleus is

formed, followed by growth of wurtzite arms. Thene some publications in the literature that
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report the successful synthesis of CdTe rods. Hewatvis extremely hard to nucleate CdTe in
wurtzite form. The TEM images presented in thesélipations often depict polydisperse
samples of tetrapods and rods. We have developstietic methods which improve on the
control of the morphology of CdTe nanoparticlese3é synthetic methods (discussed in section
2.3) produce CdTe nanospheres of narrow size digmeand very high luminescence quantum
yields (~80%). These methods can also produce @=tfagpods having arms with a controllable
size.

Figure 24 shows cartoons of various possible hsterctures that can be synthesized
from CdSe and CdTe semiconduct8rCore/shell heterostructures are the most commen a
the most researched type of heterostructures. Bpheshells are uniformly deposited over
spherical cores. There are numerous reports osytiteesis of these particles. The spectroscopy,
exciton dynamics and multi-exciton behavior hasnbsemewhat studied as wéft° It is also
possible to synthesize particles with sphericaésdhat have tetrapod arms protruding from the
four tetrahedral faces of the cdteas in Figure 24 (c). For matters of simplicitst’s refer to
this type of heterostructure as dot/tetrapods framw on. Chapter Three: Auger Dynamics and
Electron Cooling Times in CdTe/CdSe Nano-heterasiines presents an in-depth discussion of
multi-exciton dynamics in core/shell and dot/teb@pCdTe/CdSe heterostructures. Dot/rod
morphologies (Figure 24 (b)) exhibit interestingiicgl properties but are hard to synthesize.
Rod/Rod heterostructures are of particular intefiestthat they can be considered one-
dimensional structures for purposes of modelingetk&ton behavior. Although minimal radial
growth does occur in these heterostructures, nfdseagrowth happens from either one or both
end faces of the rod cores in axial directionssTpe of structure is depicted in Figure 24 (d).

Rod/rod structures can also be synthesized in pieililock$®. Optical properties and dynamics
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of these structures have been studied by varicuspg > Another possible morphology is to
start off with tetrapod cores and grow axial extems on the arms of the tetrapod to grow
“tetrapod/rod” structuré§ as in Figure 24 (g). Other less common morpheguch as nano-
barbells and tetrapod/tetrapod can be synthesz®ackkh

There are several considerations when it comeshé various morphologies of
heterostructures from CdTe and CdSe. As was mati@arlier, type Il nanoheterostructures
serve as donor-acceptor systems with the electrcalited in one section of the heterostructure
and the hole in the other. The excitation bandgynand the energy of the charge-separated state
can be simply tuned by changing the size of eadbotr of the sections in the heterostructures.
This tenability of the charge transfer state is filnedamental characteristic that makes type |l
NHSs ideal for use in photovoltaics. In the cas€dTe/CdSe or CdSe/CdTe heterostructures,
CdTe serves as the electron donor (the hole idizeckin the Te section) and CdSe serves as the
electron acceptor. Upon excitation of the Te sectind creation of the exciton, the electron is
very quickly (less than 2 ps) transferred to thes8etion. Figure 23 shows a schematic band
diagram of the heterostructure. There are sevemabitant phenomena that can either boost or
diminish the optical gain in a NHS photovoltaicdatmey all depend on the extent of charge
separation. Hot electron transfer and carrier mplidation are mechanisms that can be used to
minimize the energy loss of a photovoltaic. Hoteten transfer is partly determined by electron
cooling rate, which is a function of charge separmatAuger recombination, the opposite process
of carrier multiplication and a major cause of gyeloss in PVs, is also a strong function of
charge separation. In light of this, if the hetémastures of CdSe and CdTe are to be used in

photovoltaics, the morphology that results in theagest amount of charge separation is ideal.
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Accordingly, elongated morphologies are more statdbr use in PVs because they
provide for a larger charge separation. A comparisetween a CdTe/CdSe core/shell and a
CdTe/CdSe dot/rod that both have the same sizeiBeand the same molar amount of Se shell
should prove insightful. In both cases, the holdightly localized in the CdTe core and the
electron is somewhat localized in the CdSe shalt. the same molar amount of CdSe, the
electron wavefunction tunnels through the CdTe dorea much larger extent in core/shell
particles in comparison to dot/rod particles. Ihestwords, the overlap of the electron and hole
wavefunctions is much larger in core/shell parickend thus, a lower amount of charge
separation is obtained. A simple (and incomplet@y wo visualize this is to compare the
guantum confinement of the electron along the tadis of the core/shell particle with electron
confinement along the axial axis of the dot/rodictire. The same amount of Se corresponds to
a smaller thickness of CdSe shell in core/shell, atonger length of Se rod in dot/rod. In other
words, since the electron is much more confinedaglbe thickness (radial axis) of the Se shell
in core/shell, its wavefunction spills into the @&ddore section to a larger extent and thus results
in little separation of the electron and hole. émtrast, the electron is much less confined along
the length of the Se rod shell and thus, in cadengf rods, there is minimal overlap between the
electron and hole wavefunctions, and almost coraptbiarge separation is achieved. Keep in
mind that this is an incomplete picture of the itgaddut helps the physical visualization of the
charge separated states. It is incomplete in thesesdhat the comparison of electron
confinements is made along one dimension only:atamily confinement in core/shells, and
axial-only confinement in dot/rods. In reality, thlree-dimensional quantum confinement
energy of a sphere is lower than that of a rod.eTakeally large spherical shell, and a really

long rod shell. The electron in the large spherishkell experiences minimal quantum
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confinement, while the electron in the large rodlisgalthough not confined axially) will remain
guantum confined in the two radial directions. Attiarge separation is always more facilitated
in elongated morphologies. In decreasing orderrodd, dot/rods, dot/tetrapods, and core/shells,
provide for the largest charge separation.

Another consideration in choosing the most idealphology for use in PVs is the effect
of electron and hole effective masses on chargaragpn. Effective mass of an electron and a
hole in CdSe is 0.11 and 024respectively. Electron and hole effective masseSdTe are
very close to CdSe, about 0.1 and®f).4espectively. Effective mass of a hole in CdTabsut
four times higher than the effective mass of arctede in CdSe. Thus the hole is tightly
localized in the Te section, whereas the electraves a little more freely in the Se section.
With this in mind, let's compare a CdTe/CdSe dal/structure with that of an identically sized
CdSe/CdTe dot/rod structure. Let's assume thabth bases, the rods are long enough to allow
for complete localization of the charged particighie rod section. In case of the CdTe/CdSe, the
hole has a larger effective mass and it is, tagelaxtent, confined within the Te core. Thus, a
higher degree of charge separation is obtained.r¥dkdan the case of CdSe/CdTe, the electron,
having a lower effective mass, is not as confiné@timthe core, and thus the charges don't fully
separate. Following this logic, in order to achibegter charge separation, it is favorable to have

the CdTe as the core and CdSe as the shell. Teéspecially true for elongated morphologies.
2.2. Se/Te Rod/Rods: CdSe Rod Cores Covered with a Rod-like CdTe Shell.

Out of the morphologies discussed in the previceian, rod/rods are of particular
interest because they provide for the most effeativarge separation. Considering the fact that
CdSe is the most versatile type of core synthasid,the fact that the wurtzite structure in CdSe

is energetically favored, it is very straightfordddo grow CdSe rod cores. The aspect ratio of the
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rods can be easily controlled by changing the Cdafie in the reacticii*® In general, CdSe
rods are grown by cadmium/ODPA precursors. The daxal lattice of CdSe rod nuclei is such
that the radial surfaces are covered with Cd beitatkial planes are covered with Se. Once the
wurtzite nuclei form, the long-chain phosphoniadatiolecules tightly bind the radial surfaces of
the rod and growth is only allowed in the axiakdirons.

Slightly modified procedures for the growth of teeSe/Te rod/rods are adapted from
methods by which Scholes et al. and Herman etyaithssize their particles. This method
consists of preparing a CdO/ODPA precursor in TQ®A a 1:2 Cd:ODPA ratio. Appendix B:
Selected Synthesis Protocols describes the detiailse synthetic procedure. The precursor is
heated to 320C until completely clear. This precursor is gengralged for about 24 hours
before use in the reaction. The aging of the psmuallows for the complete formation of
Cd/ODPA precursor and thus reduces the reactivitthe reaction solution. A percentage of
octylphosphonic acid (20% or less), a shorter cligamnd is used in some of the reactions to
grow longer aspect ratio rods. Octylphosphonic agidot as tight-binding as ODPA, but for
steric reasons, it can bind the radial surfacesreéfectively to produce longer rods. However,
use of OPA has the downside of formation of surfdeéects that cause branching of the
particles. This effect can be neglected as allavé ghresented in this dissertation are from OPA-
free syntheses.

Figure 25 shows the absorption and emission speétia typical synthesis of Se/Te
rod/rod heterostructures. To monitor the progréshe size growth of the particles, aliquots are
taken out at equally spaced time intervals. Fok lat a better name, we refer to these
consecutive aliquots as layers of the Te shelt iinportant to notice that these Te “layers” do

not correspond to monolayers. In this particulantisgsis, CdSe cores are about 4 nm in diameter
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and 10-12 nm in length. The lowest absorption bandt 635 nm with a corresponding
photoluminescence band at about 660 nm. Upon deposind growth of CdTe over the CdSe
rod cores, the charge transfer band appears ialiberption spectrum and it shifts to the red
consistently. Looking at the emission spectrum, ghr@ssion of the CdSe cores is completely
guenched with growth of the first Te layer. Insteathission from the charge transfer band
appears. With further growth of the Te rod, the l6ahd consistently moves to the red as the
exciton becomes less confined, and it loses iriensi

All of these spectral features can be explained lsymple particle in a box model, as
presented in Figure 26. When the Te cap is stillsrthe hole wavefunction is tightly quantum
confined, and thus, a significant part of the wawnefion tunnels into the Se section, as depicted
by the shaded area in the right column of Figure A6this point, the overlap between the

electron wavefunction in the Se section and the edvefunction in the Te section (shaded
areas) is quiet large. Thus, the oscillator stietigof the CT transition, which is proportional to

fo Bl <g@elplgh>11"28 s also relatively large. As the name suggehts,ittensity of a
transition is proportional to the oscillator stringAs the Te section grows longer, the hole
energy levels get closer to each other as a resuliecreased quantum confinement, which
causes the continuous red shift of the absorptiohesnission spectra. In addition, the hole also
becomes more localized in the Te section, whichlt®sn further separation of charges and
reduced overlap. This reduced overlap, and thusiceztl oscillator strength explains the
diminishing intensity of the CT emission band. Rkettwat the rate of spontaneous emission in a
transition is defined by Einstein A coefficient, il is directly proportional to the oscillator
strength and frequency of the transition cubed.réfoee, the radiative lifetime of the CT

transition, which is inversely proportional to Beigs A, increases as the Te section grows. It is
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important to note that the quantum yield of thetipks approaches almost zero by the end of the
reaction as the CT band has no intensity.

Going back to the emission spectra in Figure 2&geths also a second emission peak that
appears to the blue of the charge transfer bandt péak is assigned to the emission of the
individually nucleated CdTe particles. As soon &@PITe is injected into the CdSe cores
solution, some independent CdTe nuclei are forr@éatourse, it is expected that most of the Te
precursor is deposited onto the cores but inditititoanogeneous nucleation of CdTe particles
cannot be avoided. This is in part due to the Mghctivity of the TOP/Te precursor. In
syntheses with CdTe cores, where TOP/Se is usenoiw Se shells, CdSe nucleation is not
observed at all. This is because TOP/Se is intdétlgia less reactive precursor than TOP/Te. As
will be noted later, one way to inhibit the reaitivof the Te precursor is the addition of ODPA
to the Te precursor. This was discovered later wherking on growing CdTe spherical cores.
The addition of ODPA to the Te precursor was nésted in Se/Te rod/rod syntheses. However,
we strongly speculate that addition of ODPA shosigpress the CdSe nucleation, if not
completely, but to a great extent. The spectratriatence from CdTe individual particles
contaminates any dynamical data obtained from @ngptes. The only way to resolve this issue
is to photo-select the heterostructures from tlkvidual CdTe particles by exciting the sample
right at the CT band edge, which is beyond the lmi#ipas of our lab. Several attempts were
made to physically separate the heterostructur@s fihe CdTe particles by size selective
precipitation. In this method, a minimal amountnaéthanol is added to the particles (that have
been washed and redissolved in toluene) until dhetien becomes slightly turbid. The addition
of methanol changes the polarity of the solutioly safficiently so that the larger particles, that

are the heterostructures, precipitate out of thatiso while smaller particles, that are the CdTe,
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remain in solution. After repeating this methodea ftimes and measuring the emission again,
the ratio of the CdTe emission band intensity to&ission band intensity drops from almost
1:1 to 1:10. So, this method is very effective Baés not remove the CdTe completely (Figure
27). Considering the fact that the quantum yielthefindividual CdTe patrticles is unknown, one
cannot safely neglect their presence in the salutiize selective precipitation has another
downside too; in each cycle, a percentage of therdstructures are lost too.

Another problem that was commonly encountered mnir®ses of Se/Te rod/rods was the
issue of optical clarity. In all Se/Te and Te/Sdaehgunction syntheses, it is a standard
purification method that the freshly synthesizedtiples are washed with methanol, and then
redissolved in toluene. However, for a reason taatains unknown to us, some of these Se/Te
heterostructures would not dissolve in toluene weeyl. The problem of sample turbidity, and
more importantly, the issue of CdTe nucleation igaged the idea of synthesizing
heterostructures that have CdTe as their coreaemndovered with various shapes of Se shells.
As mentioned earlier, TOP/Se is a less reactiveysser that often does not result in

homogenous nucleation of CdSe.

2.3. Synthesis of Various Morphologies of CdTe Nanoparticle Cores.

Before launching into the synthesis of Te-Se hstenotures, it is important to first
discuss how to control the morphology and size ef cbres. There are several available
techniques to control the morphology and size ddeaniconductor nanoparticle. The most
significant effects come from the reactivity of tbhadmium precursor or the ligands used to
make the cadmium complex. In case of CdSe, lodsalying ligands such as oleic acid result in

a more reactive Cd precursor, and are known to ggdverical zinc blende morphologies. On the
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other hand, use of tight radial binding ligandstsas ODPA or tetradecylphosphinic acid
(TDPA) are known to produce the thermodynamicallyofed rods.

Temperature and monomer concentration are amongmpertant factors that can
control the size and morphology. Upon injectionr@dictants, a certain initial concentration of
monomers is formed, which will further react witacl other to form nuclei. The nuclei react
with the remainder of monomers to grow into paeiclin order to obtain a specific morphology
or crystal structure, the chemical potential of wmers has to be higher in energy than the
energy of the nuclei's crystal structure. Chemipatential is a function of two variables,
temperature and concentratign:= po + RT In(conc). Thus, at any given time during the
reaction, the monomer concentration determineslieenical potential of monomers. Monomer
concentration immediately after chalcogen precumsction determines the nucleation type.
Monomer concentration is governed by their reatiand the reactivity of the reactant
precursors. The temperature of the reaction detesnithe equilibrium concentration of
monomers. Changing the temperature has both thgmaadc and kinetic effects. It affects the
relative chemical potential of the monomers and #iready formed nuclei and particles.
Consider the example of CdSe, in which the wurtiystal structure is lower in energy than the
zinc blende. Thermodynamics favors the nucleatrah growth of a wurtzite structure. In order
to grow zinc blende CdSe, the monomer chemicalnpi@leshould be increased to above the
energy of a zinc blende CdSe. This can be attdigdabosting the monomer concentration to a
higher supersaturated level. A higher supersauinagenomer concentration can be obtained by
increasing the reactivity of the Cd or Se precwwsarhich causes a flash formation of many
monomers. Alternatively, decreasing the reactiompirature will lower the relative equilibrium

concentration of monomers, so that a lower conagair of monomers at any given time is
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sufficient to raise the chemical potential of momosnabove the zinc blende’s energy. Therefore,
a combination of increasing precursor reactivityl alecreasing reaction temperature assures
growth of zinc blende CdSe. Leaving the temperattagable aside, the reactivity of the
chalcogen precursor can be varied to obtain thlet ngonomer concentration required for
nucleation of a specific crystal structure. Formagée, in case of CdTe, addition of ODPA can
efficiently inhibit the reactivity of the Te preaar to promote spherical growth.

With regards to variations in size, generally spegkincreasing the precursor injection
temperature leads to the formation of more nuabsiters that run out of reactants faster, and
therefore don’t grow as large. Decreasing the teatpee initiates formation of a smaller number

of nuclei that have the chance to grow much labgéore the reactants run out.

2.3.1. Rods and Tetrapods.

In contrast to CdSe where the wurtzite crystalcstme lies lower in energy than the zinc
blende structure, the energetically favored crystialcture of CdTe is zinc blende. Thus, CdTe
naturally nucleates in zinc blende form, unlessnubally forced otherwise. However, the
difference between the wurtzite and zinc blendegies in CdTe is very small. The zinc blende
nuclei are tetrahedrons where each face of thahietiron is equivalent to the (1 0 0) plane of a
wurtzite structure. So, CdTe tends to nucleatann hlende and then grow wurtzite arms off of
the equivalent (1 0 0) faces to form tetrapodsufead8a). It is certainly beneficial to be able to
grow CdTe rod cores for synthesis of Te/Se rod/radsthey provide for greater charge
separation. However, wurtzite nucleation of CdTesdnot happen under reaction conditions that
are usually used for growth of CdSe rods — thaisis of ODPA or TDPA as ligands in the Cd

precursor. At the very best, a polydisperse sarmptetrapods and rods is obtained. Literature
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publications that report the successful synthesi€dre rods often show TEM images that
depict a high percentage of tetrapods and defaeteabods that are missing one or two arms,
and thus look like rods. Figure 28b and ¢ showuplof exampleé§*®

Considering the fact that zinc blende is the thelynamically favored crystal structure
of CdTe, in order to get wurtzite nucleation, theemical potential of monomers should be
raised above the energy of wurtzite CdTe. In addjtthe kinetics of the reaction would have to
favor wurtzite as well. Chemical potential of Cdf®nomers can be increased by boosting the
reactivity of the reactant precursors. So, a readfid precursor such as Cd/OA and a reactive Te
precursor such TBP-Te should result in wurtziteleation of CdTe. However, this does not
happen. The CdTe still nucleates in zinc blendenftwut does grow wurtzite arms to form
tetrapods. At this point, a reliable method to gtagh quality monodisperse CdTe rods remains
unknown to us. Nonetheless, monodisperse repro@usiymnthesis of CdTe tetrapods can be
achieved by use of a Cd/ODPA precursor. Figuret8vs the corresponding absorption and
emission spectra of such tetrapods. This is dermairdt by TEM imaging and the fact that no
polarized luminescence from particles is measured.

Static anisotropy measurements add some insighteims of assigning particle
morphologies. In static anisotropy experimentspputation of particles is first photo-selected
by polarized excitation light. The rotation timeprticles is slow in comparison to the emission
lifetime, meaning that the particles do not chatigeir orientation before luminescing. The
photoluminescence collected from the excited padics detected, once after passing through a
polarizer parallel to the polarization of the eatin source, and another time through a
polarizer perpendicular to the excitation light. tms method, polarization of the emitting

oscillators is measured. Static anisotropy measemésnon these tetrapods, where they are
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excited at the edge of the lowest transition, gimesotropy values of zero meaning the particles
are isotropic. Given that growth of spheres is lyighnlikely under heavy presence of ODPA,
the only other feasible isotropic morphology isrdpbds. The lowest energy transition in
wurtzite CdTe and CdSe rods is polarized alongthris or the long axis of rods. Thus, the fact
that the observed luminescence from the partida®ot polarized eliminates the possibility of
rod-like morphology.

In contrast to the synthetic methods followed fgmtkesis of zinc blende CdSe spheres,
where it is expected that use of a loosely-bindigand such as oleic acid (OA) should prompt
the growth of spherical particles, a Cd/OA precurgields CdTe tetrapods. Appendix B:
Selected Synthesis Protocols lists the completaildedf representative syntheses from both
methods of tetrapod growth: from a Cd/ODPA precyrand a Cd/OA one. Surprisingly, a Cd-
OA precursor results in the growth of tetrapods tmrmation and growth of tetrapods happens
almost instantaneously after injection of the Tecprsor. The only difference seems to be the
aspect ratio of the tetrapod arms. A crude comparizetween the two Cd precursors suggests
that a Cd-ODPA complex results in tetrapods withgkr aspect ratio rods. In absence of
radially-binding ligands, tetrapod arms grow intbdhe radial and axial directions. Figure 29
shows the TEM image, absorption, and emission speift tetrapods produced by use of a
Cd/OA precursor. Based on the TEM image, the sizbevtetrapods are estimated to be about
12 — 15 nm with low aspect ratio arms. We note thate is very little spectral difference

between the absorption and emission bands of théyes of tetrapod syntheses.

100



2.3.2. Spherical Quantum Dots.

CdTe nanospheres are prepared by slightly charigangynthetic procedures reported in
literaturé’. The Te precursor is prepared by dissolving 12g8(@n1 mmol) of Te and 50.1 mg
(0.15 mmol) of ODPA in 0.143 mL (0.313 mmol) of T@Rd 1 mL of ODE. This mixture is
heated and stirred for 10 minutes a8to obtain a clear lime colored solution. The pre® of
ODPA in the Te precursor is the key to producingnatisperse spherical particles. In the
absence of ODPA, TOP/Te, a very reactive precursagts almost instantaneously with the Cd
precursor to form tetrapods. The Cd precursor identey dissolving 25.6 mg (0.2 mmol) of CdO
in 0.252 mL (0.8 mmol) of oleic acid and 3 mL oftadecene (ODE) as the solvent. This
mixture is heated to 220 to 28C until completely clear. The heating is continte®80°C at
which point the Te precursor is injected. Upon étifn, the temperature is dropped to 260
and maintained there for the duration of the reactirhe reaction is run for 10 minutes before
shut down. Immediately after cooling down, the skenip diluted in 5 mL of anhydrous toluene
and kept under nitrogen for later use. Optical progs of the sample such as absorption spectra,
emission spectra, and time-resolved emission demaysneasured using the sample as is, with
no further processing. However, for transient gbismn measurements that will be presented in
Chapter Three, the sample is precipitated in ar®eghanol:toluene solution only once to get rid
of excess Cd and other reactants in the samplepiidagpitate is then redissolved in anhydrous
cyclohexane and bubbled with nitrogen gas to ektgirmany oxygen that is introduced as a result
of processing. Excessive use of methanol (more 4i@80) in the precipitation procedure strips
off any ligands leaving the surface of the particlexposed and can cause irreversible

agglomeration or surface oxidation.
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TEM images confirm the morphology of CdTe corebéospheres of about 3.55 0.5
nm (Figure 35). As mentioned earlier, use of ODRAthe Te precursor is the key to
synthesizing monodisperse core particles with spdlemorphology. With no ODPA in the Te
precursor, TOP/Te, a very reactive precursor, seabthost instantaneously with Cd to form
tetrapods. Addition of ODPA sufficiently inhibitke reactivity of the TOP/Te precursor (and
thus, lowers the chemical potential of monomerseardo the energy of zinc blende structure),
which allows for a slower nucleation rate and amntus spherical (zinc-blende) growth. This
synthesis protocol for cores is very reproducilgdading to particles with very sharp spectral
features (Figure 30) and unprecedented quanturdsyadl up to 90%. The FWHM of the cores'
emission peak is about 30 nm. Figure 30 also stzosample of the cores held against a hand-
held UV lamp. The green photoluminescence emitteth fparticles can be easily detected by
naked eye. The samples almost look like rhodamine!

Systematic variation in several parameters of Cdde synthesis was researched in
detail. The major tunable parameters in the syigh@® Te:ODPA ratio, use of TOP versus
TBP, and precursor concentration. It was found thatrelative amount of ODPA in the Te
precursor plays a pivotal role in the quality ohthesis. A Te: ODPA ratio of 1:1.5 is the
optimum ratio for synthesizing monodisperse spléraore particles. Figure 31 presents the
absorption and emission spectra of three synthebese the ratio of the Te:ODPA is varied
systematically. A low amount of ODPA (Te:ODPA of0E, corresponding to black curves)
inhibits the reactivity only enough to produce sospéerical particles but does not efficiently
suppress growth of tetrapod particles. The result polydisperse sample of both spheres and
tetrapods. The dual emission in the fluoresceneetsgp confirms the existence of two species of

particles. A 1:1 ratio (represented by red curyess only spheres, but the spectral features are
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not as sharp, indicating a larger particle siz&rifistion. In order to focus the size distributias
tightly as possible, a Te:ODPA ratio of 1:1.5 (greeurves) is ideal. Figure 31 is self-
explanatory in this regard. It is also noted thas trratio results in particles with the highest
quantum yield.

The shorter chain phosphine, TBP, is known to beemeactive than TOP. This fact is
used to tune the reactivity of the Te precursastitain the desired particle morpholdgyin the
previous section, we have already discussed hoBRxTe precursor with no ODPA results in
tetrapods (Figure 29). A TOP-Te precursor with ridR®A is still reactive enough that it yields
tetrapods, but the reaction is much slower. Refgrto Figure 32, sample aliquots from a TBP-
Te and a TOP-Te synthesis (light blue, and blugesyrrespectively) are taken at the same time.
However, the tetrapods from the TOP-Te synthesie hat fully grown yet. As a result of lower
reactivity, nucleation does not happen instantasigpand thus two or more types of nuclei can
be developed at differing rates. This can causgtith of two or more particle species that are
different either in size or morphology. Polydispgrén samples can be detected by broad or dual
emission peaks. Based on this logic, the emisgientaum from the TOP-Te synthesis suggests
that the sample is quite polydisperse. A TBP-Teymsor with ODPA, and a 1:1 mix of TOP
and TBP Te precursor with ODPA are much less reachiut clearly result in the production of
two particle species, tetrapods and spheres. Theré&€eursors can be listed in order of
decreasing reactivity as follows: TBP-Te, TOP-TBP¥Te with ODPA, 1:1 TBP-TOP-Te with
ODPA, and TOP-Te with ODPA. As evident from Figud2, the only way to obtain
monodisperse CdTe spherical nanopatrticles is t@Ug@P-Te precursor with ODPA.

Particle size is slightly dependent on the conegioin of the precursors. In general,

diluting the reaction by use of a higher amoun®©@fE slows the reaction and results in slightly
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bigger particles. In fast syntheses, there is ghflaf nucleation immediately upon precursor
injection. The large number of nuclei can only greavmuch before running out of reactants.
When the reaction is slowed down, in this caseoleling the concentration, a smaller number
of nuclei are formed, and thus can grow bigger. &ffiect of concentration on reaction kinetics
is significant. Figure 33 compares the progressiomvo CdTe reactions; the reaction volume is
doubled in one of the syntheses. In the concentsyrthesis, the particles are finished growing
2 minutes into the reaction. Reducing the conceatraby only a factor of two, prolongs the
reaction time to twenty minutes, an increase bgciof of approximately®2 This could imply
that the reaction follows third order kinetics.

There are other minor considerations that influetiee quality of the synthesis. In
general, it is better to inject the Te precursoome injection. Multiple or slow injections result
in the production of two or more species of pagsclit is also noted that a Cd:Te ratio of 2:1 is
ideal. Variations in Cd:Te ratio from 1:1 to 3:1 dot have significant effects on the quality of
particles, but higher ratios cause polydispersiorter chain phosphonic acids such as
octylphosphonic acid (OPA) do not have the samibitdny strength as ODPA, and thus lead to

polydisperse samples too.
2.4. Te/Se Tetrapod/Rods: CdTe Tetrapod Cores with CdSe Rod Extensions

Since reproducible and robust synthesis of CdTe isdpractically impossible, CdTe
tetrapod cores with sufficiently long enough Cd®d extensions on the tetrapod arms can
potentially serve as an alternative structure feceient charge separation. This type of
morphology can only be synthesized by use of Cd/®Dé growing both sections of the
heterostructure: the CdTe tetrapod core and thes Coib extensions. CdSe will not grow as rod

extensions if the radial surfaces of tetrapod aanesnot already ligated by ODPA. Reaction of
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Cd/ODPA and a Se precursor with CdTe tetrapods,ateagrown by use of Cd/OA precursor,
does not result in rod extension. Instead, TEM iesabgave confirmed that the CdSe grows
uniformly all over the tetrapod cores, making tle¢rapods just “fatter”. This is justifiably
expected because the radial surfaces of the tetrapms are not bound and growth is
unidirectional. Detailed synthetic procedures othbsyntheses are listed in Appendix B:
Selected Synthesis Protocols.

Figure 34 shows the progression of the absorptioth @mission spectra as Te/Se
tetrapod/rods are grown. The lowest absorption bainthe Te cores is at 670 nm with a
corresponding photoluminescence band at about @80 Similar to all other type Il
heterostructures, upon deposition and growth ofeCo\#r the cores, the charge transfer band
appears in the absorption and emission spectré ahits to the red consistently. Emission from
the CdTe cores is completely quenched with growtHiret Se layer. With further charge
separation as the particles grow, the CT band logessity and quantum yield of particles
drops. These spectral changes were interpreteectios 2.2 for a very similar case, the Se/Te
rod/rods.

A comparison between the Se/Te rod/rods (that wihg éxplored in section 2.2) with
Te/Se tetrapod/rods presented in the current sectveals the benefits of a Te/Se rod-rod
morphology even further. The molar ratio of theecohalcogenide to the shell chalcogenide in
the synthesis of Se/Te rod/rods is 1:2. This saone:ghell chalcogenide molar ratio in the Te/Se
tetrapod-rods is 1:5.3. Looking at Figure 25, isecaf Se/Te rod/rods, which have a shell that
has twice as many moles of chalcogenide as the twmeharge transfer band has shifted all the
way to 1 micron and has almost zero intensity.dsecof Te/Se tetrapod/rods (Figure 34), which

have a shell that has 5.3 times more moles of cbalude than the core, the charge transfer
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band is shifted to only 925 nm and still has coasille intensity. Why is it that a much larger
shell in Te/Se tetrapod/rods results in less chaggaration in comparison to Se/Te rod/rods
with relatively much smaller shells? The first alwé answer to this question involves
morphology. Although a much larger amount of chgéade is reacted for growth of the shell
in tetrapod/rods, that amount is actually split @tyubetween the four arms of the tetrapods.
Thus the correct comparison should be made betaeerarm of the tetrapod/rods and a rod/rod
particle. However, this factor can be easily eliatgd from the equation by comparing the
spectra at the same quantum confinement; thatnigpaong a rod-rod particle to a tetrapod arm
that is equal in size. Having this in mind, theegremission curve in Figure 25 shows a charge
transfer band at 890 nm with barely 5000 countsti@nother hand, the blue emission curve in
Figure 34 indicates a CT band at also 895 nm bsi2B&00 counts of intensity. Notice that the
data in Figure 25 are obtained by having the en&raxcitation and exit detection slits open
much wider than the settings for data measuremientSigure 34. This will enhance the
difference in intensity even more. However, sinol/ @ qualitative argument is being made, no
proportional adjustments are needed to obtain ttkeah intensities. In any event, this
comparison goes to show that even at the sameuwquasanfinement (same size), better charge
separation is observed in Se/Te rod/rods. Thisqinenon is due to the relative size of the CdTe
and CdSe sections and the electron and hole e#eptasses in CdTe versus CdSe. Although
both discussed heterostructures are the sameltsiz€dSe section is the larger section in Se/Te
rod/rods, and the smaller section in Te/Se tetrpdsd. Electron and hole effective masses in
CdTe and CdSe are very close to each other, abbub0the electron and 0.4 for the hole.
Because the effective mass of a hole is larger thareffective mass of an electron, the hole is

tightly localized in the Te section, whereas thecebn moves a little more freely in the Se
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section. In case of the Se/Te rod/rods, even thtlugie section is small, the hole is efficiently
confined within the Te shell due to its larger efiee mass. Thus, a higher degree of charge
separation is obtained. Whereas in the case ofeTet&apod/rods, the electron, having a lower
effective mass, is not localized in the smaller seetion, and thus the charges don't fully
separate. Building on this reasoning, Se/Te rod/rbdve three advantages over Te/Se
tetrapod/rods. First, a much lower molar amounpraicursors is needed to achieve the same
extent of charge separation. Second, having Skeedlatger section of the heterostructure makes
up for the low effective mass of electron in SedAhird, rod/rods are much easier to model
mathematically than tetrapod/rods. Rods can be lgimpd accurately modeled by imposing

cylindrical geometry, whereas tetrapods pose a rmmmplicated mathematical problem.

2.5. Te/Se Core/Shells: CdTe Spherical Cores Covered with a Spherical&: Shell.

So far, we have discussed heterostructures that with rod or tetrapod cores.
Considering the fact that we are able to grow lyighiminescent spherical Te cores that to the
best of our knowledge have not been reported ifitdrature, it is of interest to investigate the
properties of heterostructures that can be syrtbésiising these cores. Te/Se core/shells are
prepared by putting a spherical shell over the pleescal cores that were characterized in
section 2.3.2. The Se precursor is prepared bylgiag 71.1 mg (0.9 mmol) of Se in 1.6 mL of
TOP and 9 mL of ODE. This mixture is heated andestifor 10 minutes at 8 to obtain a
clear colorless solution. The Cd precursor is magdeissolving 128.4 mg (1 mmol) of CdO in
1.26 mL (4 mmol) of oleic acid and 9 mL of ODE. $nixture is heated to 220 to 23D until
completely clear and allowed to cool to room terapge. The cores of the heterostructures are
prepared just as explained before. 10 minutes thiféei e injection, 0.5 mL of the Se precursor is

injected drop-wise taking 1-2 minutes. The tempeeais dropped to 230-24C. Because there
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is excess Cd left over in the reaction from thesgarecursor, there is no Cd injected the first
round. Every round of injection after this consst®.5 mL of each of the Cd and Se precursors.
The reactants are allowed to react for ten minates each round of Cd/Se injection and there
are a total of eleven Cd/Se injections. Right befeach round of injection, a 1 mL aliquot is

drawn, diluted in 1 mL of toluene, and stored undiérogen. Except for transient absorption

(TA) experiments, these samples are used with rtbefuprocessing. Sample purifications for

TA studies are carried out exactly like the coeglained in section 2.3.2).

TEM images have confirmed the growth of sphericdlSE shells over the Te core
particles with each injection. Presence of cadminarform of Cd(OA) increases the reactivity
of the precursor sufficiently to promote zinc blengrowth of CdSe. The size of the final
core/shell sample (i.e. $linjection) is determined to be about 6:281 nm. Figure 35 shows
TEM images from the cores, two subsequent cord/saehples, and an electron diffraction
pattern of the final core/shell particles. By a gamison with previous literatuie>® the
diffraction pattern is determined to be that ofirczlende crystal structure confirming that the
CdSe is deposited over the cores in spherical sshElgure 37 shows the evolution of the
absorption and emission spectra as more sphercky®rs are added. With the addition of the
first Se shell, an intense charge transfer banceappin both the absorption and emission
spectra. In addition, CdTe emission is completelgrnghed. With more Se shells deposited, the
charge-transfer band shifts to the red consistefitig CT band also loses intensity which is
consistent with the fact that as more Se shellslepesited, the hole becomes localized in the Te
section while the electron is localized more in 8 section. As a result of the decreasing
overlap of the electron and hole wavefuntions,Gfieband loses oscillator strength and therefore

intensity. As shown in Figure 37, by the elevemiledtion where a Se shell of about 1.4 nm thick
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is deposited, the CT band has almost no intensity.

The quantum vyield of the particles also diminisketh increasing number of shells.
Table 3 provides quantum yield numbers from théiqadar set of particles that is used to obtain
the data presented in this chapter. As shown inabie, this particular set of cores has a QY of
58%. However, it should be emphasized that syrmthmegicores with quantum yields of 70 to
80% can be easily achieved by following the symthaethod presented above. It was observed
that, in general, the quantum yield increased withfirst Se shell, probably due to the fact that
the first shell passivates the surface of an ayreadissive core particle and suppresses non-

radiative processes.

Table 3: Quantum Yield Measurements from CdTe Clwrédeven CdSe Shells.

Core-Spherical Shell

QY (%)
CdTe Cores 58.4
15 Se Shell 66.5
2" Se Shell 62.6
3 Se Shell 42.8
4™ Se Shell 32.4
5" Se Shell 21.7
6" Se Shell 18.2
7" Se Shell 13.5
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8" Se Shell 9.3

9" Se Shell 8.6
10" Se Shell 6.4
11" Se Shell 5.2

2.6. Te/Se Dot/Tetrapods: CdTe Spherical Cores Covered with a Tetrapod Gd

Shell.

In order to achieve better charge separation thame/shells, one can attempt to
synthesize Te/Se dot/rods by using a Cd/ODPA psecupr selenium growth. However, even
under heavy presence of ODPA, dot/rod morphologtsattained. Instead, the particles have a
dot/tetrapod morphology. In this case, after grantime spherical Te cores, the Se precursor is
prepared by dissolving 189.3 mg (2.4 mmol) of S& &0i1.6 mg (2.4 mmol) of ODPA in 1.0 mL
of TOP, 1.0 mL of TBP and 9.6 mL of ODE. This mipdus heated and stirred for 10 minutes at
80 °C to obtain a clear colorless solution. The Cd prsar is made by mixing 460.8 mg (3.6
mmol) of CdO, 2.405 g (7.2 mmol) of ODPA and 9 gr@PO. This mixture is heated to 325 to
340°C until clear and allowed to cool. 12 mL of ODEaidded to the mixture upon cooling to
avoid solidification of the Cd precursor. The coofghe heterostructures are prepared just as
explained in section 2.3.2. 10 minutes after thenjection, half of the Cd precursor is injected
into the reaction. The temperature is dropped bigkty brought back to 268C. One twelfth of
the Se precursor (approximately 1 mL) is injectedsaon as the temperature reaches @60
The reactants are allowed to react for eight mmbtfore the next Se injection. There are a total

of twelve Se injections. The other half of the QGeqursor is injected before the sixth Se
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injection. Right before each Se injection, a 1 nfigut is drawn, diluted in 1 mL of toluene,
and stored under nitrogen. Except for transienbigt®n (TA) experiments, these samples are
used with no further processing. Sample purificetiéor TA studies are carried out exactly like
the cores.

Figure 36 shows a TEM image of the final aliquatnir the dot/tetrapod synthesis,
confirming that use of the more tightly-bindingdigd ODPA in the Cd precursor results in
growth of wurtzite CdSe arms from the sphericakckieande CdTe cores. The reason for not
forming dot/rods is that zinc blende Te cores ameialy not exactly spherical. As explained
earlier, the nuclei are tetrahedrons with four $aequivalent to the (1 0 0) plane in wurtzite, and
thus four CdSe arms are grown from those planggvioa dot/tetrapod morphology. The final
morphology of the heterostructure depends critjaati the size of the CdTe c8feAccording to
Scholes et al., smaller zinc blende Te cores ter# tmore spherical, whereas larger ones tend to
have more defined crystallographic faces on thaifase. Thus, it is easier to obtain uni- or bi-
directional growth from the smaller cores but,angker Te cores, the growth direction is solely
determined by the crystallographic planes. Althoughk starting Te cores in our case are
relatively small (3.3 nm in diameter), a dot/rod rpt@mlogy could still not be obtained. All
syntheses with this protocol led to the formatibdat/tetrapod particles.

Figure 38 shows the consistent red-shift of the abforption and emission bands in
addition to continuous loss of intensity as moreS€dis deposited to eventually grow
dot/tetrapods. A comparison of the emission spentfégure 37 and Figure 38 reveals that for
the same amount of Se deposited, the CT band aned spherical shell heterostructure is more
red-shifted than that of dot/tetrapod morphologdyisTis consistent with the fact that the three-

dimensional quantum confinement energy of a spaeparticle is smaller than that of an
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elongated particle such as nanorods or tetrapods. @ the advantages of the dot/tetrapod
synthesis is the complete suppression of CdSeithdiVnucleation. In the core/shell synthesis,
there is always a small amount of individually rmated CdSe towards the end of the reaction.
This amount of nucleation can be safely neglect®dt aloes not interfere with any of the

spectroscopy. The next chapter presents transiesorgtion and emission data, radiative

lifetimes, Auger and electron cooling dynamics ame¢shell and dot/tetrapod heterostructures.
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Chapter Three: Auger Dynamics and Electron Coolinglimes in CdTe/CdSe

Nano-heterostructures

Existing photovoltaics (PVs) produce band edgetedaehole pairs from the absorption
of solar photons. The solar spectrum is broad aadynof the absorbed photons have energies
greatly exceeding the semiconductor bandgap. Uptaxation of the electron and hole to the
band edge, the excess photon energy is dissipatiedhie phonons and lost. Use of the photon
energy in excess of the bandgap could make fantae efficient PVs. One of the ways in which
the loss of this energy could be avoided is camesttiplication. Carrier multiplication is a
process in which the excess energy in a singleretetole pair is used to create additional
electron-hole pairs. This process can, in pringiplerease the current in a PV cell. This chapter
will address the rates and mechanisms of Augermmbowation of multiple excitons. Multiple
excitons are produced by carrier multiplicationglurecombination is the opposite process of
carrier multiplication: two excitons produce oneciéon with excess energy. Thus, Auger
recombination is a process that diminishes thesgaiaught about by carrier multiplication. This
chapter elucidates the electronic properties of €dddSe semiconductor core/shell and
dot/tetrapod nanoparticles that control the dynanet Auger recombination. Auger processes
are partly controlled by the electronic couplingvizen the spatially separated electron and hole
and it is this aspect of the dynamics that wilshadied.

Another way to avoid the loss of the energy of aso photons in a PV is to enhance
hot electron transfer, a process in which the masalectron is extracted from the semiconductor
prior to its energy being lost to heat. Howeveeréhare competing processes such as electron
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cooling (EC) that occur on a much faster timestiagés hot electron transfer. Previous studies
indicate that EC in strongly quantum confined semdttictor nanoparticles typically occurs in 1
to few p§-°2%3% EC rates strongly depend on the coulombic intenadetween the electron
and hole. The morphology of the heterostructurésroenes the extent of charge separation. It is
expected that as the electron and hole become spat&lly separated in type Il heterojunctions,
EC processes should get inhibited. A study on #tesrof EC as a function of electron-hole
coupling is presented.

Instrumentation. Time-resolved luminescence measurements preséntils chapter
are obtained by time-correlated single-photon dagnfTCSPC), using an MPD (Micro Photon
Devices) PDM series single photon counting deteatwt a Becker-Hickel SP-630 board. The
light source is a cavity-dumped Ti:sapphire lagawHerent Mira) operating at 410 nm with a 1
MHz repetition rate. In all cases, the fluoresceisciocused through a 0.25 m monochromator
with a 150 groove/mm grating and onto the detedibe monochromator has a polarization
scrambler in front of the entrance slit, which astheompletely eliminates the polarization
dependence of the monochromator throughput. Transiesorption spectra are obtained by a
pump-probe method, with a Clark-MXR YAG-laser pusgurce that generates 150 femtosecond

pulses allowing for sub-picosecond resolution.
3.1. Modeling the Electron and Hole Wavefunctions and Auger Rate Calculatns

One of the main goals of this chapter is to undesivhat properties of the nanoparticles
control the electron cooling, electron transfer &oger recombination dynamics. Calculations
are particularly relevant to the Auger recombinatilynamics. Comparisons of calculations with
experimental results will help elucidate the rofeetectron and hole overlap and interaction

energies in determining Auger recombination ancteda cooling rates. Auger calculations
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require reasonably accurate electron and hole waggbns. Electron and hole wavefunctions

are calculated by modeling the system as a simgoicle-in-a-sphere that has the Hamiltonian

PJ
of the following terms? = 2m V0 where p is the momentum operator, m denotes Hssm

of the particle, and V(r) is the spherically symntepotential well with soft outside walls. These
wavefunctions will be calculated using the effegtimass approximation (EMA), in which the
effective mass of the charge carrier is the masgeins to carry while being transported in a
crystal lattice. Once the electron and hole wawetions are calculated, the overlap between the
electron and hole wavefunctions can be obtainets. ddlculated overlap value must be directly
proportional to the intensity of the CT absorptitband and to the energy of the
absorption/emission band (absorption/emission pgaadition), and inversely proportional to
experimental radiative lifetimes. Thus, the accyratthese relatively simple calculations will
be assessed by comparison of calculated and exg@amabsorption or emission onsets,
absorption intensity, and radiative lifetimes.

Following Cragg and Efr83 the Auger recombination rate is proportional to

‘m(kA)rwhere Yk)is the Fourier transform of the receiving partiqielectron or hole)

wavefunction and kis the wavevector corresponding to the Augerhis tase bandgap) energy.

Following Fourier transformation of the electrondahole wavefunctions, the magnitude of

%) can be evaluated. The procedures used to caldhlese quantities are discussed below.
All calculations are performed by a FORTRAN progrdhe raw FORTRAN code is presented
in Appendix C: FORTRAN Code. This code is a mor@egal program that also calculates
Raman spectra, band-bowing effects, and otheragiroperties that are not directly relevant to

this dissertation. All of the program in presené@gway to keep the integrity of the code.
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Before discussing the details of the calculation,isi necessary to consider the
compression effects that result from depositingnalker-lattice shell onto a larger-lattice core.
The lattice parameter of CdTe’s crystal structsr@.65 nm, while that of CdSe is 0.61 nm. Since
CdTe’s lattice is about 7.6% larger than that oSE€ddepositing a layer of CdSe shell over CdTe
cores, compresses the cores, and stretches thé€Fsgete 39). The core is under uniform radial
compression while the shell experiences tensi@@rsin tangentional directions and compressive
strain in the radial direction. At first, it migseem that the compression effects resulting from
this lattice mismatch can be safely neglected icutations. However, a significantly better
match with experimental data is obtained when cesgon effects are taken into account.
CdTe’s bandgap energy increases because of congoressl CdSe’s gap energy decreases due
to tensile strain. And in general, effects are dardgor smaller cores as they are more
compressible. Effects can be as large as 3000 fomthicker shells. Lattice compressibility is
high in both CdTe and CdSe due to their low bulldmio(42.4 GPa for CdTe and 53.1 GPa for
CdSe). Lower moduli means that the particle caruendnore stress and compress elastically
instead of breaking or relaxing by forming defects.

The change in bandgap energies is proportiondlg¢arnduced strain. That iAF; = C P,
where C is a constant and P is the pressure indinoed the compression/ tensile strain. A
continuum elasticity model is applied to calculédite compression or strain in the core and shell
material and then bandgap of the heterostructucalésilated using the model-solid theBryn
these calculations, bulk material parameters aed.uBhe strain caused by the lattice mismatch
is calculated by Weller's meth&dwhere the core/shell system is modeled as a sgmetesed
in a concentric sphere of different lattice paranand elastic moduli.

Within the effective mass approximation (EMA), thuesual way of calculating a
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wavefunction for a core/shell particle is to exgrédse wavefunction on both sides of the core-
shell interface as a linear combination of sphérBassel and Neumann functiGfs The
constants are evaluated by imposing continuithefwavefunction and probability current at the
interface. It is difficult to handle diffuse intades with this method. However, this is not a
problem in this case as the junction between thankk Se sections is a sharp interface. The
calculations discussed below are done in a morergkway: the wavefunction is expanded in a
series of zero-ordefSchrodingerwave equation (SWE) solutions, and the constanés t
evaluated. This calculation has the problem of aitjpm dependent effective mass. (This
problem may be neglected in Te/Se heterostructbeesuse the electron and hole effective
masses are basically the same in CdTe and Cd$ecte®ely. The equations below model a
more general type of heterostructure.) Thus, simpiying the SWE in the usual way with a
position dependent mass, results in a non-Hermkiaetic energy operator. The SWE may be

written as follows

_%D m*_l( SOY V(Y =(_2h;aj((1/m*(r))mzw +0(/ () + OW)+ V()W = EW

Where mg and m* are the electron mass and the effectivesesaén units of electron mass),
respectively. The effective mass can be taken ta beear function of the radially-dependent

composition. Specifically,

M*(1) = Mge +( Moy = Mod € )

The wavefunction is expanded in a set of zero’ttepspherical Bessel functions.
W=>" C,j(k,r) where, as abovek, =,2mE, /7 andk R=

Unlike the case in which the mass is position irgelent, this generates off-diagonal kinetic

energy matrix elements. Tl coefficients are obtained by diagonalizing the sirthe kinetic
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and potential energy operators. Specifically,
- Ry . ..
V(@) =[rdrv )il R0 R,)

en
J

W " dr (L/m*(r)) oG IR,)jo(imR,), and

0

T(,J)=

2
Tl(i,j):;—nbj':frzdr j,imR)d (1/m*(r))/drd(j0(iﬂ /Rf))/dr where R is the outer

radius of the calculation. These integrals are qoeméd numerically, withR; taken to be
sufficiently larger than the shell radius that éxact choice oR: doesn’'t matter — it is larger than
the extent to which the wavefunction penetratesobtiie particle. The matrix to be diagonalized
is the sumV+T+T;. The eigenvalues are the electron or hole eneggidsthe eigenvectors are
the C, coefficients of the electron or hole wavefunctionBis approach gives continuity of the
wavefunction and of probability current without &gply considering the core/shell boundary
conditions. Electron-hole coulombic interactionsega relatively small term that is added as a
perturbation. EMA calculations often over-estimtite extent of quantum confinement, that is,
the calculated kinetic energy terms are often &wgd. Because of this, it may be necessary in
some cases to scale these terms to get the caweetparticle absorption onset. If this is
necessary, then the same scaling should be agpligte core/shell particle calculation. While
the problems associated with the effective massoappation are well known, the bottom line is
that these calculations provide sufficiently acteir&lectron and hole wavefunctions that
meaningful relative Auger rates can be calculated.

Once the electron and hole wavefunctions are cled) the relative Auger rates can be
obtained by Fourier-Bessel transformation of theefianctions. The basic assumption is that the

wavefunctions can be described as linear combimatid spherically symmetric (I=0) particle-
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in-a-sphere functions. The different amounts of high frequency components necessary for
momentum conservation are derived from these waetfins and are related to the sharpness
of the core-shell interface. To evaluate these nmbume components, momentum representations

of the electron and hole wavefunctions are needbdse are obtained by a Fourier-Bessel
transformation:¥(k) = j: r2dr W(r) j,(kr)
To obtain the relative Auger recombination ratﬁs(,k)‘z is evaluated at the momentum, k

corresponding to the band-gap energy, $pecifically, k= (mg)*? (2m*Ea)"?/h, where rg and
m* are defined as above and 5 the Auger (in this case bandgap) energy. laterisharpness,

surface defect states, and charged ligands adsorbélde surface can contribute to producing

significant amplitudes ofy (k)|* at ka. Because of the differences in effective mass, wiffe
(k)

values of Kk are obtained for the electrons and holes. CdTeeCA@&IV in general)
semiconductors have much lighter electrons thamsholarger values ofskare therefore
calculated for the holes. This suggests thattiaselectrons that are the receiving particlesin a
Auger recombination process. For a typical partigeing a bandgap energy of 17240°c(680
nm) and an electron effective mass of 0.4,1arky value of 2.49 ni is calculated.

The above discussion is specific to calculationsspherical particles. Thus, Te/Se
core/shells can be easily modeled by this methadilé8 calculations can be performed for
nanorods, having cylindrical morphologies. In tlyénder case, the andr coordinates separate
and the total wavefunction is simply the productteé radial and longitudinal wavefunctions.
However, calculating the electron and hole waveions in a dot/tetrapod particle is a much
more difficult problem mathematically, and has baeaided.

Dynamics in CdTe/CdSe core/shell heterostructutesracterized in section 2.5 are
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modeled using the method described above. Expetainemission onsets, CT band absorption
intensity, and radiative lifetimes are assessedsBure the accuracy of the calculated electron
and hole wavefunctions via this approach. In ofdemput the radius of the core and shell
sections into the FORTRAN program, particle sizesdeetermined from TEM images. Figure 40
shows a graph of particle size determined from TiEMges as a function of number of Se
shells. Figure 40 also shows a calculated curvenu$sion peak position generated by entering
different particle sizes into the program. Thiserated curve matches the experimental emission
peaks closely. The particle size measurements reatairom TEM imaging, entered into the
program as starting parameters, determine the fatenell boundaries for wavefunction
calculations. Figure 41 shows a comparison betwbenexperimental CT band absorption
intensities and the calculated overlap functionsgd @xperimental and calculated radiative
lifetimes. The close agreement between the expatahand calculated values confirms that the
calculated wavefunctions using a simple EMA modelaccurate.

Experimental radiative lifetimes are obtained byaswing the total time-resolved
fluorescence decay curves, fitting them into aXpemential, and then extracting the radiative
lifetime using quantum yields. Assuming that theofescence decay curves have two
components then the curve can be expressed in td@renbi-exponential function, whereg &nd
k. are the total fluorescence rates from each commtone
yi(t) = Aje 1t 4 A e7kat
A; and A are the respective decay amplitudes of each coempo@Quantum yield is defined as
the ratio of radiative rate to total decay ratetaldecay rate is the sum af&kand k.rag Which
are the radiative and non-radiative rates, resgsyti

k?"‘ﬂd — 'i‘:rrzri
i k:"'ﬂﬁ' + k?‘!—?"ﬂﬁ'

QY =
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Quantum yield can also be expressed as the weightadbf two quantum yields, corresponding

to the two components in the bi-exponential.

A:I.
A, + A

A:
Q¥ + Q¥

QY A + A,

This can be expanded further by expressing thetqoayields as the ratio of radiative rate over

total decay rate. Substituting™ Yy yields:

QY — Al. (krﬂd)_l_ A: (krrzri) — Al. + AE
Al_ +A: ki_ Ai_ +A: k: {Al +Aij{t1'krﬂd) (Al +A2}(t2-krﬂd}

Solving for kaq gives radiative lifetimeg,q, as follows:

I S 1
el Tk QY(Ail+j=t=)
1+ 2

Thus, the experimental radiative lifetimes showirigure 41 are obtained by simply measuring
the quantum vyield, and decay curve of each sampkthen using the equation above to solve
for Traa.

Calculated radiative lifetimes are obtained byvisg for the overlap function
numerically using the FORTRAN code discussed aband,multiplying that value by frequency
cubed. Recall that the rate of spontaneous emissidhe radiative rate, in a transition is defined
by Einstein A coefficient, which is directly propmnal to the oscillator strength and frequency
of the transition cubed.

_ _ 1’3|I11:=|
Kraa =41 = 3o i Ee
, Wherev is the frequency of the transitiowsz is the transition dipole moment or the overlap

function, £a is the permittivity of free spacé, is the reduced Planck constant, and c is the speed

1
of light. Upon calculation of the wavefunctions aheir overlap value, values & luiz*l for
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1
each core/shell sample with a specific shell théslenare obtained?luiz*l is proportional to

and scales like the radiative lifetime. Radiativetime of the charge-transfer transition in Te/Se
heterostructures, which is inversely proportiomaEinstein A, increases as the Te section grows
due to diminishing overlap of electron and hole gfanctions.

It is expected that in dot/tetrapods, the radelifetime should be longer than core/shells
due to a smaller overlap of the wavefunctions. Hmxethe experimental results show that, for
the same amount of quantum confinement, a genestadister radiative lifetime for dot/tetrapods
in comparison to core/shells. As seen in Figuretdi®, experimental result is in contradiction
with what is expected. As mentioned previously, eliog) dot/tetrapods is a much more difficult
problem mathematically, and thus no attempt has besde to do a numerical calculation of the
wavefunctions in dot/tetrapods. One point to realithat final heterostructures evolve from a
dot-in-a-tetrahedron and eventually grow into dtdotipod. As seen in Figure 36, even the fully
grown dot/tetrapods have a very low aspect ratoh ramain “pointy”. The higher electric field
intensity at the tips of the dot/tetrahedrons angyocorners of dot/tetrapods could potentially

have significant effects on the electron waveflorcti

3.2. Experimental and Calculated Auger Dynamics in Core/Shells and

Dot/Tetrapods

Auger recombination is a process by which an edecend hole recombine, giving the
excess energy to another particle, either an elear a hole. Auger processes occur when the
particle has more than one exciton. Te/Se hetexdiste particles can undergo Auger
recombination of bi-excitons or multi-excitons, guged by having absorbed more than one

photon. Multi-excitons can also be produced byieamultiplication (CM), a process whereby a
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semiconductor absorbs a high-energy (blue) photahuadergoes an inverse Auger process to
produce two or more excitolfsAuger recombination dynamics are the main losshaueism for
biexcitons and are therefore of central importandeVs based on semiconductors in which CM
occurs. Auger processes reduce the efficiency ofiecamultiplication and it is therefore
important to understand what nanoparticle propedantrol the Auger rates.

Despite their importance in several aspects of paricle photophysics, Auger processes
in nanoparticles are not well understBbd/ery fundamental questions have not been resolved
and an attempt is made to address these questéwas Ih the case of Auger recombination
following multi-photon excitation or carrier multipation, it is not even clear what the
‘receiving particle’ is. It could be the electroBlectron excitation to the continuum causes
ionization and hence is believed to cause partidarging in single-particle studi@s
Alternatively, it could be the hole. Which is theceiving particle is unknown because there is
very little direct evidence regarding what aspedtthe nanoparticle control the Auger rates in
any type of semiconductor nanopatrticles.

There are two main factors that influence the Augéz in a semiconductor: electron and
hole interaction, and momentum conservation. Sarcéuger process involves both electrons
and holes, the extent of electron-hole overlamisngportant factor and the Auger rates will be
slower in type-Il particlés'’% However, factors such as the nature of thefaterin core/shell
particles may also be relevant. This inferenceassistent with a 2010 theoretical paper by
Cragg and Efros which is particularly insightful imderstanding momentum conservation in
Auger process&% The basic considerations are as follows. Augecgsses are very slow in
bulk materials because of momentum conservatioacigally, a biexciton has both electrons

and holes in zero momentum states. Following ré@ogithe recombination energy, the excited
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electron or hole must have the appropriate momenpm@mE}2 In bulk materials, this
momentum must come from the phonons, which is whgek recombination is slow. However,
in nanoparticles the Auger excited particle canseove momentum by its initial wavefunction
having the appropriate momentum components. Theseemtum components result from rapid
spatial changes in the ground state wavefunctiortheé case analyzed by Cragg and Efros, the

hole is the receiving particle in an ionized paetidhe Auger rate is found to be proportional to

‘m(kA)‘zwhere Yk)is the Fourier transform of the receiving partiqielectron or hole)

wavefunction and kis the wavevector corresponding to the Augerh{ia tase bandgap) energy.

This paper considers the possibility that the Hrgloquency Fourier components are due to the

sharp core/shell boundary and shows that the magmibf ‘w(kA)rdecreases rapidly as the

core/shell interface becomes diffuse. Another pil#yi is that the high frequency Fourier
components result from surface defects and or edasyrface ligands, which put rapidly
varying kinks in the electron wavefunction. A gratki student in our lab, Cory Sobotta is
currently varying the sharpness of the interface thie density of surface defects systematically
and independently. By studying Auger dynamics iffedént types of particles, the effects of
having a high barrier confining the electron to tioee are compared to a high barrier confining
the hole. For example, in the case of CdTe/CdSeeléctron is weakly confined to the shell. It
will therefore have minimal high-frequency compoisenn the lowest conduction band
wavefunction. Thus, the crucial factor determinfkupger rates in Te/Se heterostructures is not
momentum conservation, but rather the electron-lmézaction. Data presented in this section
reveals the role of electron-hole interaction epéngAuger dynamics.

Femtosecond transient absorption (TA) measurenagatased to elucidate the relaxation

and recombination dynamics of multiexcitons in Cdi@s and CdTe/CdSe core/shells and
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dot/tetrapods. The transient spectra show thetsft#cstate filling and exciton-exciton coulomb
interactions. State filling, i.e. when the stateruat take any more electrons, leads to bleaching
of the allowed optical transition and gives a distied absorbance. Coulombic interactions
between excitons result in a decrease in the erddrthe biexciton state, thereby red shifting the
absorption. The absorption difference (transiemumistatic) spectra are typically reported and
simply referred to as “TA spectra”. These spectuaally exhibit a derivative-like feature due to
the combination of state filing and coulomb int#fans. In the case where the lowest
conduction band level is only partially filled (hag one, rather than two, electrons), then the
bleach and the red-shifted positive absorbance bamdboth observed. Due to overlap of these
positive and negative spectral features, the bleatithappear shifted to the blue of the static
absorption peak. Complete filling of this leveluks in only the bleach feature in the TA spectra.
The kinetics of these spectral features givesithe-tlependent electron populations in different
conduction band levels. Thus, the analysis of Tiekts at different wavelengths can be used to
extract the dynamics of excitons in the correspagdionduction band states. The degeneracy of
the valence band is such that the kinetics arengitbee to the hole dynamics. Thus, TA
dynamics at the charge transfer band (or the XOdb&elp determine the rates of Auger
recombination in the cores and the heterostructesause the CT band has almost no intensity
after the sixth shell, TA measurements are perfdrroe cores and first six core/shells and
dot/tetrapods.

Upon excitation and creation of multiexcitons, Hwtom of the conduction band state is
filled almost instantaneously (less than 10 ps)sTié indicated by the fast appearance of the
bleach feature in the TA spectra. At this point,;nore electrons can be excited/ relaxed to the

bottom of the conduction band unless some of treadl formed excitons recombine via Auger

125



recombination to "empty" the lowest conduction batate. Thus, the rate of continuing state
filling (or exciton creation) should be equal tog&u rate. This continuous but at the same time
decreasing rate of state filling is signified by tdiminishing bleach feature in the TA data.
Therefore, the decay rate of the bleach featutieeiduger rate. In this context, Auger time can
be thought of as the lifetime of the biexciton oultiexciton state. Figure 43 shows sample
absorption difference spectra obtained from CdTesand the corresponding TA dynamics at
the bleach position (~ 550 nm). The bleach feattirbout 550 nm corresponds to the filling of
the charge-separated state. The X0 (or chargeférastate) bleach dynamics curves obtained for
cores and first six core/shells are each fitted bd-exponential function. The short component of
the bi-exponential function represents the Augeomgbination times, and the rise time (delayed
filling of the lowest conduction band state) of tdgnamics curve corresponds to electron
cooling times, which will be discussed in the ne&ttion. Figure 44 depicts the experimental
and calculated Auger times. As expected, the Atiger increases with decreasing electron-hole
overlap as the Se shell becomes thicker. Howetveras found that the overlap alone does not
predict the experimental Auger times accuratelythBa the coulombic interaction energy
between the 1s electron and the 1s hole wavefursctimsely matches the experimental results.
It is this calculated interaction energy that isganted in Figure 44.

Dot/tetrapods or any other elongated morphologyesfe heterostructures are expected
to have longer Auger times due to larger chargars¢ipn and thus smaller overlap. However, as
presented in Figure 45, the increasing trend ofehtignes in dot/tetrapods is generally similar to
that of core/shells. As mentioned previously, tb&tdtrapods discussed here are not large aspect
ratio and therefore, electron and hole wavefunsticannot be calculated using a particle-in-a-

cylinder model. Ultimately, without having any ®dle calculations to back up the
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measurements, it is hard to interpret the experiaheiata.

Depending on the monochromator window, the TA détam core/shells and
dot/tetrapods show other bleach features. Figuiie 46 example of TA data from a dot/tetrapod
sample with three Se shells. The lowest energychléar the X0 band) is easily assigned to the
charge transfer state. However, the assignmentigifeh energy states (X1 and X2 bands)
remains unknown. It is of particular interest todixe to assign the higher bands as they exhibit
interesting dynamics. Preliminary analyses perfafroa X1 band TA data suggests that the
dynamics remain constant with varying shell thidsiein contrast, the X2 band exhibits size
dependent dynamics. If X2 band is assigned suadBsghe dynamics can shed light on the

behavior of multi-excitons in semiconductor hetémastures.

3.3. Electron Cooling Time Measurements

There are two main processed that control the digsaaf the electron and hole: Auger
recombination discussed in previous section aretfetial hot electron transfer (ET). The latter
is depends on the rate of electron cooling and oatearrier trapping at surface defects or
adsorbed species, both of which compete with tteeadBET. For hot electrons to be efficiently
captured by adsorbed acceptors, the electron &aree must exceed the electron cooling rate.
Since interfacial electron transfer is a mechaniemraising the efficiency of PV cells, it is
desirable to suppress the competing electron apalival carrier trapping processes to maximize
ET.

The rates of electron cooling (EC) can be examinsidg several different types of
femtosecond methods. Most commonly, EC rates aerrdmed by measuring the kinetics of
state filling of higher lying conduction band s&tdelayed filling of the lowest conduction band

level and the kinetics of the red-shifted band edfysorption or by intraband absorption
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measurements. It was originally expected that pinccess would be very slow because of a
“phonon bottleneck® "> However, many studies have shown that electradirgpin 1I-VI
semiconductor nanoparticles is mediated by elediada (and in some cases, electron-electron)
interaction&®’”. Previous studies indicate that EC in stronglynjui confined semiconductor
nanoparticles typically occurs on the timescalelofo a few p&©2°%®! |n the absence of
electron-hole interactions, much slower EC is olesir The rate gets progressively slower as the
hole becomes more deeply trapped and hence matized®’® When the hole is completely
removed, the EC rate depends on the nature ofuHace ligand®®. The question of the
relaxation mechanism in the absence of, or withitdich interaction with the holes can be
addressed by studies of electron cooling in tygeeterostructures. Type-II heterostructures have
little electron-hole overlap and little couplingy £C will be much slower in type-Il particles.
Electron cooling in type-ll Te/Se particles withryiag degrees of charge separation is examined
in this section. Initially, CdTe/CdSe core/shelhepes having different shell thicknesses are
studied. CdTe/CdSe dot/tetrapods are also examiingke latter case, greater charge separation
occurs, while holding the amount of CdSe const@meater charge separation is expected to
result in slower dynamiés®?

Femtosecond studies on the spherical core/shdiclear show that TA features to the
blue of the absorption onset (the bandgap excitatiw thin shells and the CdSe localized
excitation for thick shells) decay rapidly, but tbecay rate decreases with increasing shell
thickness. The same may be said of the Stark-dhifted edge absorption. This indicates that
electron cooling slows dramatically in these typ&diTe/CdSe core/shell particles as the shell
gets thicker and the extent of charge separatioreases. Figure 47 (top graph) shows the

experimental electron cooling times measured irsegheore/shells. These preliminary results
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suggest that hot electron transfer to surface adsoacceptors may dominate electron cooling
even in well passivated particles. Thus, it maypbssible for ET to effectively compete with
electron cooling in Te/Se systems, even when thicjgasurface is passivated with a thin shell
of another semiconductor.

Figure 47 (bottom graph) shows a comparison betwbenelectron cooling times in
core/shells and dot/tetrapods as a function ofl shiekness or quantum confinement. Contrary
to expectation, dot/tetrapods not only do not extglower EC dynamics than their core/shell
counterparts, but show much faster EC rates edpyefmathicker shells. At this point, it should
be abundantly clear that the dot/tetrapods arelipedn that experimental data such as radiative
lifetimes, Auger rates, and electron cooling rakgroduce results that are counterintuitive. It
seems that a simple prediction of dynamics baseanorphology can be misleading. This
highlights the need for the exact calculations @vefunction in these structures, which is

unfortunately mathematically extremely complicated.
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Figure 22: The Band-gap Alignment in Three Possifges of Semiconductor Heterostructures.
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photoinduced electron transfer

CB (CdTe)

CB (CdSe)
e — VB (CdTe)

VB (CdSe)

Figure 23: Schematic Band Diagram of CdTe/CdSe Net@oostructures. Multiple lines show
the various levels in the conduction and valencelba
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(a)
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Figure 24: Various Possible Morphologies of CdT&@Edanoheterostructures, With the
Morphology of the Core Shown at the Top of Eachu@ui*.

* Adv. Mater2011 23, 180
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Figure 25: Absorption and Emission Spectra of C88& Rod/Rods. Layers do not correspond
to monolayers but rather to each injection shell.
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Figure 26: Schematic Diagram of Electron and Hos/#&functions in CdSe/CdTe Rod/Rods.
Right column represents a smaller Te cap and dddinen represents a full grown Te rod shell.
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Figure 27: CdSe/CdTe Heterostructures Before atel Aurification by Size-selective
Precipitation.

135



Lt oy | b
FEET sl 1 _r‘:‘,—«. 1 (v e T

Figure 28: A Schematic of Zinc Blende TetrahedralT€Cores and the Successive Growth of
Wurtzite Arms (a) and TEM images of CdTe rods (b,c)

* J. Phys. Chem. R005,109, 8539
T Chem. Mater2009,21,1467
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Figure 29: Absorption and Emission Spectra from &€@dtrapods Synthesized from a Cd/ODPA
Precursor (Top Left) and a Cd/OA Precursor (TophRignd the TEM Image of CdTe Tetrapods
Grown from a Cd/OA Precursor, Corresponding to 8pderesented in the Top Right.
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Figure 30: A Picture and Absorption and Emissiorc®ma of CdTe Spherical Cores.
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Figure 31: Absorption (Top) and Emission (Bottorpe&tra from CdTe Spherical Nanoparticle
Syntheses Done by Varying the Te:ODPA Ratio. Emissiata are obtained by exciting the
samples with 500 nm light.
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Figure 32: Absorption (Top) and Emission (Bottorpe&tra from CdTe Core Nanoparticle
Syntheses Done by Using TOP Versus TBP. Emissitmata obtained by exciting the samples
with 500 nm light.
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Figure 33: Concentration Effects on the Synthes{SdIe Spherical Nanopatrticles. Absorption
and emission spectra from the control CdTe coréhegis (bottom) and a synthesis in which
reaction volume was doubled (top) are shown. Ensgdata are obtained by exciting the

samples with 500 nm light.
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Figure 34: Absorption and Emission Spectra of Tdi&eapod/Rods. The emission spectra are

obtained by exciting the samples with 550 nm light.
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Figure 35: TEM Image of (a) 3.5 nm CdTe Cores5B)nm CdTe/CdSe Core/Shells with Five
Injections of CdSe Shell, (c) 6.3 nm CdTe/CdSe (Sirells with Eleven Injections of CdSe
Shell, and (d) Electron Diffraction Pattern on G8teell Particles with Eleven CdSe Injections.
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Figure 36: TEM Image of CdTe/CdSe Dot/Tetrapod Hestieuctures with Twelve Injections of
CdSe.
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Figure 37: Progression of the Absorption and Plitatescence Spectra from CdTe Cores to
Eleven Injections of CdSe Spherical Shells. Spdotrthe 7, 9", and 11" injections are
multiplied by 5 to show the progression of the Gihdb clearly.
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Figure 38: Progression of the Absorption and EmaisSpectra from CdTe Cores to Eleven
Injections of CdSe Tetrapod Shells. Absorption speor the ¥, 9", and 11" injections are
multiplied by 5 to show the progression of the Gihd clearly.
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Figure 39: Schematic Showing the Strain Induced Bynaller-lattice Shell (CdSe) onto a
Larger-lattice Core (CdTe)*.

*Nature Nanotechnologd009 4, 56
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Figure 42: A Comparison between Radiative LifetimE€dTe/CdSe Core/Shells and
Dot/Tetrapods.
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Figure 45: A Comparison Between the Experimentaekulimes in Te/Se Core/Shells (Black
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Figure 46: Raw Transient Absorption Spectra fronTé@dSe Dot/Tetrapods with Three Se
Shells (curves are separated by about 15 ps).
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Appendix A: Deconvolution Procedure for CorrectingFluorescence Kinetics

The 460 nm polarized fluorescence kinetics areindtbusing an 80 MHz repetition rate
light source. The analysis of these kinetics is glacated by the fact that when an excitation
pulse arrives, fluorescence from the previous puilas not completely decayed. The raw
fluorescence data are presented in Figure . Floeneg anisotropy results can be obtained by a
procedure in which the parallel and perpendiculaoréscence components are corrected
separately and subsequently used to calculate nisoteopy. In the time interval between

successive pulses the observed parallel fluoresacamponent may be expressed as

() =f,(t)+C exptt/r) Equation Al
with an analogous expression for the perpendiadarponent. The decay tinm is obtained by

fitting the last part of the decay, prior to theial of the next pulse. The functiofy(t) reflects

the more rapidly decaying fluorescence componelitss important to note that these

components decay rapidly. As a result, we makagipeoximation thatf,(t+t ) ; 0, wheret, is

the time between pulses, 12.26 ns. In the absehomiltiple pulses, the parallel fluorescence
intensity would be given by

¢ =f,6)+C" exptt /1)) Equation A2
This and the analogous perpendicular quantity mayubed to calculate the appropriate

fluorescence anisotropies, $¢(t) in equation A2 is what we want to extract from theults,

equation S1. These quantities are related by

LO) =10+ e+t )+ f+2 )+.... Equation A3
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Using the approximatiorf (t+t ) ; O, equation A3 may be written as

l,t) =f,t)+C" exptt /It YL+ exptt, Ir Hexpt B F ¥ ...

The constan€; may therefore be expressed as

C,=C'fL+exp(-t,/r)+expt 2, fr 3+ ..Jor C\ =Cfl-exp(-t,/r)}. This value ofC’,
along withf)(t) andz; obtained from equation A1 may be used to evalugtmt®on A2. This
analysis has a very simple interpretation: thelfgrand perpendicular intensities that would be
obtained in the absence of the high laser repetiite are obtained by simply subtracting off the
exponentially-decaying fluorescence from the presipulses. This is illustrated in Figure . The
corrected time-dependent parallel and perpendicntansities obtained from equation A2 are

used to calculate the anisotropy results presentegjure 14.
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Figure Al: Polarized Fluorescence Results Obtaioed Dodecanal-ligated Particles Following
460 nm Excitation at 80 MHz. Also shown are expaiadig-decaying curves obtained by fitting
the long-time decay of each polarization
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Appendix B: Selected Synthesis Protocols

A. Synthesis of Se/Te Rod/Rod Heterostructures:

» CdSe rod cores
o Cd/ODPA precursor: 205 mg of CdO (1.6 mmol) + 1gGf ODPA (3.2 mmol) +
2.90 g of TOPO
o Se precursor: 63.2 mg of Se (0.8 mmol) + 267 mQDBPA (0.8 mmol) dissolved
in 2 mL of TOP
For all syntheses presented, ODPA and TOPO argstatiized twice to ensure purity.
TOP is carefully vacuum distilled as explainedha beginning of Chapter Two:
Synthesis of Part I.
The Cd/ODPA precursors are always heated to 33@@8C until an optically clear
solution is obtained. Te and Se do not dissolvdygadow amounts of TOP at room
temperature. To facilitate the dissolution procHss,Se precursor is heated to 80 to 100
°C for about twenty minutes until a clear colorleskition is obtained. The Cd/ODPA
precursor is allowed to slightly cool to 380 before the Se precursor is injected. Upon
injection, the temperature decreases to’28and is maintained there for the duration of
reaction time. The reaction is terminated about @ minutes after Se injection
depending on what size rods are desired.
* CdTe rod shells
o Cd/ODPA precursor: 102 mg of CdO (0.8 mmol) + 0g69ODPA (2 mmol) +

1.45g of TOPO
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o] Te Precursor: 204 mg of Te (1.6 mmol)
dissolved in 4mL TOP

The Te precursor is heated to 80 to 10Gor about twenty minutes until a clear lime-
colored solution is obtained. Since the Cd/ODPgoikd at room temperature, the
previously prepared CdSe cores are added to theeZdrsor and heated to 1ZD until
liquid. One fourth (or 1 mL) of the Te precursoirigcted at 126C and the reaction is
brought to temperature (26Q). The reaction is run for twenty minutes befdre next 1
mL injection of the Te precursor. This processeaated for two more injections. In
order to monitor the synthesis progress, sampigi@is are taken right before each Te

injection.

B. Synthesis of CdTe Tetrapods from a Cd/ODPA Precursor:

o Cd/ODPA precursor: 269 mg of CdO (2.1 mmol) + 1.&#f ODPA (3.5 mmol)
+2.90 g of TOPO
o] Te precursor: 38.3 mg of Te (0.3 mmol)
dissolved in 1mL TOP
Cd/ODPA precursor is heated to 3Z5for 20 minutes until optically clear. The Te
precursor is heated to 80 to 1Wfor about twenty minutes until a clear lime-celbr
solution is obtained. The entire Te precursor jicied fast into the Cd precursor at 325
°C. Upon injection, the temperature is decreas@D&5C and maintained there for three

minutes before quenching the reaction.

C. Synthesis of CdTe Tetrapods from a Cd/OA Precursor:
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0 Cd/OA precursor: 0.2 mmol CdO (25.7 mg) + 0.8 m@al(0.252 mL) + 3 mL
ODE

0o Te precursor: 0.1 mmol Te (12.8 mg) + 0.143 mL FBPmL ODE
Octadecene is vacuum distilled to ensure puritgiccdcid (OA) and TBP are used as
received from commercial vendors. The Te prectissbeated to 80 to 10T for about
twenty minutes until a clear lime-colored solutisrobtained. The Cd/OA precursor is
heated to 286C (it turns into a clear colorless solution at am@@30°C). The entire Te
precursor is injected at 28G. Once the temperature decreases to’@6€he reaction is

kept at this temperature for three minutes befout down.

D. Synthesis of Te/Se Tetrapod/Rod Heterostructures:

» CdSe tetrapod cores
o0 Cd/ODPA precursor: 269 mg of CdO (2.1 mmol) + 1.@#&f ODPA (3.5 mmol)
+ 2.90 g of TOPO
o] Te precursor: 38.3 mg of Te (0.3 mmol)
dissolved in 1ImL TOP
Cd/ODPA precursor is heated to 325for 20 minutes until optically clear. The Te
precursor is heated to 80 to 1WDfor about twenty minutes until a clear lime-celdr
solution is obtained. The entire Te precursorjisated fast into the Cd precursor at 325
°C. Upon injection, the temperature is decreas@D8SC and maintained there for three
minutes before injecting the Se precursor.

e (CdSe rod shells
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o] Se Precursor: 126.3 mg of Se (1.6mmol)
dissolved in 2.4 mL TOP
The Se precursor is heated at 80 to ADAnNtil a clear colorless solution is obtained. The
Se precursor is injected in six equal injection2@ mmol per injection) with three
minutes in between each injection. Injections aneedslow (20 — 30 seconds). The first
injection is done at 30%C. After that, the reaction is maintained at 2665°C for the
duration of CdSe growth. To monitor the extentladlsgrowth, sample aliquots are

syringed out of the reaction immediately beforene@e injection.

E. Synthesis of Te/Se Tetrapod/Uniform Shell Heterostructures

» CdSe tetrapod cores
0 Cd/OA precursor: 0.2 mmol CdO (25.7 mg) + 0.8 m@al(0.252 mL) + 3 mL
ODE
o Te precursor: 0.1 mmol Te (12.8 mg) + 0.143 mL FBPmL ODE
Octadecene is vacuum distilled to ensure puritgic2dcid (OA) and TBP are used as
received from commercial vendors. The Te precugsbeated to 80 to 10 for about
twenty minutes until a clear lime-colored solutisrobtained. The Cd/OA precursor is
heated to 286C (it turns into a clear colorless solution at a230°C). The entire Te
precursor is injected at 28C. Once the temperature decreases ta’26€he reaction is
kept at this temperature for three minutes befout down.
» CdSe rod shells
o Cd/ODPA precursor: 128.4 mg of CdO (1 mmol) + 0.642f ODPA (1.93 mmol)

+3.2g of TOPO
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o] Se Precursor: 47.4 mg of Se (0.6mmol)
dissolved in 1 mL TOP
The Se precursor is heated at 80 to AD@nNtil a clear colorless solution is obtained.
Cd/ODPA precursor is heated at 320for ten minutes and then, cooled down to 420
Previously prepared Te tetrapod cores are addguktGd/ODPA precursor. The
temperature is lowered to 130 due to injection. At this point, the Se precuiigor
injected, and temperature is quickly increaseds®°2. The reaction is maintained at

250°C for 20 minutes before shut down.
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Appendix C: FORTRAN Code

Program FourierSPH

IConsiders band bowing effects on valence band

IDoes not consider valence band degeneracy

DIMENSION

Z0(300),21(30),22(30),zp(30),V(50,50),T(50,50), Tay50),ANO(50),AN1(50),A0(50),ACN(50
),C0(2000),C1(2000)

DIMENSION
CBAND(2000),VBAND(2000),VELEC(2000),VHOLE(2000),AHMSS(2000),AEMASS(2000
)

DIMENSION FE(3000,10),FE1(3000,10),
FH(3000,10),EE(150),EE1(150),EH(150),FELEC(2000H (2000),RS(2000)
DIMENSION EVAL(50),EVEC(50,50)

DIMENSION FKE(2000), FKE1(2000),FKE2(2000),FKE3(2)0
FKET(2000),FKH(2000),AMIX(10),AMIX2(10)

LDA=50;LDEVEC=50

P1=3.1415926535

Icore radius
R1=1.64

Ishell thickness
TSHELL=1.5

R2=R1+TSHELL
R3=R2+2.0
X1=R1/R2

lvalence and conduction band offsets, vacuum lendldielctric constant.
VE=-2400.

VH=4600.

CORX=12100.

VAC=24000.

DCONST= 8.

I pos value of VE or VH localizes the wavefunctmmthe inside of the particle
IDiffusion parameter

D=.3

NTCOMP=25

Icore and shell electron effective masses
SCALE=1.0

CMASSE=SCALE*.10
SMASSE=SCALE*.11

Icore and shell hole effective masses
CMASSH=SCALE*.40
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SMASSH=SCALE*0.44
Icalculate compression shifts

DBAR=TSHELL/R1

llattice mismatch

AMATCH=.076

Istrain tensor from eqn A4
EPP=AMATCH*DBAR*(0.666*(3.+3.*DBAR+DBAR**2)/(1+DBAR)**3)*0.55
I 704 wavenumbers/GPa, bulk modulus = 53 GPa
PSHIFT=704.*EPP*3.0*53.0

IPSHIFT=0.

IRaman winewidth

GAMMA=S8.

NUM=500

NUM2=NUM*R3/R2

WRITE (*,*) NUM, NUM2

DX=1./NUM

DX2=1./NUM2

DR=DX2*R3

NT=25

NS=5

INT is the number fourier terms, NS is the numibdestates calculated

CONST=307.0

EHCONST=11610.

I const is simply h-bar**2/(2*electron mass) inunits of wavenumbers and nanometers
I ehconst is (electron charge)*2/(4 pi epsilon-g@rainits of wavenumbers and nanometers

I zeros of 1
z1(1)= 4.49341
z1(2)=7.72525
z1(3)=10.90412
z1(4)= 14.06619
z1(5)= 17.22076
z1(6)= 20.3713
z1(7)= 23.51945
z1(8)= 26.66605
z1(9)= 29.8116

z1(10)= 32.95639

do j=8, 28

z1(j) = 1.36592 + 3.17771*% - 0.00218***2 + .0000H05*j**3
end do

I y=1.36592 + 3.17771 X - 0.00218 X"2 + .0000849K"3
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I calculate normalization factors for the spherlmagsel functions

DO N=1,NT
DO J=1,NUM2
X=J*DX2
R=X*R3

ANO(N)=ANO(N)+(SIN(N*PI*X)/(N*P[*X))**2*R**2*DR

ANZL(N)=ANL(N)+SBL(X*Z1(N))*2*R**2*DR
END DO

END DO

DO N=1,NT

ANO(N)=1.0/SQRT(ANO(N))
ANZ1(N)=1.0/SQRT(ANL(N))

END DO

I set up initial composition step function
X=0

DO I=1, NUM

X=X+DX

IF(X > X1) THEN
Co(l)=0.0

ELSE

Co(l)=1.0

ENDIF

END DO

X=0.

DO I=1,NUM

X=X+DX

AVE=AVE + X**2*DX*CO0(l)
TOT=TOT + X**2*DX

END DO

AVE=AVE/TOT

laverage composition

DO N=1,NTCOMP

NM1=N-1

X=0.0

DO 1=1,NUM

X=X+DX
AO(N)=A0(N)+X**2*DX*CO(I)*SBO(X*Z1(N))
ACN(N)=ACN(N)+X**2*DX*(SBO(X*Z1(N)))**2
END DO

AO(N)=(A0(NY/ACN(N))

END DO
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DO N=1,NTCOMP
X=0.

DO I=1,NUM

X=X+DX
C1(1)=C1(I)+A0(N)*SBO(X*Z1(N))*EXP(-D*(Z1(N)/R2)**2)
END DO

END DO

AVEO=0.

AVE1=0.

AVET=0.

DO I=1,NUM

X=I*DX

AVE1=AVE1l + X*2*DX*C1(l)
AVEO=AVEOQ + X**2*DX*CO(l)
AVET=AVET + X**2*DX

END DO

AVE=(AVEQ-AVE1)/AVET
DO 1=1,NUM
C1(I)=C1(I)+AVE

END DO

I calculate the position dependent effective masses

DO I=1, NUM2

IF (I <= NUM) THEN

AEMASS(I)=CMASSE + (1.0-C1(l))*(SMASSE-CMASSE)
AHMASS(I)=CMASSH + (1.0-C1(1))*(SMASSH-CMASSH)
ELSE

AEMASS(I)=1.

AHMASS(1)=1.

END IF

END DO

| e e
EELEC=CONST/R3**2
EHOLE=CONST/R3**2

WRITE (*,*) "core radius", R1

WRITE (*,*) "shell thickness", TSHELL

WRITE (*,*) "diffusion parameter”, D

WRITE (*,*) "conduction and valence band offsetslmompression shift",VE,VH,PSHIFT
WRITE (*,*)

I Eg(X)=(1-x)Eg(CdX)+xEg(CdY) + b x(1-x)

I b=1.84 eV for CdSe/CdTe

bow=0.75*8065.
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I calculate the potentials
corx=corx+pshift*(c1(1)-c1(num-1))

DO I=1,NUM2

IF(I <= NUM) THEN
VELEC()=-C1()*VE+PSHIFT*(C1()-C1(NUM-1))
ELSE

VELEC(I)=VAC

END IF

END DO

DO I=1,NUM2

IF(I <= NUM) THEN

'WVHOLE(I)=(2.0-C1(I))*VH
VHOLE()=(2.0-C1(I))*VH - bow*C1(l)*(1.0-C1(l))
Ix=C1= composition fraction of the core

ELSE

VHOLE()=VAC

END IF

END DO

OPEN (1,NAME='"COMPOSITION.DAT

X=0.

DO I=1,NUM2

X=X+DX2*R3

WRITE (1,50) X, CO(1),C1(l), VELEC(I),VHOLE(I), AEMAS(I), AHMASS(])
END DO

CLOSE(UNIT=1)

IELECTRON WAVE FUNCTION----=======mme e
I S states

Icalculate the V matrix

DO I=1,NT

DO J=1,

V(1,J)=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3

BSLJ=ANO(J)*SIN(I*PI*X)/(J*PI*X)
BSLI=ANO(D)*SIN(I*P1*X)/(I*P1*X)
V(1,7)=V(1,J)+BSLI*BSLI*R**2*DR*VELEC(IC)
END DO

V(J,N)=V(l1,J)

END DO

END DO
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I calculate the T matrix

DO I=1,NT

DO J=1,l

T(1,9)=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
BSLI=ANO(J)*SIN(I*PI*X)/(J*PI*X)
BSLI=ANO()*SIN(I*PI*X)/(I*PI*X)
T(1,9)=T(1,J)+BSLI*BSLI*R**2*DR*(1.0/AEMASS(IC))
END DO
T(1,9)=T(1,J)*EELEC*(J*PI)**2
T,N)=T(,9)

END DO

END DO

I calculate the T1 matrix

DO I=1,NT

DO J=1,l

T1(1,9)=0.

DO IC=1,NUM2-2

X=IC*DX2

R=X*R3

BSLI=ANO(J)*SIN(I*PI*X)/(J*PI*X)
BSLI=ANO()*(SIN(I*PI*(X+DX2))/(I*P1*(X+DX2))-SIN(I *PI*X)/(I*PI*X))/DR
T1(1,9)=T1(1,J)-(1.0/AEMASS(IC+1)-1.0/AEMASS(IC))*BLI*BSLI*R**2
END DO

T1(1,9)=T1(1,J)*EELEC

T1(3,)=T1(1,9)

END DO

END DO

DO I=1,NT
DO J=1,NT
V(1L,9)=V(,)+T(1,)+T1(1,9)
END DO

END DO

CALL EVCSF(NT,V,LDA,EVAL,EVEC,LDEVEC)
DO I=1,NT

EE()=EVAL(NT-1+1)

END DO

| FE is the electron wavefunction
DO JS=1,NS
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DO IC=1,NUM2+1
FE(IC,JS)=0.0

END DO

END DO

DO JS=1,NS

DO IC=1,NUM2+1

X=IC*DX2

DO J=1,NT
FE(IC,JS)=FE(IC,JS)+EVEC(J,NT-JS+1)*ANO(J)*SIN(J*R)/(I*PI*X)
END DO

END DO

END DO

DO JS=1,NS

TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
TOT=TOT+FE(IC,JS)**2*R**2*DR
END DO

DO IC=1,NUM2
FE(IC,JS)=FE(IC,JS)/SQRT(TOT)
END DO

END DO

lwrite the amplitude of the wavefunction at thetjude surface
Ido js=1,ns

lwrite (*,*) fe(num,js)**2

lend do

IP STATES

Icalculate the V matrix

DO I=1,NT

DO J=1,

V(1,J)=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
BSLJ=AN1(J)*SB1(X*Z1(J))
BSLI=AN1(1)*SB1(X*Z1(l))
V(1,7)=V(1,J)+BSLI*BSLI*R**2*DR*VELEC(IC)
END DO

V(J,)=V(l1,9)

END DO

END DO
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I calculate the T matrix

DO I=1,NT

DO J=1,l

T(1,9)=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
BSLJ=AN1(J)*SB1(X*Z1(J))
BSLI=AN1(1)*SB1(X*Z1(1))
T(1,9)=T(1,J)+BSLI*BSLI*R**2*DR*(1.0/AEMASS(IC))
END DO
T(1,9)=T(1,J)*EELEC*Z1(J)**2
T,N)=T(,9)

END DO

END DO

I calculate the T1 matrix

DO I=1,NT

DO J=1,l

T1(1,9)=0.

DO IC=1,NUM2-2

X=IC*DX2

R=X*R3

BSLJ=AN1(J)*SB1(X*Z1(J))
BSLI=AN1(1)*(SB1((X+DX2)*Z1(1))-SB1(X*Z1(l)))/DR
T1(1,9)=T1(1,J)-(1.0/AEMASS(IC+1)-1.0/AEMASS(IC))*BLI*BSLI*R**2
END DO

T1(1,9)=T1(1,J)*EELEC

T1(3,)=T1(1,9)

END DO

END DO

DO I=1,NT
DO J=1,NT
V(1L,9)=V(,)+T(1,)+T1(1,9)
END DO

END DO

CALL EVCSF(NT,V,LDA,EVAL,EVEC,LDEVEC)
DO I=1,NT

EE1(I)=EVAL(NT-1+1)

END DO

| FE is the electron wavefunction
DO JS=1,NS
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DO IC=1,NUM2+1
FE1(IC,JS)=0.0

END DO

END DO

DO JS=1,NS

DO IC=1,NUM2+1

X=IC*DX2

DO J=1,NT
FE1(IC,JS)=FEL(IC,JS)+EVEC(J,NT-JS+1)*ANO(J)*SB1@J))
END DO

END DO

END DO

DO JS=1,NS

TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
TOT=TOT+FE1(IC,JS)**2*R**2*DR
END DO

DO IC=1,NUM2
FE1(IC,JS)=FE1(IC,JS)/SQRT(TOT)
END DO

END DO

1R 10 M =V/\Y] =3 = 5] N {03 [ ———

I calculate the V matrix

DO I=1,NT

DO J=1,

V(1,J)=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
BSLJI=ANO(J)*SIN(I*PI*X)/(J*PI*X)
BSLI=ANO(D)*SIN(I*P1*X)/(I*P1*X)
V(1,7)=V(1,J)+BSLI*BSLI*R**2*DR*VHOLE(IC)
END DO

V(J,N)=V(l1,9)

END DO

END DO

I calculate the T matrix
DO I=1,NT

DO J=1,l

T(1,9)=0.
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DO IC=1,NUM2

X=IC*DX2

R=X*R3
BSLJ=ANO(J)*SIN(I*PI*X)/(J*P1*X)
BSLI=ANO()*SIN(I*PI*X)/(I*PI*X)
T(1,9)=T(1,J)+BSLI*BSLI*R**2*(DR/AHMASS(IC))
END DO
T(1,9)=T(1,J)*EHOLE*(J*PI)**2
T(I,N)=T(,J)

END DO

END DO

I calculate the T1 matrix

DO I=1,NT

DO J=1,

T1(1,9)=0.

DO IC=1,NUM2-2

X=IC*DX2

R=X*R3

BSLI=ANO(J)*SIN(JI*PI*X)/(J*PI*X)
BSLI=ANO()*(SIN(I*PI*(X+DX2))/(I*P1*(X+DX2))-SIN(I *PI*X)/(I*PI*X))/DR
T1(1,9)=T1(1,J)-(1.0/AHMASS(IC+1)-1.0/AHMASS(IC))*BLI*BSLI*R**2
END DO

T1(1,J)=T1(1,J)*EHOLE

T1(3,)=T1(1,9)

END DO

END DO

DO I=1,NT

DO J=1,NT
V(1,9)=V(,)+T(1,)+T1(1,9)
END DO

END DO

CALL EVCSF(NT,V,LDA,EVAL,EVEC,LDEVEC)

DO I=1,NT
EH(I)=EVAL(NT-1+1)
END DO

I FH is the hole wavefunction
DO JS=1,NS

DO IC=1,NUM2

X=IC*DX2

FH(IC,JS)=0.

DO J=1,NT

173



FH(IC,JS)=FH(IC,JS)+EVEC(J,NT-JS+1)*ANO(J)*SIN(J*X)/(J*P*X)
END DO
END DO
END DO

DO JS=1,NS

TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
TOT=TOT+FH(IC,JS)*2*R*2*DR
END DO

DO I=1,NUM?2
FH(IC,JS)=FH(IC,JS)/SQRT(TOT)
END DO

END DO

lwrite electron and hole energies

write (*,*)" n nSe energy nPe energy nSh gpér
doi=1,ns

write (*,*) i,ee(i), eel(i), eh(i)

end do

I electron-hole interaction
WRITE (*,*)

I electron wavefunction

DO JS=1,8

TOT=0.

DO I=1,NUM2

DO J=1,NUM2

RE=I*"DR

RH=J*DR

IF (RE > RH)THEN

X=RE

ELSE

X=RH

END IF
TOT=TOT+RE**2*RH**2*FH(J,1)**2*FE(l,1)*FE(l,JS)*DR**2*(1.0/X)
END DO

END DO
TOT=TOT*EHCONST/DCONST

DO I=1,NUM?2
FELEC(I)=FE(,1)
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END DO

DO [=1,NUM2

FELEC(I)= FELEC()+(TOT/(EE(JS)-EE(1)))*FE(I,JS)
END DO

END DO

WRITE(*,*)

I hole wavefunction

DO JS=1,8

TOT=0.

DO I=1,NUM2

DO J=1,NUM2

RE=I*DR

RH=J*DR

IF (RE > RH)THEN

X=RE

ELSE

X=RH

END IF
TOT=TOT+RE*2*RH**2*FE(1, 1)*2*FH(J,1)*FH(J,JS)*DR**2*(1.0/X)
END DO

END DO
TOT=TOT*EHCONST/DCONST

DO I=1,NUM2
FHOLE(I)=FH(l,1)

END DO

DO 1=1,NUM2

FHOLE(l)= FHOLE(I)+(TOT/(EH(IS)-EH(1)))*FH(1,JS)
END DO

END DO

I renormalize wavefunctions
TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
TOT=TOT+FELEC(IC)**2*R**2*DR
END DO

DO IC=1,NUM2
FELEC(IC)=FELEC(IC)/SQRT(TOT)
END DO

TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3
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TOT=TOT+FHOLE(IC)**2*R**2*DR
END DO

DO IC=1,NUM2
FHOLE(IC)=FHOLE(IC)/SQRT(TOT)
END DO

Icalculate 1Pe - hole attraction energy of firstesrcorrected functions
TOT=0.

DO I=1,NUM2

DO J=1,NUM2

RE=I*"DX2*R3

RH=J*DX2*R3

IF (RE > RH)THEN

X=RE

ELSE

X=RH

END IF
TOT=TOT+RE**2*RH**2*FHOLE(J)**2*FE1(l,1)**2*(1.0/X) *DR**2
END DO

END DO

TOT=TOT*EHCONST/DCONST

QCE=EE(1)+EH(1)-TOT

WRITE (*,*) "uncorrected 1Pe/1Sh interacion enetghOT

Icalculate electron-hole attraction energy of fosder corrected functions
TOT=0.

DO I=1,NUM2

DO J=1,NUM2

RE=I*DX2*R3

RH=J*DX2*R3

IF (RE > RH)THEN

X=RE

ELSE

X=RH

END IF
TOT=TOT+RE*2*RH**2*FHOLE(J)**2*FELEC(I)**2*(1.0/X) *DR**2
END DO

END DO

TOT=TOT*EHCONST/DCONST

QCE=EE(1)+EH(1)-TOT

WRITE (*,*) "corrected 1Se/1Sh interacion energyQT

write (*,*) "onset wavelength =",1.e+7/(ee(1)+eh{t)+ CORX +VE)
Write (*,*)

Icalculate the electron hole overlap
S1=0
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DO IC=1,NUM2

X=IC*DX2

R=X*R3
S1=S1+FHOLE(IC)*FELEC(IC)*R**2*DR

END DO

S1=S1**2

WRITE (*,*) "corrected 1Se/1Sh overlap =", S1
write (*,*)

I calculate electron hole overlap for unperturbledteon functions
1S

S1=0

DO IC=1,NUM2

X=IC*DX2

R=X*R3

S1=S1+FHOLE(IC)*FE(IC,1)*R**2*DR

END DO

S1=S1**2

WRITE (*,*) "1Se/1Sh overlap =",S1

11P

S1=0

DO IC=1,NUM2

X=IC*DX2

R=X*R3
S1=S1+FHOLE(IC)*FE1(IC,1)*R**2*DR
END DO

S1=S1**2

WRITE (*,*) "1Pe/1Sh overlap =",S1

12S

S1=0

DO IC=1,NUM2

X=IC*DX2

R=X*R3
S1=S1+FHOLE(IC)*FE(IC,2)*R**2*DR
END DO

S1=S1**2

WRITE (*,*) "2Se/1Sh overlap =", S1

OPEN (1,NAME='FUNCTION.DAT

DO IC=1,NUM2

X=(IC-1)*DX2

WRITE (1,50) X*R3,FHOLE(IC),FELEC(IC),FH(IC,1),FET, 1)
I,FE(IC,2),FE1(IC,2)

IWRITE (1,50) X*R3,(FE(IC, 1), 1=1,NS),(FH(IC,1), I1£,NS)
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END DO
CLOSE (UNIT=1)

Icalculate relative dipolar mixing between lowesingl np states
OPEN(1,NAME='DIELECTRIC.DAT")

XD=1.6

ldo je=1,50

XD=XD+.2

efield=0.60775-0.0699* XD+0.00929* XD**2-7.03874E-AD**3+2.2282E-5* XD**4
EFIELD=EFIELD*8065.

efield=0.

DO JS=1,NS

TOT=0.

DO IC=1,NUM2

X=IC*DX2

R=X*R3

TOT=TOT+FE1(IC,JS)*FE(IC,1)*R*3*DR

END DO

AMIX(JIS)=TOT
AMIX2(JIS)=efield*AMIX(JS)/(EE1(JS)-EE(1))

END DO

lwrite (*,*)

lwrite (*,*) "1Se-nPe state mixing", efield, AMIX2)**2

Ido the Fourier-Bessel transform of the lowesttetectand hole functions
AUGERE= 0.0571* SQRT(CMASSE)* SQRT(ee(1)+eh(1)+ Q2% VE)
AUGERH= 0.0571* SQRT(CMASSH)* SQRT(ee(1)+eh(1)+ 0QHVE)
I k value associated with the bandgap energy

'k nm = 0.0571 * SQRT(m*) * sqrt(E/wavenumbers)

DK=0.02

NKE=AUGERE/DK

NKH=AUGERH/DK

NK=300

do k=1,nk

FKE(K)=0

FKH(K)=0

FKE1(K)=0

FKE2(K)=0

FKE3(K)=0

END DO

DO K=1,NK

RK=K*DK

DO IC=1,NUM2
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X=IC*DX2

R=X*R3

FKE(K)=FKE(K)+R**2*DR*FELEC(IC)*SIN(R*RK)/(R*RK)
FKH(K)=FKH(K)+R**2*DR*FHOLE(IC)*SIN(R*RK)/(R*RK)
FKE1(K)=FKE1(K)+R**2*DR*FE1(IC,1)*SB1(R*RK)
FKE2(K)=FKE2(K)+R**2*DR*FE1(IC,2)*SB1(R*RK)
FKE3(K)=FKE3(K)+R**2*DR*FE1(IC,3)*SB1(R*RK)

END DO

FKET(K)=FKE(K)+FKEL1(K)*AMIX2(1)+FKE2(K)*AMIX2(2)+FK E3(K)*AMIX2(3)
END DO

WRITE (*,*) XD, efield, FKET(NKE)**2

WRITE (1,50) XD, efield, FKET(NKE)**2

IWRITE (*,*) "electron k"2 values, w/o and w/ mixgh, efield, FKE(NKE)**2,
FKET(NKE)**2

lend do

CLOSE(UNIT=1)

Istop

OPEN (1,NAME="XFORM.DAT")

DO 1=1,NK

WRITE (1,50) *DK,FKE(I)**2,FKH(I)**2, FKEL(I)**2, FKE2(I)**2, FKE3(I)**2,
FKET(I)**2

END DO

CLOSE(UNIT=1)

STOP

| e e e e e e
ICalculate Raman spectrum
NONRES=.0

DO IC=1,NUM
XC=(1.0-C1(IC))
OMEGA=211.5 + 71.3*XC - 27.9*XC**2

I=INT(OMEGA)

DO I1C2=-100,100

A=GAMMA**2/(IC2**2+GAMMA**2)

IC3=I-IC2

if (IC3 .le. 0) then

cycle

end if
RS(IC3)=RS(IC3)+A*(NONRES+abs(FELEC(IC)*FHOLE(IC)L**2
END DO

END DO

OPEN (1,NAME='"RAMAN.DAT")

DO 1=1,400

IWRITE (*,*) 1+200, RS(1)/NUM

WRITE (1,60) I, RS(I)/NUM
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END DO
CLOSE(UNIT=1)
STOP

50 FORMAT (11F15.8)
60 FORMAT (I5,F12.5)
70 FORMAT (3F14.5,316)

END

FUNCTION SBO(X)
SBO = SIN(X)/X
RETURN

END

Function SB1(X)
SB1=SIN(X)/X**2-COS(X)/X
RETURN

END

' THIS PROGRAM USES THE IMSL ROUTINE CALL
EVCSF(N,A,LDA,EVAL,EVEC,LDEVEC)

I To link in the IMSL library, one goes to

I Project > Settings > Fortran > Libraries andathgse IMSL Math Library
I'N - ORDER OF THE MATRIX

I REAL MATRIX OF ORDER N

I LDA - LEADING DIMENION OF A (DIMENSION STATEMENT)

I EVAL - OUTPUT- VECTOR OF THE EIGENVALUES

I'EVEC - OUTPUT - MATRIX OF THE EIGENVECTORS; JTHIGENVECTOR IS IN THE
J'COLUMN

I LDEVEC - LEADING DIMENSION OF EVEC (DIMENSION STAEMENT)
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