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Semiconductor nanocrystals a few nanometers ime&ieibit unique electronic
and optical properties. These properties deperitlesize and dimensionality of the
confinement potential. The optical absorption spmetof nanocrystals generally features a
zero-phonon line (ZPL). Its width indicates the giing of the electron to the
electromagnetic vacuum and to phonons. Electromgmnteractions are one strong
source of exciton decoherence. The ZPL linewidéhdg the total decoherence rate.

This dissertation presents experimental studigiseofiecoherence rate in CdSe/ZnS
core/shell quantum dots (QDs), nanorods, and Pb& Qe spectroscopic work is
accomplished by using high-resolution spectral-hoiing (SHB), which eliminates
effects of inhomogeneous broadening due to nanatisige variations. SHB response-
dependence on the measurement timescale is alddougmbe spectral diffusion: random

spectral shifts in the optical transition frequedaoy to a fluctuating local environment.



v
These studies provide important information on decence processes in nanocrystals.

SHB response obtained from spherical CdSe/ZnS Qbibits a sharp ZPL and
discrete acoustic phonon sidebands due to phorsistes transitions. The suppression of
effects of spectral diffusion in the SHB measurenhesds to a ZPL homogeneous
linewidth of 1.5 GHz, corresponding to a decoheeerate of 0.75 GHz, which is more
than one order-of-magnitude smaller than that oeskepreviously, still far exceeding the
expected radiative linewidth. The observed acogdtanon sidebands are in agreement
with a theoretical estimate of the confined phonmues in nanocrystals. No ZPL,
however, was observed in the SHB response of Pb§ @Becting the strong electron-
phonon interaction in these nanocrystals.

The 0-D to 1-D transition is of particular interestd is examined by comparing
decoherence rates in QDs to those in nanorods.r8sfi®nse obtained from nanorods
reveals a sharp ZPL along with a broad backgro@iadaustic phonon sidebands. A
decoherence rate of 4.4 GHz was observed, whigte&ter than that of spherical
nanocrystals. Phonon-assisted exciton migrationdsst localization sites in the one-
dimensional confinement potential is proposed passible mechanism for the large

homogeneous linewidth in the nanorods.
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CHAPTER1

INTRODUCTION

The desire to understand and exploit the evolusidoulk semiconductor structural
and electronic properties beginning from the atoonimolecular scale drives much of
the development of low-dimension semiconductorcstmes. Advancing synthesis
techniques have yielded ever smaller and more altattie structures. Understanding the
physics inherent in these structures leads bothaie precise models of fundamental
interactions in the quantum confinement regime dbsd leads to applications
unapproachable by conventional materials. The redlso-called quantum dots,
especially, lies between traditional chemistry aalid state physics; between atoms and
solids. The form of a quantum dot is essentialgt tf a large molecule, consisting of
hundreds to a few thousand atoms, which interatttsanlight field as if it were a single
atom. The electronic energy levels are discretaerahan bulk semiconductor bands,
and are describable as molecular orbitals.

As the size of a quantum dot approaches the Baliwsaf the bulk exciton, quantum
confinement effects become pronounced and leadrsiderable modification of the
optical and electronic properties of the semicotolumaterial. The energy levels of
excitons in quantum dots are blueshifted compariéd excitons in the bulk due to
guantum confinement. In addition, the nonlineaapabbility and transition oscillator

strength are spectrally concentrated and increiasedgnitude in the size regime of
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Bulk Quantum Well Quantum Wire Quantum Dot

Figure 1-1: Semiconductor structures by dimendiuik is 3-D, quantum wells
are 2-D, quantum wires are 1-D, and quantum det®-db.

guantum dots. Light emission from quantum dotseéhbgher quantum efficiency than
emission from bulk materials. These properties nplentum dots good candidates for a
wide variety of applications, including biologidabeling’ low threshold laser§™ and
optical network components.

Like bulk semiconductors, quantum dots (QDs) aystalline and can support
fundamental excitations such as plasmons, phoandsxcitons. Excitons, which are excited
electronic states of the crystal, have, as destabeve, atomic-like (discrete) energy levels
when confined at quantum mechanical scales. THDs,a@ pseudo-atomic systems with the
added benefit of ease of handling and study (caedaratoms), while the energy levels they
contain are complicated by electron interactiowite material lattice via phonons. Device
developers use quantum confinement effects for gapengineering, which leads to materials
with very specific electronic and optical propestie

Due to the practical and basic science benefitudfying low-dimension systems,
semiconductor nanostructure technology has advat@edery rapid pace over the past two
decades. As knowledge of fundamental interactionsunostructured materials grows,
particular interest is directed at decoherencetstf@he bulk of the work presented in this

dissertation concerns itself with elucidating desxehce of excitons in both quantum dots and



elongated structures called nanorods. The wordstraioture refers to the typically few-
nanometer size of the structures, which providesigum confinement of charge carriers. So-
called quantum wells, wires, and dots (2-D, 1-[0l @D, respectively, where D stands for

dimension) have all been developed.

Confinement and applications

Confinement also leads to an increase in the @feband gap of the material.
Confinement energy causes excited exciton state®t@ higher in energy as the
structure size is reduced, just as energy levelgerhggher in an infinite potential square
well as the well width is reduced. The dot sizeplgaffects energy levels and exciton
fine structure through the strong size dependehteeaexchange interaction and
confinement energy.

The advantages inherent in using low-dimensioresystfor devices as opposed to
using bulk materials are varied. They include, dejieg on the specifics of the system,
improved efficiency, speed, gain, and noise reductas well as a reduced threshold
current density and sensitivity to operating terapge. This last item is due to energy

spacing in the strong confinement regime beingdiatigank, T .>** Additionally,

oscillator strength becomes more concentratedmasrdiion is reduced, just as absorption
becomes spectrally discrete. Gain, therefore sis @partitioned into discrete states. The
transition rate per electron-hole pair stays thresaven as dimension is reduc¢&dshich

leads to very strong lasing capabilfty.



The potential of quantum information processing diserated excitement for many
years. Quantum dots have been investigated agahiegyts of a variety of quantum
information processing schem#s® Despite the difficulty associated with using eanit
states as qubits (quantum bits), some progressdemsmade. In general, exciton
coherence in quantum dots is too fragile to be @isethese schemes, although
improvements in system design and dot fabricatiay make quantum dots viable as
components in the future.

Another potential application of particular interbas been the storage of light, or of
information transmitted by light. A requirement tbis application is a slow dephasing
rate. So-called slow light has been demonstrat&sbiAis quantum well systems using the
coherence of excitorté.Another demonstrated phenomenon using excitonrenhe is
electromagnetically-induced transparency (EIT). B&Bed on exciton correlations was
first observed in GaAs quantum welfsHowever, electron spin coherence is much more
robust than exciton coherence since electron spilengoes much slower dephasing than
excitons’® Excitons decohere too quickly in CdSe/ZnS QDsrambrods, the materials
discussed in this dissertation, to be used foraplication?®? It remains an open
guestion whether better synthesis methods can asetbe decoherence rate of excitons
in quantum dots or nanorods enough to make eithidiecexciting technologies of EIT or
slow light as feasible using exciton coherenceesrm®n spin.

Specific physical processes are useful for padicapplications. For example,
absorption and recombination in bulk semiconduigtdine critical process needed for the

operation of photodetectors, amplifiers, lasers, ldBDs, among others. At low-



dimension, this same process is appropriate foimyaktralow threshold lasers, and
even two-dimensional laser arrdys,among other nonlinear photonic devices. Other
uses investigated for semiconductor nanostrucinoisde photonic network components,

such as optical switches and modulafoasd light emitting diodes (LEDS).

Studies accomplished and method

In the studies presented in this dissertation, e $0 clarify optical transitions in
three systems: CdSe/ZnS core/shell QDs, PbS QM d8e/ZnS core/shell nanorods.
Differing energy level structures and interactiomthese systems affect the dephasing
processes undergone by excitons. Analyzing thealdtiansitions available to excitons
assists our understanding of the interactionsatetaking place.

In order to probe the sources of dephasing in teasgles we must parameterize our
results. In particular, we study the temperatuggedeence, excitation intensity
dependence, and the measurement timescale deperafaghe homogeneous linewidths
of the samples. Nonlinear optical theory providésamework for understanding how
each parameter is related to the optical transttaking place in the sample, and what
variety of information we can deduce based on taseovations of these transitions.

The measurement timescale is important in detengitand reducing the effects of)
spectral diffusion. When a microscopic local eliedield fluctuates it causes the
transition energies of the nanostructures to flatguoo, causingpectral diffusion, but
inhomogeneously since the local electric fieldiffedent in each part of the sample. If

we measure the homogeneous linewidth of the saompéeslow timescale, the transition



energies have a chance to diffuse and we obsedm@aa transition linewidth. If we make
measurements on a faster scale we can measuredhedth before the transition energy
has had a chance to diffuse. By measuring the lgtevat a variety of timescales, we
delineate the effects of spectral diffusion ondhserved linewidth.

Power broadening is caused by the saturation-ex@tation of an inhomogeneously
broadened sample, such as an ensemble of QDseAbdorption tails of nanoparticles
that arenot resonant with the pump beam cause those nandparticbecome excited,
the measured linewidth broadens monotonically witmp beam intensity. We typically
work at low intensities (0.5-3 W/chin order to minimize power broadening effects due
to intensity-dependent spectral diffusion in theasged linewidth.

Temperature has a particularly potent effect orhitraogeneous linewidths of the
samples. Exciton-phonon coupling is temperaturedéent, and nonradiative relaxation
of excitons via interactions with phonons becomeshmore efficient as the
temperature increases. The number of phonons pralsenncreases with temperature.
Additionally, phonon spectra that are discrete uguantum confinement become
continuous as the temperature rises from liquiduhetemperatures. Continuous phonon
spectra lift certain electron-phonon interactioergly conditions, making interactions
that cause decoherence more likely to take placeedsed exciton-phonon interaction
due to these temperature-dependent effects leadgreater exciton dephasing rate,
which corresponds to a wider measured linewidth.

The technigue we use to elucidate the optical ttians undergone by the excitons is

high-resolution modulation frequency-dependent spkbole burning (SHB). As a



continuous wave (CW) technique, it is unusual the&n be used to probe and eliminate
the effects of spectral diffusion. The modulaticeguency dependence is the key to this
added utility. The technique also has an advamagesingle nanocrystal spectroscopy
and photon echo experiments. Each of these ladksisnt sensitivity and requires high
intensity, which leads to power broadening; addgity, neither can determine the
effects of spectral diffusion. Modulation frequerdgpendent SHB requires only very
low excitation intensity, has nano-eV resolutiomg @ircumvents nanocrystal size
distribution broadening present in the sample hyteg only a subset of nanocrystals
resonant with the pump beam. The most unique agpdoe technique is the
aforementioned ability to delineate the effectsngfasurement timescale on the measured
linewidth.

Despite minimizing the effects of spectral diffusiand working at low temperature and
excitation intensity, we find that the lowest meadwdecoherence rate (one fourth the SHB
linewidth, or one half the homogeneous linewidf)aith QDs and nanorods far exceeds the
expected radiative decoherence rate of 0.03 GHzeldre, our results are not yet lifetime
limited. This means that sources of decoherenaaied to lifetime dephasing, most likely

due to electron-phonon interactions, remain aativadl the samples studied.

Historical and fabrication notes

Initially, nanostructures were fabricated “from tio@ down” by growing or
depositing one semiconductor on a substrate dfereint semiconductor (most

venerably, doped GaAs on undoped G3Asd then etching away extraneous material.



While this process could yield high-quality quantwmlls, wires, and pillars (vertical
wires) on a sub-micron scale, it introduced far twany optical-property-destroying
defects to the QDs produced.

“Bottom up” fabrication methods are of interesttbtd improve the quality of the
structures produced, but also to address the wisésk of the “top down” methdd.
Towards this end, more specific and controllabliéegal growth techniques were
developed, as well as chemical synthesis methadg/idld different shapes. Epitaxial
growth of self-assembled QDs allows for the proauncof a large number of uniform
dots in a single process stémDs grown epitaxially are (often) pancake-shasdhin,
surface energy, and interaction with surroundintg determine the dot size, shape, and
distribution?? Strain-induced surface fluctuations between tweils of semiconductor
can also act as QDs. Peculiar shapes, such asidgtafii>>have been grown. Chemical
precipitation methods in organic liquids or gelslgihigh-quality, colloidal, nearly
spherical QD€%" and rod&* (which is the transitional state between 0-D asid)1
amongst other shap&s® In contrast to epitaxially grown dots, howeveegpitated
dots always grow with a relatively large size disition (although some part of the
distribution may be removed from the batch usingtygwowth purification procedures).
The advantage of chemically synthesized QDs libéir nearly spherical shape and the
fact that they can be functionalized and attacbeal\tariety of surfaces or even

molecules. Their density is also highly control&bl



Material notes

For optical applications, semiconductors such a&SeC¢thP, GaAs, and Si are popular
materials-of-choicé? This is so for the simple reason that the printgay pathway of
excitons is the production of light rather thanttinahese (sphybridized) materials. The
reason for this is that the creation of an excttoas not distort the lattice much. This
means the Franck-Condon factors are small. The@xmnce created, also experiences
small Franck-Condon factors and therefore a vanw slonversion to heat. This allows

excitons to experience a sufficiently long lifetise that radiative decay can take place.

Plan for the dissertation

As will be discussed in Chapter Two, several patamselay a role in the exciton
energy level structure. The size of the nanostrasthas the greatest effect. Other
determining factors are the crystal field assodiateh the lattice structure, and the shape
of the nanostructure. Our samples range from sphlemods, so we are particularly
interested in the effect of shape: how elongatiotne structure in one direction, and the
associated permanent electric dipole, affects xiosgan-phonon interaction. We
investigate energy level structures of the two rhotpgies.

These rod-shaped nanocrystals are promising fawwsapplications due especially
to the linearly polarized emission that they extiibr® The PL efficiency of nanorods is
also shown to be higher than QBsnd due to their charge transport properties, #ney

investigated as components in efficient solar célls
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In Chapter Three, the fabrication and charactedraif the quantum dot and
nanorod systems are discussed. Optical theoryemttisg hole burning and the
experimental setup, which is used to extract thehdsing time of excitons within the
nanocrystals, is examined in Chapter Four. Thewaig two chapters, Five and Six,
document experiments made on nanocrystal dots (lmwdishell CdSe/ZnS and core-
only PbS), and experiments made on nanocrystal(edsusively core/shell CdSe/ZnS),
seeking the parameterization of factors that imfagethe value of the homogeneous
linewidth.

The final chapter, Chapter Six, also contains amsang of the results and a
discussion of conclusions drawn from the experimeite find that CdSe/ZnS nanorods
exhibit a dephasing rate that is comparable tohkgiter than, the rate in QDs. We also
see that the effects of spectral diffusion on tleasared linewidths of the samples are
different in the two morphologies. The relativeeinidth change over a given modulation
frequency range is close to 75% for QDs, whils ibmly 54% for nanorods. Summaries
of the effects of each parameter on the overalhdsing rate demonstrate a consistent
picture of the types of exciton decoherence thattake place in semiconductor
nanostructures. A mechanism for exciton migratgproposed that may account for
some of the observed decoherence rate in excéss ekpected radiative rate in
nanorods. Appendices discuss detailed synthesteguoes for CdSe/ZnS nanorods and

QDs.
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CHAPTER 2

ENERGY LEVEL STRUCTURE IN SEMICONDUCTOR
NANOCRYSTALS

Zero-dimensional, bulk, and intermediate semicotmlugystems have different
energy level structures. Energy level structureedeg upon a variety of factors such as
the density of states, the Coulomb interaction, @arder-lattice interactions. This
chapter discusses the energy level structurestafabpransitions in semiconductor
nanostructures. Due to the complexity of the caliwoihs, the overview presented here is
mostly qualitative in nature. The discussion begth a general description of bulk
energy bands and then continues with the effeagiaftum confinement, hexagonal
lattice structure, degeneracy of the valence band slight nonsphericity of the dots.
These discussions lead to a reasonable picturgeyband optical transitions in CdSe
guantum dots. The chapter ends with an examinafioanorods, in which the

prolateness of the dots is taken to an extreme.

Bulk crystal band structure

A crystalline lattice consists of atoms arranged negular, repeating pattern. A solid
is crystalline if it has a periodic (translatiovamiant) structure. A variety of atomic
species may make up the lattice. Periodicity isiatias the source of many crystal

properties. Periodicity allows the use of Bloch wa&wolutions to the Schrodinger
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equation, and is the origin of energy band gapsaGtxamples of the origin of band gaps
are worked out in a wide variety of solid state gndntum mechanics textbooks.

The gist of the solution is that Bloch waves aeephoper eigenstates of a periodic
potential. Corrections to the dispersion curvénatlocation of the reciprocal lattice
vector cause discontinuities in energy (see Figut¢. When we switch to the reduced
zone picture, these discontinuities clearly form Iland gaps with which we are already
familiar. It should be mentioned that the bandsraxtestrictly parabolic. However, in
wurtzite, direct, wide band gap semiconductors niv@mum of the conduction band, to
a good approximation, is isotropic and paraboliarne=0>° We can neglect, therefore,

the nonparabolicity of the conduction band in nuastes considered here.

- .= ‘ i '
-3n/a  -2n/a -/a K n/a 2n/a 3r/a

Figure 2-1: Folding of the extended zone which poas the reduced-zone scheme
picture. The valence and conduction bands arelgigilthis diagram as the
parabolas with the narrow energy gap between thetmei center zone. The lowest
state shown is the free electron dispersion.
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The exact arrangement of atoms is an importanigenagion in analyzing the energy fine
structure of excitons. The CdSe nanocrystals usttkeistudies described in Chapters Five
and Six have a hexagonal lattice structure. A hexalgattice structure with a small crystal
field splitting value may be described bguas cubic model, since the wurtzite structure is a
subset of cubic atomic arrangements. This is aabkptor CdSe since it has a crystal field
splitting value of only 25 meV. Despite this simiiig hexagonal and cubic lattices have
different physical structures (see Figures 2-228)land different energy bands (see Figure
2-4). Use of the quasicubic model means that lounls of energy level structure are
performed for a cubic lattice structure rather thdmexagonal one. Corrections to the exciton
fine structure provided by including the hexagatalcture are small enough that they may
be treated as perturbatictis\n additional consideration for interpretationeatiton fine

structure is the presence of defects in the crgstatture. Defects cdrap charge, and,

Figure 2-2: (a) Wurtzite (hexagonal) structure émjcdzinc-blende (cubic) crystal
structures. Figure from Reference 40 Fig 9.7. Timean numerals indicate charge
density planes of interest in solid state physié® wurtzite structure is aligned with
the C -axis alongZz, while zinc-blende is oriented with the (1,1, Ijedtion pointing
along Z.
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furthermore, always change the local potentialggnenvironment that charge carriers
experience. Sometimes defects are deliberatetydnted (for example, by doping the
crystal with a non-native atomic species) in otddest the assignment of certain energy
transitions in the exciton fine structure. In castrto some of the early conclusions about the
origin of exciton fine structure in CdSe Q34> defects do not cause the most prominent
differences in exciton fine structure between Qs laulk crystal. In addition, the topic of
defects is not important for appreciating the bphigsics of confined excitons in QDs.
Therefore, lattice defects will not be explored amyher here.

The bottom of the conduction band (CB) in wurtataicture semiconductors has an
s-like (I =0) nature, and the top of the valence band (VB)ahpdike (| =1) nature.
Atomic orbitals overlap as the atoms are brougbgeltogether, which causes the

eigenenergies of the electrons split and broadenbiands due to the overlap of their

A (Cd)

W\/ B (Se)

A (Cd)
B (Se)

A (Cd)
= B (Se)

Figure 2-3: Wurtzite (hexagonal) lattice and ueil drawing. This is the view

along theC -axis. Along (111), however, within each layer #tems are the same
species and alternate between Cd and Se.
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wave functions. The reason for the p-like VB idefiént for ionic and covalent crystafs.
For more covalent crystals, such as CdSe, the \é@safrom the bonding state of thé-sp

hybrid orbitals.

—

Hexagonal (wurtzite)

a) ”
Cubic (zinc-blend)
7
b) ‘
F=3/2
F=1/2

Figure 2-4: Hexagonal (a) and cubic (b) conduc#ind valence band structures.
Ay, is the splitting caused by spin-orbit interactiand A is the crystal field
splitting caused by lattice-induced strain.
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The lowest CB comes from the lowest empty s-levidse antibonding Sghybrid. We
refer to it as 18 since electrons inhabit the CB. The numeral icatdsn =1 and S refers to
thel =m=0 (lowest angular momentum) state. The first lefé&he VB is denoted 35,

The CB is twofold degenerate, accounting for sjpirmid spin-down states. Similarly, the
VB is sixfold degenerate at tiie-point (the Brillouin zone center) if spin is indkd. In a
hexagonal structure, when the effects of spin-adaipling and the strain induced by the
crystal field (due to the reduced symmetry in theggonal crystal structure) are included,
three subbands split off. They are generally labaleB, and SO. SO stands for split off.

We now begin the investigation of QD band strucstegting from a cubic, rather
than hexagonal, picture. In zinc-blende crystéls,\{B is also sixfold degenerate
(including spin), which corresponds with the panesrbitals. The VB splits at k=0 into
a fourfold degenerate band, the top of which ishtigest VB point, and a twofold
degenerate band, also called the split off bané. Sphit off is caused by spin-orbit
coupling?’ The relatively strong spin-orbit coupling of thates with zero orbital
angular momentum is reflected in the large enehify sf the SO band from the higher-
laying bands. Away from k=0, the fourfold degenenaand splits into two twofold
degenerate bands, called the heavy hole and lmatdands because of their difference

in curvature. The dispersions of the heavy and lgihe bands are described by the so-

called Luttinger parameterg;, y,, and y,. These Luttinger parameters appear in the

Luttinger Hamiltonian, which can be found in Referes 39 and 47y, describes the
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average effective mass, apg and y, describe the splitting into heavy and light hole
bands, among other phenomena.
We consider total angular momentuf, which is the sum of the orbital () and electron

spin (S,) angular momenta. We take eigenstbl%,sﬁ} , analogous to the atomic spin-orbit

description. Recall that can be0,+1,+ 2, .., while electron sping,, may have values of

+1/2.

Within the quasicubic framework, VB states may byéten

P dted e

The aforementioned split off band is representethb% +—;> states. As can be seenin

Figure 2-4, the SO band is sufficiently distantfrthe higher VB levels that it may
usually be ignored in discussions of band-edgesitians. The diagonal matrix elements

of the Luttinger Hamiltonian produce the VB dispensof all three bands. Concentrating

on the upper two bands, a basi§BfF,) =|3/2,+ 3 2 yields the heavy hole band, and a

basis of| 3/2,+1 3 yields the light hole ban®.In particular, the dispersions may be

written
EHH:—;:TB[(y+y2)(k +k?)+(r-2p)k?| (22)
E, =- n [(y yz)(k +k, ) (y1+2y2)k22]. (2.3)

2m,
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The bands have cubic symmetry, which means thatrhatses depend on the direction of
k relative to the crystal axis. In fact, in both icénd hexagonal lattices, the effective masses

associated with the VBs are strongly anisotropitike the CB. The effective massy,, of a

particle whose wave vectdk,, is perpendicular to the polar crystallographis,ax, is usually

much smaller tham, . The effective mass used for calculating the tdeo$states is typically
written
Mo = (M7m )2, (2.4)

The specific heavy hole and light hole effectivesses are expressible in terms of the same

Luttinger parameters used above:

_om _m
M. = . m . (2.5)
oty M -2y,

_om _m

- ’ (2'6)
ey M ey,

Excitons

The band gap of a semiconductor is the energyrelifte between the top of the VB and
the bottom of the CB, and is the energy necessamgate annbound electron-hole pair. This
assumes a direct semiconductor, in which the mimirotithe conduction band and the
maximum of the valence band both occur at the $avakie. Two further assumptions are that
the electron and hole are created at rest anddaig@ apart so that the Coulomb interaction
between them is negligible. If one carrier appreadhe other, they may form a bound stte.

The bound state of the electron and hole is caltesiciton. The binding energy reduces the
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energy needed to form an exciton (carriers alreadglated on creation) to just below the
band gap.
Atomic systems, in particular, hydrogenic systgonsyide a robust analogy for the exciton.

A short review is in order.

Atomic energy levels and the exciton analogy

An exciton in a semiconductor consists of an etecthat is promoted to the
conduction band from the valence band, and thdipelsi charged vacancy it leaves
behind, called a hole. In analogy to hydrogen, lmiclv an electron is bound to a
positively charged proton, the electron and hoéeterund by the Coulomb force and
exhibit discrete energy bands. In contrast to tbena& system, the exciton system’s
lowest energy state consists of zero excitons pteaad the first excited state is reached
when an electron is sent into the conduction bamtitlhe lowest-energy exciton is
created. In the atomic system ground state, ttatreleis already in its lowest energy
orbital and excitation simply promotes it to a reglenergy orbital. One more

complication in the analogy is that excitons intéaith the lattice.

Energy .

533
no
N W

Figure 2-5: First three energy levels gffer hydrogenic atoms.
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Despite the wrinkles in the analogy between exsitmmd hydrogen, the atomic case
can still offer us insight. We offer here the smotof the Schrédinger equation in the
atomic case, assuming a separable wave equatioa Hndpotential. The origin of
atomic spectrum fine structure is largely the saméor excitons. It is found that, for

atoms with one electron,

e-__1 Z%'m,
" (4, 2n°n?

(2.7)

where Z represents the number of protons in théenacm is the reduced mass, and n is
the principal quantum number. Excellent reviewshas calculation can be found in most
quantum mechanics and atomic physics textbdbkse energy levels so derived are the
main electronic levels of the atom. Further enestgyes are available, which are
clustered around each main level and are splittrigisat level. They have much smaller
spacing from each other than the main electromel$edo. These energy states are called
fine and hyperfine levels.

Fine structure arises from relativistic effects duéhe interaction between the
electric field of the nuclear charge (or the hatethe case of excitons) and the relativistic
orbital motion of an electron with spin. For allthbbe hydrogen atom (which has only
one electron), the largest contribution to the Btrecture is caused by the spin-orbit
interaction. This is true also of excitons. Othiée@s are averaged out due to the
presence of more than one electron in the mat@riglirrounding the atom. Hyperfine
structure is caused by the interaction of the nuglmultipole moments of order two and

higher with the electromagnetic field producedhat hucleus by the electrons.
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Exciton varieties

There are different types of excitons—in particusarongly bound, intermediately
bound, and weakly bound. Material properties décthe exciton properties and the
energy level structure. We focus on covalentlyomigally bound crystals. Insulating
materials are more ionic in nature, while semicanadis are more covalent.

Both insulators and semiconductors have a Fernei iethe bandgap. Electrons
surrounding the atoms are prevented from becominijesl to the conduction state
unless they are excited with a high-energy photgohonon. At T=0, the valence band is
completely filled and the conduction band is cortglieempty. At finite temperature,
some electrons populate the conduction band, amé $oles populate the valence band.

Semiconductors and insulators are separated freimaher by the size of their band
gap. By convention,

SC: 0<E, < 4V

2.8
I: E, > 4eV 28)

Strongly bound excitons are known as Frenkel ersitand are often found in solids

Fermi Energy in SCand |

a

Energy

h} occupiable
/ states

Figure 2-6: General energy diagram for insulatoi semiconductors.
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in which atoms only weakly interact with each othiris is the type of exciton typically
found in insulators. The excitons could, in prinejgravel a long way through the
material before getting scattered. However, theyusually confined to a single unit cell.

Weakly bound excitons are called Wannier-Mott eottst(more commonly just
Wannier excitons) and are found in materials forcwhhe converse is true. These are the
excitons most commonly found in semiconductors ciié to say, in more covalent
crystals. The electron and hole can undergo maatyestgs before they interact with
each other. As a result, the exciton is formedodain effective electron and hole
interacting through a Coulomb potential screenethbymaterial’s large dielectric
constant, which is due to strong charge screenjngtence electrons. The curvature of
the conduction and valence bands dictate the eféentass of the electron and hole,
respectively.

Intermediately bound excitons are generally founthaterials that have both some
weakly and strongly interacting properties. In jgaifar, the crystal exhibits a somewhat
even mix of ionic and covalent bonding.

In this document we will concentrate on Wannieritexts since that is the type
typically supported by wurtzite CdSe, the matensed in the present experiments. As
will soon become apparent, despite weak excitodibgin the bulk, the excitons are
more strongly bound in the quantum dot size regifie. energy for strong binding arises
from the considerable spatial confinement expegdry the excitons. Detailed
examination of bulk exciton binding is warranteddoe we delve into understanding the

effects of strong confinement on excitons.
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Working in reciprocal space provides an intuitivetyre for transitions in which
momentum and energy are conserved. When, for examaphoton is absorbed by an
electron in the VB, the momentum imparted by thetph is negligible. Therefore, the
electron-hole system, newly created, must havea ennenentum no different than the
original VB electron.

The momentum of the excited electron is referredstthe crystal momentum, and is

denoted a5k . It is a quasi-momentum for the reasons thatdbisserved only for wave
vectors in the reduced Brillouin zone, and thatBlech waves are not proper eigenstates
of the momentum operatdtin order to interpret the physical meaning of ¢hestal
momentum, we need to understand the exciton matwointhe effective mass.

Exciton motion is separated into two parts: cenfanass (COM) motion, and
relative motion. The COM behaves as a particle withass equal to the sum of the

electron and hole masses.
Moow =M +m,  (2.9)
The COM momentum is similarly (thie is dropped for simplicity)
Keow =Ko +K, (2.10)

The rotational motion reduced masas where

and the related reduced momentum is
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R:%. (2.12)

m,"and m " are the effective electron and hole mass, resgygtiAssuming that the

Conduction
Band

Valence
Band

b)

kCOM=ke+kh

Figure 2-7: a) The single particle picture of aectlon and hole in a
semiconductor. The electron occupies the conduti@md. b) The interaction two-
particle picture showing exciton energy level stuoe in a semiconductor, ks

the intrinsic band gap of the bulk material.
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original valence electron is at rest when it isitby a photonk,,, =0 due to

momentum conservation. Note tHatin Equation 2.12 is a two-particle quantity and
differs from thek discussed previously for an excited electron 8&). In certain texts
the two-particle momentum is denotediasbut the majority of the literature usks

A popular method for finding the energy levelsué system is called tHe[p
method, since th& [p term is eliminated from the Schrédinger equatimntiie exciton

systent’ The result is most appropriately applied to cotiducband dispersion, since
the valence band is complicated by degeneraciesg@littings and is also anisotropic.
Details of the method are widely available in semddqjuantum mechanics textbooks.

The result is essentially reduced to the hydrogemaroblem. The eigenenergies are

4 21,2
E,(K)= -0+ 1K

. (2.13
2h2£2n2 + 2(rne[]+ r,r‘th) ( )

Each energy (at eadh) is labeled by state n. Another way to approaehréisult is that
the exciton energy dispersion is the band gap gnerous the binding energy, plus any

COM kinetic energy contribution that may exist. T

. (N Koy ) = E, ~R L + ke (2.14)
e ’ n’ 2M coum ’

where n=1,2,3,... is the principal quantum numbed, E;‘F:13.Gev *m, /€%, which is
the exciton binding energy. For typical semicondu:;tF{/D Is usually much smaller than

the width of the band gaf5.
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In order to obtain a better physical picture of thgstal momentum, it is helpful to

consider the effective massy’. It is useful to compare a real electron travetimgugh a
material to an effective electron. The real elattravels erratically among the atoms of
the lattice, following a complicated trajectorys fhomentum changes frequently.
Eventually, however, it works its way from somergdh to some point B. If one draws a
vector from A to B, the vector can be considerethadrajectory of the effective electron
(see Figure 2-8).

The effective electron does not move as instaniasigdast as the real electron, but

behaves in a billiards-like manner. It travels isti@ight line with constant momentum,

7k , thecrystal momentum. The effective electron is unimpeded by the réains—it
simply experiences an overall mean-field poteratrad dielectric constant. The effective
mass is actually a tensor and depends on the idindgatwhich the electron (or hole or
exciton) moves. Defects in the lattice merely diler potential the electron discerns. The

main parameter of the effective electron’s appamneation is its effective mass.

Figure 2-8: The path of a real electron as opptséadat of an effective electron in
two dimensions in a triangular lattice.
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The effective mass accounts for the consequendbe @lectron’s existence in a
potential. Therefore, the mathematics used to destne effective electron are similar to
those for a free electron, differing only in the s the effective mass.

As mentioned previously, the bands of semicondsdtmd to be reasonably
parabolic near their extrema. Because the effeatiass is set by the curvature of the
bands, and the curvature is “flat” near the extretima effective masses of carriers are
approximatelyconstant in the region near the Brillouin zone center. Beriing
calculations near the zone center with the assamti constant mass is referred to as
the effective mass approximation (EMA), and is an appropriate description for Wamnni
excitons at the band edge of direct gap semicondacthe use of the EMA is justified
because the Bohr radius for an exciton in the nadtisrlarger than the lattice constant of
the material. The orbits of the electron and hoteiad their common COM average over
many unit cells. The excitonic Bohr radius is tlyeimgen Bohr radius modified by the
reduced mass and the dielectric constant (

a,"=a;"e/m. (2.15)

Essentially, all forces from the other electrond ams in the crystal are bundled into
the periodic potential. Any externally applied fesccause the charge carrier, or carriers,
to react with an effective mass.

The Hamiltonian for the bound state (Wannier exgiio the bulk material can be

described approximately by a hydrogenic Hamiltoffran
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The combination of small effective masses {and m,”) and weak Coulombic attraction

between the electron and hole causes the excitoa fuaction to extend over a large
region. In terms of a hydrogen atom analogy, thedlgap is the ionization limit of the
hydrogenic electron-hole bound states. Absorpticen ghoton of sufficiently high energy
can promote the exciton to the continuum statesebwe band gap, meaning that “free”

electrons and holes are formed with excess kimetgrgy.

Quantum Confinement

There are typical simplifying assumptions usedaiculate the exciton energy
structure in QDs. The first is to assume a culiteck&ain a perfectly spherical nanocrystal.
In addition, only transitions near the band eddaictvis to say, near the Brillouin zone

center, are considered. Subsequent perturbatiadhsst;model based on the lattice

Density of States in a Semiconductor

D Prefactor Energy Dependence
3 () [om® | JE-E0(E-E,)
2 m’/ rih? O(E-E,)
O(E-E,))
(] 2 _ 7
1 \V2m /ﬂh JE-E,
0 2 O(E-E,)

Table 2-1: DOS for electrons in the conduction bahd semiconductot. D
stands for dimension. The 2 in the zero dimensas® s just the spin degeneracy,

since the volume part of the prefactor no longéstex®(E — E, ) =0 for E<E,
and 1 for E>E
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structure and nonsphericity of the dots, amongrdtiiegs, are then included in the
calculation to take into account a more realigjgresentation of the actual quantum dots.
These perturbations help account for experimentddserved exciton fine structure.

An appropriate way to approach the subject of lormvethsionality is to explore the
properties of the density of states (DOS), a quatitat dictates the oscillator strength of
certain transitions. The DOS is derived from thenbaer of states per energy per volume.
This calculation is explicitly worked out in manyodern solid state physics texts.

Table 2-1 shows the DOS for zero to three dimerssittrmust be noted that the
energy across the gap to the bottom of the conolutiand is E The DOS for electrons
substitutes E-Efor E. (For holes in the valence band, E is regddoy E-E.) The DOS is
zero in the energy gap, so all results are onlgbleé in the proper region: Exor E<0).

The absorption coefficient is proportional to th@$®, which indicates that, as the

3-D 2-D
o 1-D 0-D
®)
) \
Energy

Figure 2-9: Density of state graphs for differeimensions.
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dimensionality is reduced, both oscillator strerngytidl absorption become more and more
spectrally concentrated. In our case of interef, @bsorption only occurs at very
discrete energies. This contrasts sharply withatteorption of bulk materials where the
oscillator strength density is uniform throughotggace. In the bulk, absorption
increases rapidly for energies above the bandyap.

Exciton confinement may be approached in a quaidatay. The exciton is confined
by the band gap difference between the materiaimgakp the quantum dot and the

material surrounding the dot. The confinement gjtteffior an exciton depends on the

Energy 3-D 2-D, 1-D

L

Crystal Momentum
or Equivalent (for D<3)

Figure 2-10: Dispersion relations of electrons hakbs for different
dimensionalities. For all cases, the dispersiomvalphe thick, horizontal zero
energy line are for electrons, and the disperdi@hsw are for holes. In the 2-D
and 1-D cases, the dispersion shown is for theimeamfdirection(s) only, while the
3-D dispersion can be used for the unconfined toe(s).
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Bohr radius of the same exciton in the bulk sentdemtor, 8, in conjunction with the

size of the dot. Confinement increases the eneftgrehce between the excited and
ground states.

Weak confinement occurs when the nanostructureetenm?R, is much larger than
a;™. In this regime the confinement kinetic energgrsaller than the Coulomb
interaction energy between the electron and hole.

When a;* and 2R are comparable, the exciton exists inrttegrediate confinement

regime. This is the same as saying the confinemetyy, arising from the exchange
interaction, is of the same order of magnitudenasGoulomb energy. The intermediate
confinement regime is the cross over to the sadattolecular limit.

Strong confinement is the case relevant to mot@tamples examined in this

dissertation. The electron-hole pair is stronglgfoted when 2R is smaller tha*™. (In

CdSe,a,™ is 5.6 nm.) In this regime both carriers are iretefently confined. The

exchange interaction is very strong since the elaand hole wave functions overlap
dramatically, and, in fact, the confinement enasgymuch larger than the direct Coulomb
interaction (and opposite in sign). The Wannieilitexccan no longer be said to exist
since the Wannier Hamiltonian (Equation 2.6) idormer reasonably accurate. Now an
exchange interaction term must be included, andlitleet Coulomb term may be
neglected. Therefore, when we use the term “exsitonquantum dots, it is a misnomer

and really refers to correlated electron-hole paiguantum dots.
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The exciton has a series of excited, discrete batatds approaching a bound-pair
ionization limit (with increasing principal numbe), corresponding to a positively
charged nanocrystal and a free electron in vacise® Figure 2-7 (b)). However, it must
be borne in mind that a nanocrystal is not largeugh for the intrinsic material band gap
to form; that is, to sustain non-interacting, Bldagpe plane wave electron and hole
eigenstates at the band edges. Confinement calesegaband gap and atomic-like
discrete states (see Figure 2-11). Because thea@iduole pairs in CdSe are weakly
bound, we consider the energy structure only eaband edges. This simplifies the
mathematical description of the exciton energyleve

In quantum dots, the exciton experiences the palaerfta 3-D quantum mechanical
square well. Because we overcoat our quantum dthisawarger band gap
semiconductor the excitons are in a finite poténtill and can experience a small
amount of wave function leakage outside the coth@tot, leading to a larger effective
dot size. Chapter Three contains more informatlwouathis phenomenon. As indicated
in Figure 2-11, energy bands for electrons in tBea@d holes in the VB break up into
discrete, atomic-like levels in the 0-D case.

In a potential well with infinitely high barriers,

K2

= " h=123,.. (217
" 2m, (2Ryn? ( )

There are an infinite number of bound states.tReihalf-width of the well (or the radius of the

nanocrystal). In a real QD structure, there ameite humber of bound states. To a
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good approximation, they still follow the? law* As R - 0, E, diverges. In areal

structure, the states converge to the Bloch stéteg barrier material; in our case those of ZnS.

Since the ground state energy is now larger thamntininsic band gap, we can readily
see that confinement increases the energy of tticoexsystem. The exciton experiences
an enhanced Coulomb (attractive, in this casejant®n. In particular, the exchange
interaction plays a very large role in the energels of strongly confined excitons.

The exciton energy level structure consists ofttaesitions between discrete
guantum levels of the electrons and holes. Thedpproximation that we made, that
CdSe is a zinc-blende material, has the r&stilat multiband effective mass theory that
takes VB degeneracy into account successfully desssmost aspects of the spectra
obtained spectroscopically. However, some of tt@tatxon spectral features are not
explained by this theory. In particular, the photoinescence (PL) of CdSe QDs is

redshifted relative to the excitation frequencyisThtokes shift (defined shortly) of the

23eV
ZnS

a) 1.73 eV b) %
K

CdSe

Figure 2-11: (a)Discrete energy levels in a CdSatum dot. Wave functions are
shown for the states showr?. The listed CdSe band gap is the intrinsic band gap
value at room temperature. At low temperature tidaeris 1.84 eV. (b) Energy
levels in a perfect square well with infinitely higotential barriers.



34

PL with respect to the first absorption peak isparge far from the band edge, while at
the band edge (near tRepoint) it is much smaller. Additionally, the exait has an
unexpectedly long radiative lifetime (1% at 10 K) compared to the bulk (~1 ns).

In a resonant excitation experiment, where pumiaikgs place at the band edge energy,

transitions associated with the lowest bright s{llﬁtb: 1) are probed’ As will be discussed in

Chapter Four, we resonantly excite excitons irsannple while undertaking spectral hole
burning experiments. Excitons formed in the loviseigtht state thermalize to the exciton
ground state, which is a dark (optically passitees This will be explored further shortly. The
Stokes shift in this case is the difference in gneetween the lowest active state and the dark
ground staté® The Stokes shift increases with decreasing siaeieder, in order to take
luminescence data, we excite at an energy welleath@/band edge. This is the so-called
nonresonant case. The nonresonant Stokes shié fference in energy between the lowest
energy peak of the absorption and the peak otithénhomogeneously broadened
photoluminescence (PL). The PL is inhomogeneousigdened because there is a
contribution from every QD in the ensemble samplech typically contains a variety of QD

sizes.

Energy level structuresin quantum dots

Let us set out the starting point to which we imiifoduce perturbations. We have a
perfectly spherical CdSe QD. We use the quasi-cubitel to describe the lattice, and the
structure size is small enough that excitons atlegiistrong confinement regime. The exciton

ground state of the spherically symmetric dot isotled 18LS, 32 and is eightfold degenerate.



35

As intimated by the previous mention of opticahifions that lift an electron from the VB to
the CB, dipole transitions between VB and CB dmald. Dipole transitions are allowed due
to the p- and s-type character of the VB and C&eetively.

In the strong confinement regime, electron and Wwalee functions are modified spherical
harmonics. The carrier energy levels are similéindse discussed for the bulk material, except
that they are proportional to the inverse squatkeflot size, which emphasizes the effects of
confinement energy. We also assume, in our fidsragipproximation, that the VB is
unaffected by k and®lterms arising from the inversion symmetry of time:blende lattice,
among other causes, and that both the CB and Vpaaabolic. Throughout this section we
rely heavily on Reference 52 as the descriptionddbere is exceptionally well-suited to our

CdSe QD system.

Splitting caused by hexagonal lattice structure

The fact that the lattice is, in fact, hexagontileathan cubic is a perturbation that helps

split the fourfold degenerate hole state into woftld degenerate states having angular

momentum projection$L| ,of +1/2 and+3/2. A, in Figure 2-4 (a) shows the crystal field

splitting associated with the hexagonal latticee Value of the splitting as a perturbation is
Aint = ACFU(ﬁ) ’ (218)
whereA.- =25 meV in CdSe and(f) is a dimensionless function that describes tieagth

of A

int

as a function of the ratio of light hole to hetnoje effective massed. . does not

int

depend on the QD siz| =3/2 is the ground state.
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Splitting caused by nonsphericity of a QD

The specific case of prolate nonsphericity is irtgourfor our eventual focus on nanorods.
Prolateness means that the extent of the dot it theis direction is larger than the extent of
the dot in the direction perpendicular to thexis. A nanorod is an extremely prolate
nanocrystal.

QD nonsphericity also has the effect of splitting fourfold degenerate VB into two
twofold degenerate bands. The nonspherical shapedsled as an ellipsoid. The deviation
from sphericity is defined as the ratio of the traf the major to minor axes, which equals

1+u, wherey is the ellipticity. Nonsphericity gives rise tditmg
Anonsph = Zluu (ﬁ)E?;/Z (:B) (219)

where By is the 1§3,ground state hole energy for spherical crystalssemadius, R, is

R=(b%)%. (2.20)
The minor and major axis lengths are b and c, céisply. u is another function dependent on
the ratio of light hole to heavy hole effective segsu is negative in CdSe. SincgHs

proportional to the inverse square of the QD radlys,,,, issensitive to QD size. The net

splitting decreases with increasing size in prdjat®) QDs.
The net splitting of the hole state is

A=A +A . (2.21)

hole nonsph int
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Effect of electron-hole exchange interaction

The exchange interaction drastically alters theggnkevel structure in QDs from that
of the bulk. The exchange interaction has two neaimsequences for the EMA theory:
along with the nonsphericity and crystal fieldaléo breaks the eightfold degeneracy of
the spherical band edge exciton, and, of partidoigort, it mixes different electron and
hole states.

The Hamiltonian for the exchange interaction isten

H@(ch = _(gj ge><cha035(re - rh)(a-u]) (222)

where¢,, is the exchange strength constamtijs the lattice constanty is the electron

spin-1/2 Pauli matrix, andlis the hole spin-3/2 matrix.

In the cubic lattice EMA theory, in the bulk matdyithis exchange term alone splits
the eightfold degenerate exciton ground statearfigefold degenerate optically passive
(dark) state with total angular momentum 2, anlredfold degenerate optically active

(bright) state with total angular momentum 1. Tépétting is expressed in terms of the

bulk exciton Bohr radiug,* as

(82 )
heg _(3nj(a;xj Eoen- (2.23)

When the hexagonal lattice is included (in the pulkis term instead splits into a

triplet and singlet, separated by
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ha, =(3j(%] £on.  (2.24)

)\ ag

In CdSe QDsjicw, =0.13 meV anck,

exch

=450 meV (fora,"=5.6 nm).

Net effect

With all three effects taken into account, the lyexeal lattice, nonsphericity, and
exchange interaction, the original eightfold degateeexciton has been split into a total
of five states. Each state is labeled by excitdal @ngular momentum projection,

F =L+s,. Figure 2-12 shows the size dependence of thestsldoth the exchange

interaction and nonsphericity have size dependsribgg play into the net picture.

How perturbations affect empirical exciton fineusture

Optical transition probabilities are strongly atist by exchange interaction-induced
mixing of the electron and hole states. Howeves,dptically passiv¢F | =2 exciton
states are unaffected by this mixing. These staepassive in the optical transition (in
the dipole approximation) because photons canmog ea angular momentum a&f2. In

the bulk this is the fivefold degenerate groundesta

In the strong confinement regime, the splittingha exciton levels can be considered

a perturbation to the exchange interaction, whicdwg as]/ R®. In this case, the wave
functions of thet1-,0", and+ :exciton states turn into the wave functions of the

optically passive exciton with total angular momant2. The wave functions of thel”
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and 0" exciton states become those of the optically aaixciton states with total
angular momentum 1. The active states carry nedlrtite oscillator strength.

Optical recombination of the dark state is possibieugh the application of a
magnetic field. The field mixes dark and light e&atin zero field, the exciton lifetime is
very long since the only recombination pathwaystlareugh LO phonon-assisted or
spin-flip assisted transitions. Recall that in diygole approximation the lifetime of the

exciton in the dark state is infinite.

Energy level structuresin nanorods

Nanorods are cylindrically shaped nanocrystalshictvstrong confinement is

d) Exp. Shape = %
xp. Shape
" Distribution Uu/ w0
+1”/
- m
L -4 20 g
P o 3
H"""\-..H" L"“--..,___ S
= “"“*H_‘I 3 -20
12_“_‘
C 1 I ] I - -40
0 2 4 6" 8 10
1/a° (10*A®)

Figure 2-12: Size dependence of the exciton bagd stiucture in ellipsoidal
hexagonal CdSe QD with ellipticity taken to be ptel where the size dependent
ellipticity function is determined empirically. Sme: Reference 52. The dashed
lines represent dark states, while the solid Ine@sesent bright states. The
numbers are total angular momentum values, anddl.anean upper and lower
(related to the sign conventions of the mathemiagixressions for the plotted
states). The dot radius is denoted he important thing to notice is that the lowest
energy exciton state is dark.
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maintained in two directions. However, due to eltran of the third direction,
confinement in that direction is weaker. Both radamd length can play a role in nanorod
optical and electrical propertié&Nanorods are the experimental realization of the
transition from 0-D to 1-D nanostructures. The nuadgtn explored nanorod energy level
structure theories have been modified nanowirerteg9°%>> and arise from either
multiband effective mass theory or pseudo potettiebry. The two approaches usually
yield similar results.

Nanorods have different optical properties tharesighl quantum dots, particularly:
their emission is highly linearly polariz€d>*their transitions (which control oscillator
strength) are essentially dependent on 1-D excitotigheir lifetimes are shortép;®
they have higher PL efficiency:they have an increased global Stokes shifiey have
a permanent electric dipole momé&hand, as we will see in Chapter Six, the zero
phonon transition has different dependencies oontsgaliffusion and pumping intensity
than QDs. The linearly polarized emission propbgyg garnered the most interest in
terms of its applicability to low-power lasers asttier devices®>*>°

Linearly polarized emission is largely attributablidethe dominant presence of 1-D
excitons in nanorods, a phenomenon which itseifdsnoted by dielectric confinemetit.
1-D excitons form along the long axis of the nawott*®>"°%0-D excitons, as are found
in QDs, are less energetically favorable due to thigher confinement energy and so are
less likely to form if the 1-D morphology is preselhis reasonable that in a non-ideal

rod structure excitons experience some localizadiwhlocation-hopping within the rod.

This will be discussed in greater detail in Chaj3ex.
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In 1-D the band gap of CdSe is insensitive to émgih of the rod. When the length is
reduced until this sensitivity appears, the nanstatycan no longer be considered
identically one-dimensional. The transition také&scp when the length of the rod and the
Bohr radius of the 1-D exciton become comparable.

The presence of length insensitivity for a paracubnge of rod optical transitions
has sometimes led to the conclusion that for mdSehanorods, radius is more
important than length for determining exciton fsteucture>® The presence of 1-D
excitons, as opposed to 0-D excitons, actuallyahlasger overall effect. Additionally,
there is a critical radius (3.7 nm, such that tlzengter is a little larger thaa,™) above
which the 1-D exciton ground state is dark, likesgherical CdSe nanocrystals, and
below which the ground state becomes opticallywacfi This state switching
phenomenon is based on the one-dimensional exchiategaction.

In the case of cylindrical quantum wires, the Vates are admixtures &, ,,, and

S.4. (light and heavy hole) stat8bRecall that before any modifications are made, the

VB of a cubic structure spherical QD is degenertstorting the shape of the crystal

into a flattened sphere shape breaks the degend&aaghly, the heavy hole states move
lower in energy while the light hole states mowghleir. If the oblate shape is now
elongated along one direction, rotational symmisttyroken and the resultant shape may
be used as a model for a nanorod. The elongatigasithe heavy hole and light hole

(F,=+3/2 and F, =+1/2) states. The exchange interaction is the mechalyswhich

the fourfold degenerate grourg,, state is broken (in the proper radial range) and i
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represented by Equation 2.22 in conjunction withi&gpn 2.24. The ground state is the

S.y2 F, =0state below the critical radius, and is tBg,, F, =+2above it’*® The

z

F, =+3/2,+J 2 states are split into two twofold degenerate bdryguantum

confinement. Neglecting any coupling between etecstates and the VB, the electron
states are not modified by the shape distortion.

The heavy hole §, ;,) exciton has split into an optically acti¢e state and a

forbidden+2 state, which is the ground state for r_. All the states have a size

dependence on the radial extent of the rod; theyhleale-like states have the steepest

dependence. At about (depending on the partictdées the critical radius, as r is

reduced, the§, ,, F, =+2,+1 states intersect th§,,, F,=0",+1,0 states. This is the

z

radius at which the ground state switches. Instéelg, ,, F, =+2,itisnow S,

z

F, =0. The different ground state leads to longer de¢irags for PL from rods with radii

below r_, as observed experimentaif}?° The angular momenta of the states are all

projected along the long axis of the rod.

Shabaev and Efros describe the recombination ofretes and holes within the six-
band model used for QB3 They find that théinearly polarized emission is from the
upper 1-D exciton sublevels. As these levels becdepepulated at lower temperature,
the PL is expected to become less polarized. Exygstial studies published to date on

linearly polarized emission from nanorods haveysbdtaddressed this prediction.
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The shorter radiative lifetime experienced by extstin nanorods, as compared with
QDs, can be ascribed to three different factoreséhare: 1) an enhanced electron-hole
Coulomb interaction that reduces the exciton’s &l increases the probability for
recombination). 2) An exciton localized near a mads center has an especially large
oscillator strength. Localization near the censegin artifact of the ellipsoidal model used,
in which the center of the rod has a larger rathas any other part of the rod. This
variety of localization contributes to the recondiion probability of the exciton. 3)
Finally, there is a lack of dielectric screening fidotons. If photons are not screened the
emission of photons by dipoles parallel to theloody axis is favored, which dovetails
with the available transition states of 1-D exc#on

Next, we examine the fabrication of both dots aydkrby chemical means. The

experimental setup and saturation absorption speaipy are explained after that.
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CHAPTER 3

NANOCRYSTAL AND NANOROD SYNTHESIS AND
CHARACTERIZATION

This chapter gathers, discusses, and relays metiapewing and characterizing
CdSe/zZnS core/shell nanocrystals. Many fine panésnot covered here, but this chapter
should provide a starting point on how to synthesiad characterize nanocrystals.
Appendices A and B give extensive detail on the@dores of growing quantum dots
and nanorods, respectively, and should be usegfierence. They are written in a
“teaching” format, in the event that another studeishes to produce nanocrystals
themselves. The order to be followed begins wisyraopsis of the fabrication of the
CdSe stock solution followed by the procedure &trication of the ZnS stock solution.
Next the synthesis of the nanocrystals is discyssid the purification and size
selection procedures explained in brief. This chgph keeping with the synthetic
method, contains descriptions and uses of varibasacterization techniques such as
absorption, photoluminescence, and Transmissioctigle Microscope (TEM) imaging,

while explaining the effects of different parameten nanocrystal growth.

Nanocrystal synthesis

Semiconductor nanocrystals, used for the experisndistussed presently, are grown
in a hot liquid solution. The resulting crystale eolloidal which means that they are

within the nm taum size range and are suspended in another mediditierent phase
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of the same material as the crystals. The crysalhucleate at high temperature from
liquid precursors. The advantages of colloidal maystals over self-assembled dots are
their dispersability and easy placement on mangtsates or in a variety of matrices
with any concentration of nanostructures. Additlgnahrough an annealing process and
the presence of a shell, surface defects are rddaroeind the core of the nanocrystal.
Due to the crystals’ spherical shape, the annealingess, and lack of wetting layer (a
by-product of molecular beam epitaxy consistingxifaneous atoms in unintended
locations) directly outside the dots, strains atrianocrystals’ surface are capable of
being higher than in self-assembled QDs withoutimhent to the quality of the QD.

Nanorods, which are nanocrystals that have growenarcylindrical rather than a
spherical shape, are sensitive to similar deféchss been demonstratédhat a shell
layer covering the core of the nanorod elongatesidtay time of higher energy states by
a factor of 2.5 (200 fs versus 500 fs). The retetiop between the presence of a shell and
decay time is due to the remediation of unpassivaieface states that cause carrier
trapping.

The radius and shape of nanocrystals are contrbitaticleation and growth
temperatures, the monomer density, and by botkgheific stock solution chemicals and
growth medium. A variety of shapes can be syntleeliZ*®3 but spheres with radii
between 2 and 4.5 nm and rods végpect ratios in the range 2.2-9.17 have been the

current focus.
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Figure 3-1: Colloidal nanocrystals nucleate oua difjuid solution containing
precursor materials. Nucleation occurs at a higiperature and growth at a
somewhat lower temperature to reduce the incidehoew nanocrystal formation
after the initial nucleation stage.

The synthesis requires two stock solutions, ongloth contains the precursor
materials for the core of the nanocrystals (cadnmsefenide, CdSe), while the other
contains the materials for the shell of the nanstadg (zinc sulfide, ZnS). The cores are
grown first, and when completed, shells are growrnhe outside to encapsulate the cores.
The resulting crystals are nearly spherical witheas ratios in the range 1.1-1.3, although
larger crystals exhibit some prolateness and fageti

Two elements of the synthesis specifically proteetquality of the nanocrystals.

First, the synthesis of the nanocrystals is arfrag-process that shields the materials
from oxygen. Specific procedures are detailed é@Nlanocrystal Synthesis section
provided in Appendix A. The Schlenk line and gldex sections of a chemistry

techniques manual provides further information i+frae techniques.
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Figure 3-2: a) Colloidal CdSe/ZnS core-shell napstad with a ligand shell
made up of trioctylphosphine oxide. The core hasidzite structure. b)
Bandgaps of the core and shell materials.

Second, the shell layer protects the nanocrysteds synthesis. The shell layer is not
strictly necessary because the uncapped coresdgoenUncapped cores are usually
referred to as “bare” despite the usual organandyshell. In our samples, this ligand
shell is TOPO (trioctylphosphine oxide). The ligasiekll prevents aggregation of the
nanocrystals in the solvent. The semiconductod gimebur case ZnS) is important for
passivating core surface defects. The presendeeditell improves the quality (e.g.,
guantum yield) and the shelf life of the samplee Bhell protects the core from the
degrading effects of oxygen, and, once annealdps lheduce the number of surface
trapping states on the core. We choose to growssbieh much larger bandgap
semiconductor than the cores, reasoning that thiéssbptical behavior does not
significantly affect the quantum dot core behavaord that the shell provides an
acceptably “stiff” wall for better confinement oharges (in the quantum mechanical

potential well sense).
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igure 3-3: TEM image of CdSe/ZnS core/shell naystals. TEM magnification
used was 430 kx, and the voltage used was 120 Ka¥/scale bar represents 20 nm.
Note that some crystals are slightly more prolagmtothers.

The synthesis procedures used in this study toymedpherical nanocrystals are
similar to those developed by Xudong Fan and Markdrgafi* who worked from
earlier paper§®°>*°>®additionally, for this project, changes were maoi¢he
nanocrystal growth process (following Mokari anchB&®), so that nanorods could be

produced.

Synthesis process

The stock solutions are made at room temperatuaa mir-free environment. Table
3-1 lists the components of each stock solution.gash solution, some amount of TOP
is transferred to the storage vessel, the otheiingi@dients are added, and then the

remainder of the TOP is added. Finally, the sofutgostored in a nitrogen-purged storage
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vessel, at room temperature, in the dark in ordl@vbid photo-induced degradation or
nucleation. Both air and light can degrade thetgmis. In general, the CdSe stock
solution degrades much faster than the ZnS stdcki®o. Precipitates form in it after a
few days to weeks, depending on how well it hasilstered. The remainder of the
solution may still be used, but with lower qualigsults as time passes.

Nanocrystals are made using organometallic syréhAsi mentioned previously, the
crystallites nucleate from liquid precursors athhigmperature. The rate of growth and
final size are controlled by temperature and th@oneer density of the stock materials in
the organic solvent. The nucleation process isatkdt by the surface area to volume ratio.
A free energy barrier must be overcome in orddotm a stable, consistently enlarging,
core (see Figure 3-4).

A lot of energy is associated with forming theffiittle bit of surface. In the growth
process of a nanocrystal, an elevated growth soldémperature (typically about 360°C)
is used to provide the energetic push needed thtbeninitial core stage over the free

energy barrier that has a maximumchee critical radius. The crystallites formed athhig

CdSe core stock solution ingredients  ZnS shellkssotution ingredients

24 mL trioctylphosphine (TOP) 24 mL trioctylphosphine (TOP)
0.2 g selenium 0.52 mL hexamethyldisilathiane

0.25 mL dimethyl cadmium 3.5 mL dimethyl zinc

Table 3-1: Materials used in stock solution fakiraa
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Figure 3-4: The dashed line represents the achgabg landscape that a
nucleating drop or crystal must transition throagtit grows. There is an initial
energy barrier that must be overcome in orderlfemanocrystal to consistently
grow, as opposed to dissolving back into the liqlilae critical radius, at which
continued growth is nominally ensured, is denoteaahrthe figure.

temperatures are larger thgnand so are more likely to accumulate atoms tbhdodse
them. The temperature of the growth solution isdied by 40-60°C after the initial
injection of stock solution (for a temperature 806°C).

Our emphasis has been to grow larger, ratherghealler, nanocrystals that
fluoresce more to the red. By doing so, we havereasthat the absorption curve of the
nanocrystals is accessible to the lasers availalitee lab.

If one were simply to inject all the core materialonce into the growth medium,
then the growth rate of the nanocrystals would lgekgat first, and then slow due to an
exhaustion of the monomer (e.g., Cd and Se atonpp)ls still free in the growth
solution. Only large or small CdSe nanocrystalsai@enn the solution. Atoms are
continually leaving and adhering to the surfacethefnanocrystal cores at a rate dictated
by the temperature. Larger crystals tend to capurd keep) more atoms due to their

greater surface area. At this stage, when theresmentially only large and small crystals
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left in the solution, gaining and losing atoms frdmeir surfaces, Ostwald ripening
becomes the dominant growth process. Ostwald mgesia thermodynamic competition
between the growth of larger crystals and the tlisem of smaller (less stable)

crystals®’ In particular, the larger nanocrystals must caalike the atoms from smaller
crystals in order to continue growing. Figure 3rByides an experimental demonstration
of this effect. This type of growth of average nenystal size is a slow process. In order
to hasten growth, Xudong Fan found that four egqujattions of stock solution several
minutes apart reduced the growth time of large ogrstals considerably by providing

fresh monomer&*
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Figure 3-5: Ostwald ripening demonstrated througgogption spectra of uncapped
nanocrystals cooked at 280°C for (top curve) 30uteis and (bottom curve) 110
minutes. Note that the peak moves to the red (famgstals) with time. The size
distribution also increases, as is evidenced byptbadening of the absorption. No
additional injections of stock solution were maaéween these two aliquots of the
sample. The vertical line is a guide for the eye.
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| have developed an even faster growth methoteddsof a few large injections, |
inject one quarter, or less, of the material quickhen inject the rest of the stock solution
dropwise with one drop every ten seconds. The ftatess takes about 20 minutes,
while the process developed by Dr. Fan took ugt@sal hours and sometimes required
overnight growth with frequent monitoring.

We usually have a particular luminescence wavdhenghind when we set out to grow a
batch of nanocrystals. In order to grow a batatmamiocrystals that luminesce at approximately
that value, we can manipulate the timing of stadit®dn injection, change the amount of
solvent in which the nanocrystals are grown (is tlaise, trioctylphosphine oxide; this affects
the monomer density), or we can alter the temperaiine size of the growing nanocrystals is
monitored using a UV-vis spectrometer, which irageh aliquots of the sample in the
ultraviolet through visible range and collectsdhsorption spectrum. (Taking small samples
from the growth batch for characterization is chftaking aliquots.”) As the crystals grow
larger, the luminescence peak moves to the rexinfiportant to remember that absorption and
photoluminescent emission are offset by an (apprataly) 15-30 nm Stoke’s shift, and that
photoluminescence will be to the red, the longearelength side, of absorption.

We can use the otherwise detrimental Ostwald mgegiowth dynamic to our advantage
in order to tighten the size distribution of th@oerystals at the end of the growth process. To
do this, we quickly inject a very small amounttoick solution (about 0.2 mL) and then lower
the temperature to ~280°C. This works well becaosall crystals can add radius (which is to
say, volume) more quickly than large crystals withsame monomer availability, and during

this stage, the size of the small crystals carhagido the size of the large crystals.
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The addition of a shell when the anticipated sizeeached does not shift the
absorption peak noticeably, and helps prevent éar@stwald ripening of the cores by
removing access from the growth solution to the @oms (see Figure 3-9). For very
monodisperse samples there is a small redshifteged with the addition of the shell. It
is caused by a little bit of carrier wave functieaking into the shell layer which results
in an effective increase of the quantum dot’s size.

For shell growth, the solution temperature is ladeby approximately 80°C from the
core nucleation temperature. As already mentiotiesl femperature is often 280°C. The
shell stock solution is added dropwise, to preygaviding a stock-material monomer
density high enough to cause new ZnS nanocrystdtsin, even at a low temperature.
Drops may be spaced closely in time, however,afgfrowth solution is rapidly stirred.
The newly added Zn and S monomers find it energiti€avorable to adhere to the
outside of the already-formed CdSe cores in a pooéheterogeneous nucleation. Thus,
a shell layer is created that overcoats the coteeohanocrystal. The shell’s outside
surface is, in turn, passivated by TOPO molecules.

Finally, the solution is allowed to anneal at 1006€one to two hours. This gives
the atoms both the thermal energy and time toaage themselves into their most stable
(lowest energy) states in relation to their surdings. In particular, the strain and
surface defects at the interface between the cateslaell materials are reduced to their

lowest levels.
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The nanocrystals are subsequently purified in cimleemove extraneous stock
solution material and growth solution material lvefthe batch is stored. The process is
detailed in Appendix A.

Once growth is complete, the average size anddsspebution of a nanocrystal batch
is determined by using the UV-vis spectrometeraificm the absorption peak, and by
measuring the width and peak value of the photalestence (PL) spectrum. PL is
preferred for analyzing the size distribution siftsebackground noise levels are lower
than in the absorption measurements. The widthePi_ spectrum corresponds roughly
to the size distribution width. At high nanocrystiginsity, dipole-dipole energy transfer
between crystals can broaden the PL spectfufo.reduce the size distribution, it is
recommended that the nanocrystals are reprecigit@ite methanol and subsequently
centrifuged and redispersed with chloroform twahvee more times. For best reduction
in size dispersity, a similar amount of the twovealts should be used. (For example, a
generally successful ratio is 1:2 (volume/volum@pmoform:methanol mixed vigorously
in the sample vial.) During centrifugation, smalteystals stay suspended in the
chloroform longer than large crystals, so shortriigation times will allow relatively
small crystals to be removed from the batch wltgér crystals are precipitated out of
solution. The supernatant may be centrifuged mangdr on its own to recover the
smaller specimens from the batch. The nanocrystaisnow be stored in chloroform,

under an inert atmosphere, and in the dark to pitgyoto-degradation.
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Nanocrystal batches

The following are tables of the parameters usdtiersynthesis of a representative
sample of spherical nanocrystal batches. It isucstze to note the relationship of the
eventual size and PL peak location of the nanoalysthe volumes of materials and the

temperature at different steps are also importanbte.

Amt. CdSe Temperature Egigﬁi’fﬁ;
Batch Stock Solution | of initial .
TN first shell
(mL) injection (°C) | . = .
injection
302, dropped | _ .
ST-119-1 1.2 t0 290 ~ 20 min
11E. {presume - .
ST-115-2 1.0 320} ~ 20 min
ST-119-2 1.2 320 ~ 10 min

Table 3-2: Parameters for representative batchsgherical nanocrystal cores.

Amt. ZnS Stock Te_m_p_erature Annealing
Batch Solution (mL) of initial Time (min)
injection (°C)

ST-119-1 3 230 70

e {presume=
ST-115-2 3.3 280} 120

110 {presume=
ST-119-2 3 280} 75

Table 3-3: Shell growth parameters for represergdiatches of spherical
core/shell nanocrystals.

. Room Temp. Low (Liquid
Batch Total Diameter Absorption Room Temp. He) Temp. PL
(nm) (nm) PL (nm) (nm)
ST-119-1 5.0 610 643 640
ST-115-2 4.5 580 618 610
ST-119-2 3.9 565 595 592

Table 3-4: Size versus absorption and PL for aaissptative sample of spherical
nanocrystals.
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Figure 3-6: CdSe nanorods. TEM magnification wa@ iB4and voltage was 120
keV. The scale bar represents 20 nm.

Synthesizing nanorods

Largely based on Mokari and Baffinwe have synthesized CdSe/ZnS core/shell
nanorods with a range of aspect ratios 2.2-9.16 Fsgure 3-6). The synthesis is very
similar to that described earlier for spherical aaystals. One major and notable
difference is that the core stock solution contaimsuch higher concentration of
precursor materials. These materials, due to tigir concentration, appear to start
forming small, undirected molecules on their owthwni a few days of stock solution
creation. Under nanopatrticle growth conditionsséhpre-formed molecules promote
growth in several directions, but not uniformly,teat no well-shaped cylindrical cores
are produced. These particles do not produce Iisneree and appear black to the eye,
while properly made nanorods appear brown or réddaye under white light due to
their colloidal size (and consistent size withie thatch). TEMs of these malformed

particles show a range of shapes, from knobby ggherbranching rods (see Figure 3-7).
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The practical result of this tendency is that higlality nanorods may only be grown
using a freshly-made core stock solution. It appdaat the limit on the amount of time
the core stock solution may remain unused is afoauitto five days after production.
Two other major differences between nanorod andergstal growth are the
addition of a long-chain phosphonic acid to the TO#lvent, which induces preferential

growth along the c-axis of the nanocrystal, andrig ligand exchange of the TOPO

Figure 3-7: Nanorods batch 7. Notice the forkedeappnce of some rods, and the
scraggly, messy appearance of the total collectionds. TEM magnification was
160 kx and voltage was 120 keV. Scale bar lengiresents 20 nm.
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with an amine ligand following core-growth and lrefghell growth. The ligand
exchange helps produce a better quantum yield themods. Appendix B covers the list
of ingredients for the nanorod core stock solutlbalso provides a brief synopsis of the
steps of the synthesis because they are a liftereint than those used for nanocrystal
growth.

TEM images of NRs reveal cylindrically-shaped paets. The aspect ratio can vary
within a batch, primarily in the length directid?L profiles are typically broad for rods.
This broadening may be ascribed to physical silsa@ inhomogeneous broadening due

to variation in both rod dimensions (radius andytain

Characterization of the brand-new nanocrystals

Nanocrystals are characterized in terms of thee,shape, photoluminescence,
absorption profile, and quality. A transmissionctlen microscope operating at 120 keV
is appropriate for noting the size and shape, aittl,proper focusing and astigmatism
control, can reveal the actual crystal planes. alirspectroscopy gives values of
absorption and photoluminescence intensities vexswelength (which indicates size as
well) and quantum yield, which is an indicationqufality. The size distribution is
directly tied to the photoluminescence curve’'s FWHMiantum yield is defined as the
ratio of the emitted photon flux to the incidenbpin flux. The quantum dots

synthesized by the above method typically haveaatyum yield approaching 100%.
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Absorption

Figure 3-8 presents two nanocrystal absorptiontspethe graph on the top (fig. a)
represents a batch of smaller nanocrystals thagrdph on the bottom (fig. b).

The absorption of the sample is taken repeatedinglgrowth, so that the growth
may be halted when the absorption peak reachetethieed value in wavelength. For
studies described in Chapter Five, this methodhatbthe author to grow batches of a
variety of sizes (see Table 3-2 for a sample), evinihintaining absorptions within the
range of available lasers. Once the shell layadded, there is no change in the location

of the absorption peak (see Figure 3-9).

a) small
nanocrystals

b) large
nanocrystals

Absorbance (a.u.)

[P TP TP PR U PR NEPU NPV SAPUY SRPU SRNPUR PR U NAPU BNU NS BPUN RO AP |

5;0 5(;0 5;0 5;!0 5;0 6(;0 61]0 6;0 61130 6«;0
Wavelength (nm)
Figure 3-8: Absorption spectra for two batches d6€ cores of diameters a) 3.9
nm and b) 5.0 nm. (The plot for (b) is an 11-p&@avitzky-Golay average, which
reduces low-level noise.) Notice that the absorptieak moves to the red as the
size grows. The height of the absorption peakrisctly related to the density of
the material in the liquid-filled cuvette used vehiecording data.
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Figure 3-9: The absorption of the same batch ofeQu8hocrystal rods both
without shell layer (solid line) and with shell &y(dotted line) of ZnS. The
vertical line was added to guide the eye. Typicallis difficult to discern any
shift in absorption wavelength by sight alone fonamonodisperse batches. For
very high monodispersity the core/shell dots aightlly red-shifted from their
core-only precursors due to partial exciton leakagethe shelf® The arrows
show the same relative feature (the knee of therpbsen, where it begins to fall
once again) for the capped (with shell) and uncdgpé&hout shell) samples.

Photoluminescence

Photoluminescence (PL) is a linear spectroscopyiigae that provides information
on the quantum yield, size distribution, and excitecombination energy of a
nanocrystal batch (see Figure 3-10). PL intensitjcates the quantum yield (QY) and it
follows that the brighter the PL, the higher the.QYie standard method for gaining a
guantitative result is to characterize the PL isignemitted from a sample of dye

molecules at a particular concentration and exoitahtensity. Starting from a dry
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sample of nanocrystals, a solution of nanocrystatee same concentration as the dye is
made and excited. The QY is the PL intensity ofrthrocrystals as a percentage of the
dye intensity.

The peak location of the PL indicates the energyanid-edge recombination of an
exciton, which is related to the size of the QDedayed in Chapter Two. The full-width
at half-maximum (FWHM) indicates, for an ensembl®0Ds, the size-related
inhomogeneous broadening of the sample. The rehasbthe broadening exists is that
nanocrystals will not all grow to be exactly thengasize. There is a distribution of sizes
within an ensemble of nanocrystals that contribtaes distribution of exciton
recombination energies, which gives rise to a biladignature. For a single
nanocrystal, the PL will still possess some breaditbve and beyond its unbroadened
homogeneous linewidth, caused by inhomogeneousiénirag of the energy transitions
of the exciton, also referred to as spectral difflasSpectral diffusion is caused by local
electric field fluctuations and will be revisited future chapters. For CdSe dots capped
with ZnS, the relationship of photoluminescence siad can be described as a linear fit
in the parameter space of core diameter versuslarayé. In particular, in the case of
CdSe cores overcoated with ZnS, the equation ®titie is closely fit by’

Diameter (Angstroms) = -88.6+ 0.228¥Wavelength om .  (3.1).
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Figure 3-10: PL of the same batch of nanocrysgdert at room temperature and 4
K. Notice that the peak location has shifted.

PL taken at room temperature is shifted relativih& taken at low temperature. Low
temperature reduces the number of phonons thabmayesent in the system. Figure 3-
10 clearly illustrates the peak shift to the bloeldbw-temperature PL. This shift typically
takes place near liquid nitrogen temperatures aogea The shift is related to the fact
that when temperature decreases, the lattice atat@ad the lattice constant is reduced.
A change in lattice constant leads to a changkedrband gap, where a smaller constant
produces a wider band gap. A wider gap yields hdrignergy PL peak. Nanorods
display similar behavior to spherical nanocrysfaée Figure 3-11). Additionally, PL is

the light emitted from the dark exciton state. Agher temperatures, the higher energy



63

Temperature Series

/
©
a) =
[0)
E /
540 ‘ 5&0 ‘ SéO ‘ 660 ' 650 ' GAO ' GéO
Wavelength (nm)
_— Intensity Series
b)

540 ' 56'50 ' 5;30 ' 6(IJO l 6&0 ' 6£I10 l 6€|50
Wavelenth (nm)
Figure 3-11: Nanorod PL at a) a variety of tempeest, and b) the same batch at a

variety of excitation intensities. All spectra i) (vere taken at temperatures 11.5-
13.3 K. For both series, exciting light was at 532
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optically activeF, = +1 state becomes populated. Light emitted from be¢haright and

dark states, therefore, cause a broad PL sign#ture.

Two notable differences between rods and spheoeggVer, are exhibited in their
temperature responses. First, the amount of tHielbsgtiveen room and low temperature
is typically a little less for rods than for do&econd, the FWHM does not change
appreciably for rods at lower temperatures. Corelgr$or spheres, the FWHM generally
reduces at low temperature. Moreover, the FWHM eslfior rods are generally much
less than that for spherical nanocrystals. Eithergrowth or size selection yields a more
consistent batch, or excitons in the rods are nmigte consistently confined than the
range of rod aspect ratios within one batch woulggest. In particular, if all rods from a
batch are longer than the Bohr radius of the butiten, the PL signature of 1-D
recombining excitons should be very similar formu®d in the sample. Additionally, if
some exciton localization takes place within thestdhe PL signature would not depend
strongly on the specific length of the rod. Nanolength beyond the Bohr radius does

not effect the extent of the 1-D exciton appregiabk also pointed out in Chapter Two.

TEM

Transmission Electron Microscopy (TEM) is a direwtans of photographing the
nanocrystals. The microscope works the same way aptical transmission microscope,
with the exceptions that the particles are acctddralectrons, the lenses are short

solenoids, and “dark” on the image corresponddect®mn density rather than optical

opacity. Because a high resolution is needed, £20(kometimes 100 keV) electrons are
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typically used to image the nanocrystal samplembes are placed on a transparent
carbon grid in a vacuum chamber and irradiated wifbicused electron beam. The image
is projected on a screen visible to the user. @noper magnification, focus, and
astigmatism control are achieved, the screen magdwed to accomodate a square of
photographic film exposed to the electrons. Tha f8 later developed, and the resultant
image is scanned into a computer for data anadyxisstorage.

TEM is an excellent resource for checking on a dalmpmorphology, size
distribution, absolute size, and even crystallinithie phrase “absolute size” is used since
there are no references in the literature to theten beam-induced shrinking of CdSe or
CdSe/ZnS nanocrystals. The resolution reachecedtithest energy setting is sufficient
to reveal the crystal planes of the nanocrystals.

Once each batch of nanocrystals has been chaestiarsing the above methods of
absorption, PL, and TEM, one can proceed to maiglful experiments such as
spectral hole burning, which is described in thet mbapter. Chapters Five and Six
analyze the results of such experiments for twbrdismorphologies of semiconductor

nanocrystal—spheres and rods.
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Figure 3-12: a) and b) show TEM images of nearhesigal QDs and prolate QDs,
respectively. c) shows a large size distributionariocrystals, while d) presents a well
size-selected batch with low size dispersity. Eatenergies are 120 keV for all images.
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CHAPTER4

TRANSITIONS UNDER THE SPECTRAL HOLE BURNING
TECHNIQUE

An incident light field excites excitons with a gifec polarization. The loss of a
well-defined phase relationship between this ppédion with respect to the polarization
of the light field is calledlephasing. Excitons in nanocrystals experience two main
sources of dephasing: spontaneous emission, whitbsponds to a population
relaxation back to the ground state, and pure depyawhich does not change the
population but does randomize the polarizationthefexcited excitons. Dephasing of
both types have many sources, but the one we withiefly concerned with is the
interaction of excitons with the lattice. Excitohgmon interaction dominates both
population relaxation and pure dephasing proce#tsesmportant to understand and
guantify the effects that dephasing in generaleladtron-phonon interactions in
particular have on exciton decoherence rates iaraoddetermine whether quantum dots
display the same nonlinear responses as atomsf, it how they differ. Measuring the
effects of interactions in the quantum confinemregime help us explore the optical
coherent properties of the samples. These propexteeinstrumental in determining the
potential usefulness of exciton coherence in varepplications.

In order to determine the effect that exciton-phomderactions have on the samples,

we need to perform experiments that reveal thesitian linewidth of the first bright
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exciton. The linewidth provides information abo¢ tdephasing rate in a way that we
will discuss shortly. The first order of businesur quest for a cohesive physical
picture of the meaning of the homogeneous linewislgxamining quantized lattice
vibrations in QDs. We then visit the electroniasture of the QDs, and consider the QD
(for the time being) as a two-level system couptedhonons. We find that calculations
partially replicate experimental results. Inhomogmus broadening and the experimental
method used to overcome it give us a picture obftecal conditions. We use this

picture to discuss absorption in the sample.
Phonons

Acoustic branch

| @k\\f/\T

Optical branch

at zone edge

Figure 4-1: u is atom displacement. Figure frormisihirn Figure 9.13a-8.M,
the mass of the larger atoms, is represented biathe open circles. M is greater
than m, the lower-mass atoms, represented by th# satid circles.
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Lattice properties of the QDs do not differ sigeadintly from the bulk. This is because
the size of the QD is much larger than the lattimestant. For the time being, let us
discuss the lattice of a bulk system. The latticeur case is diatomic. Independent
normal modes of the lattice include two differerdda types: acoustic and optical
phonons. Acoustic modes correspond to in-phaseomofithe two different types of
atoms. That is, the entire unit cell moves cohdgivat the edge of the Brillouin zone
only the more massive atoms oscillate. Optical repdae the other hand, correspond to
antiphase motion of the two types of atoms. ThmngCd) and anion (Se) move with
respect to each other within the unit cell. At Brélouin zone edge only the less massive

atoms oscillate. Figure 4-1 illustrates these type$ of modes.

Figure 4-2: Dispersion curves for acoustic andagpiphonons described by
Equations 4.1 and 4.2, for an isotropic materiak $able 4.1 for values for

), w,, andw,. The top curve is for optical phonons and thedsotturve is for
acoustic phonons in an isotropic lattice.
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If the two atoms carry electric charge, that ishé binding is at least partly ionic
(true for CdSe), then the oscillation of the atasnsonnected with an oscillating electric
dipole. These transverse eigenmodes can be gemhénaphotons via resonant absorption.
This is why the oscillations are called “opticalddes. The ability to couple to the light
field is why the optical branches do not vanisk=Q.

The dispersion laws for optical and acoustic phanaran isotropic lattice are as

follows:3%:5°

b2
1 1 1 1V 4 .
w’l=zyl=+—|-y||=+—=| ———sinka 4.2
o y(m Mj y{(m Mj mM } (4.2)

The masses of the light and heavy atomsraa@dM, respectively, whild is the wave

i LA
t TA,
= TA,

n/a

Figure 4-3: Acoustic and optical dispersion curfrem the degeneracy has been
lifted by an anisotropic lattice. Figure from Klistgrn Figure 9.18° T stands for
transverse, L for longitudinal, A for acoustic, abdor optical.
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1 1 Nonzero energy at k=0 becomes
w = 2y(—+—j possible because in an optical mode
m M different atoms are displaced
antiphase.
@, =+/2yIm Only light atoms oscillate at Br. zone
edge.
w, =42y M Only heavy atoms oscillate at Br. zone
edge.

Table 4-1: values for omegas noted in dispersioneckigure 4-2.

numbera is the lattice constant, andis the effective force constant representing the

harmonic character of oscillations in the ballsspmings model we are using here.
Lattice anisotropy lifts the degeneracy inhererthmtwo branches. CdSe exhibits
partly ionic binding, and is anisotropic. Therefarenore realistic picture of the

dispersion is shown in Figure 4-3.

Electronic transitions

Considering only the lowest energy exciton, disedsa Chapter Two, our system
nominally has a three-leval structure (see Figure 4-4). We can explain marthef

nonlinear optical effects we observe with only a&vel system in conjunction with

guantum-confined exciton-phonon interactions. Aglaxed in Chapter Twc}a} is the
true ground state of the system in which zero ensitexist,| b> is the first excited
exciton bright state, an|d:> Is the exciton dark state, which is, as mentioogtcally

passive since it is dipole forbidden frda) (due to an angular momentum projection of

+2).
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The dipole-allowed transitioha} - |b> is coupled via the electric field,. This
electric field can be provided by a laser at thappr frequency. Once an exciton is
excited into the bright statéh), decay can take place backl&) via nonradiative means

or via coupling through tth> state. In conventional spectroscopy, the limi¢oérgy

resolution between two levela) and|b) is governed by the sum of the decay rates out
of these level€’ In our case, the decay rate from the ground &atero. The decay rate
for |b) will be discussed in detail later in the chapter.

Resonant excitation of an exciton causes ¢a> = |b> transition. This is called the

bright exciton transition. The exciton decays either backapor to|c), where in a QD
it exists for~1us. In bulk samples the lifetime is much shorter;@thins as discussed in
Chapter Two. The long PL decay time in QDs is ewvadethat the dark state} exists. In

the following we consider excitons to experiench @two level system, since the dark

state does not actively participatealvsor ption processes. We consider only the resonant

Figure 4-4: Level diagram for exciton states in @@)s.|c> is the exciton

ground state and a dark stdte) is the lowest energy bright exciton state, &g
is the system ground state, in which no excitoegpaesent.
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transition. We measure the absorption of the phszen by the saturated sample. Other,

higher energy, exciton levels are very far awaynfrfb} due to the energy of quantum

confinement. Therefore, a two-level descriptioappropriate in explaining most of the

results of the saturation spectroscopy we perf@ome effects can only be explained

when|a), |b), and|c) are all in play, and this case will be examinedw is needed.

In the next section, we examine a general two-lsysiem in the absence of a lattice.

QDs astwo-level systems

We use a semiclassical approach in which the twellgystem is treated quantum
mechanically, while the field used to couple thenreated classically. It can by shown
that a full quantum mechanical treatment of thielfigelds the same results as a
semiclassical treatmefft The classical field induces electric dipole morséntthe

medium. In our case the dipole is between staesnd|b) , exciton versus no exciton.

A calculation by Goupalowt al.,”*

treats a two-level system coupled to phonons by
only the deformation potential coupling and caltegahe linear absorption cross-section.
That is, the exciton is allowed to couple with obA phonon modes. Chapter Five
explains the different types of electron-phonongdimg in detail. The calculation yields

a broad phonon spectral signature and a deltaiumttin ZPL. The authors
phenomenologically add a width, taken from expentagto the ZPL. The calculation

itself does not provide any broadening to the 2Rfe. discuss linewidth and dephasing in

detail later in this chapter. They fitfd
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00

o(w) O [dt(Rel ¢)lcosw-c )= Imy ¢)lsine-c3)).  (4.3)

0
The functionU (t) takes the fornU (t) = €. The transition energy of the two-level
system isq,. K(t) contains two contributions. The first is the pheenologic

dephasing rate associated with the ZPL, and thenskeshows the deformation coupling

effect on the width of the phonon sideband. Eleepbonon coupling enters via the

Huang-Rhys factors (one per mode, each mode withve vectorg) ‘Ah‘z/a)qz :

’ n
K (t) =—yZPLt+\%;b;‘z((coswqt— ]) coth%—i( simoqt—a)qt)j. (4.4)

q
T stands for temperature, a¥dor the normalization volume. A graph from
Reference 46 shows the linear absorption calcukdbeste. This picture is not exactly the

same as the data we find for QDs and nanorod<Jkapters Five and Six), but it at least
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Figure 4-5: Calculated linear absorption spectranafsingle CdSe QD. The QD
is self assembled and assumed square in shapeughtbroadening of the ZPL is
not included in the model, the relative contribntfoom the ZPL and the acoustic
phonon assisted transitions to the zaptocal phonon line (often called the
acoustic phonon pedestal) is reproduced well.
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gives confirmation that in the SHB signal the ZBlaisharp resonance that rises from an
acoustic phonon pedestal. The acoustic phonon fadeshe result of exciton-phonon
coupling. Real data also shows LO-phonon sidebamiish were explicitly neglected

here.

I nhomogeneously broadened sample

There are several issues that must be addressedanto make a SHB measurement
that reveals the intrinsic homogeneous linewidta edmple. These include, as we will
see later, the effects of spectral diffusion ancitakon intensity. First, however, we will
examine the inhomogeneous broadening of the trangnhergy within the ensemble
sample. A common difficulty with chemically syntlwesd nanocrystals is their size
dispersion. Each crystal has a unique transiti@rggnbased on its size and local
environment, and the transition itself can fluctuat

Different methods exist to eliminate the effectdhsd nanocrystal size dispersion
from the measured linewidth. One may take the spgobpy of a single nanoparticle, or
one may use a nonlinear optical technigue sucpedral hole burning (SHB) or photon
echo. Both single nanocrystal spectroscopy andophetho have limited sensitivity and
require large excitation intensif§.”® Excitation intensity itself can cause broadenifig o
the transition linewidth. Additionally, neither tedque listed above is able to minimize
the effects of spectral diffusion in the sample.

In order to achieve high sensitivity at low intdgsive use SHB. Unique modulation

frequency dependence is added to the techniqueler to correct for the effects of
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spectral diffusion. This is achieved by changing tireasurement timescale such that we
take data faster than the diffusion rate of theooaystal band edge transition energy.
Later we will see this is analogous to taking dsta lower photo excitation rate. By
using a modulation frequency-dependent spectra botning technique to take
differential transmission spectra of the sampléagh hesolution (nano-eV) at low
excitation energy (~1 W/cfhis accomplished.

Under the proper conditions, which will be discukkder, differential transmission
of a probe beam directly reveals excitonic traosgitaking place in the sample. Size
distribution broadening is circumvented by excitorgy a particular subset of
nanocrystals resonant with an excitation beam.rbdulation frequency-dependence of
our particular technique provides a mechanism &h [probing and eliminating the
effects of spectral diffusion in our measuremerthefspectral hole linewidth of the

samples.

Spectral Hole Burning and experimental setup

SHB is a nonlinear spectroscopic technique. Twatatkon beams are used, called
the pump and probe beams. The two continuous-weams are overlapped at the
sample. Thgogump beam is typically more intense and stays locked@rticular
frequency within the absorption profile of the sdmp@\ weakerprobe beam is scanned
in frequency during the course of the experimehe ransmission of the probe is

collected at a detector and plotted versus eitleguiency or detuning from the pump.



77

The pump causes transitions resonant with it tedberated: that is, a significant
fraction of the two-level systems are in the extiéate, where they do not absorb the
probe beam. In fact, the systems in the excitae gtarease the probe beam intensity via
stimulated emission. Therefore, due to both reapmtdisted, when the probe beam’s
frequency crosses the pump beam’s spectral pos#itnansmission peak is observed in
the transmitted probe intensity. This is an inceheeffect. Later, the specific conditions
required to achieve an additional coherent contidginuto the probe’s absorption are
discussed. In the absence of the pump, the protagismission is collected as a
background signal. One way to describe the resutliffierential transmission data is
with the following equation wherAa , the change of sample absorption caused by the

pump, is small:

Absorption
Profile

1-Transmission

Energy

Figure 4-6: The arrow shows the location of the pumaam within the
inhomogeneously broadened absorption profile oktdmaple. The dotted line
shows the spectral window excited by the pump aslihes the absorption profile
that the probe beam experiences.
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AT B e—(a+Aa)L _e—aL

= — =e® -1=-AaL (4.5)
e

Differential transmission of the sample is paramegel by laser detuning (in energy)
between the two lasergero detuning occurs when pump and probe frequencies overlap.
As mentioned, a particular subset of nanocrystassis resonantly excited. Very off-
resonant crystals do not participate in the exomaexcept at high pump intensity, in
which case the absorption tails of off-resonanstatg begin to absorb energy in
appreciable amounts and cause transitions in etfrr@nt crystals. This is one case of
power broadening of the signal. Compared to PLabsbrption, which are both linear
spectroscopic techniques, SHB alleviates sizeilligton-related inhomogeneous
broadening.

Figure 4-7 provides a small-scale schematic ofSH8 experimental setup. As
mentioned previously, both the pump and probe anéimuous wave beams. The pump is
modulated with an acousto-optic modulator (AOM)tbfair noise-reducing lockin-
detection purposes, and to vary the timescale ahnthe differential transmission
measurements are made. This utility allows us eb@the effects of spectral diffusion.
Spectral diffusion arises from small changes inltlcal electric field environment
(including charge trapping in the nanocrystal) t&trs the transition frequencies of the
individual nanocrystals by random amounts. If adibn (which is to say, integration)
timescale longer than the scale at which thes¢uliions take place is used, the
transition frequency we measure is smeared in gngvg say that the linewidth we

measure is broadened (see Figure 4-8). If we iserear measurement rate by increasing
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the modulation frequency of the pump, we minimizie broadening at the time scales
we observe. Thus, we are able to measure a muobwearlinewidth value simply by
increasing the modulation frequency sufficientharying the modulation frequency
allows us to change the detection timescale, walichws us to both characterize and
eliminate the effects of spectral diffusithiTypical values of the frequency at which
most spectral diffusion is eliminated are in the feundreds of kilohertz; details are
listed in Chapters Five and Six.

In order to access the resonances of a varietize$ ®f nanocrystals (to test size-
dependent trends), two mode-locked dye lasers oftegr used as the pump and probe.
These were a Coherent-899 and -699, both ringycksers, and each pumped with
either a Coherent Verdi or a Spectra Physics MilieiPro at 5.5 W and 532 nm. The

dyes used were either Rhodamine 6G (for 565-610anrKjton Red (600-630 nm). For

cryostat
beam
sample block
probe ey
\
N ~ [T—»
sapphire
pump disk detector
lockin
I computer

Figure 4-7: SHB schematic. Temperature is typydadlld between 4 and 12 K.
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Intensity (a.u.)

Transition Energy (a.u.)

Figure 4-8: Spectral diffusion schematic. If measwents are made slowly
compared to the transition energy diffusion rate,linewidth we measure is wider
than the actual decoherence-broadened linewidttogeneous linewidth.

PbS nanocrystals the appropriate spectral ranigethe far-red which allowed the use of
a solid state diode laser (a Verdi New Focus lasira range of 786-816 nm) in
conjunction with a Coherent-899 ring Ti-Sapphirgelawith a range of 780-820 nm,
again pumped with a Coherent Verdi. The pump anbelfinewidths were each
narrower than 0.0fkeV, or 2.5 MHz, in all cases.

The sample itself, whether quantum dots or nangliedispersed in a polymer
matrix, typically polystyrene, in order to produzeery low-scattering sample with a
uniform nanocrystal concentration. The polymer-reapstal dispersion is drop-cast on a
sapphire disk and allowed to dry into a smooth fhin. Scattering must be kept low
because the presence of scattering causes theé widreaquickly lost in a high

background of pump noise.
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The sample is held at low temperature (typically24K) in a cryostat in order to
minimize electron-phonon interaction and thus redihe total dephasing undergone by
excitons, and to keep phonon modes discrete, abevdiscussed later. This reduction in
phonon impact allows us to resolve different traoss (both phonon-assisted and non-
phonon-assisted) in the differential transmissjoacsrum.

We pump the sample on the low energy side of tiseration peak. This precaution
aims to provide that we do not excite any more tih@lowest energy bright exciton, the

18,15, 5, exciton. The intensities of the pump and probentzeare generally kept in the

neighborhood ofl W/cm2 . Low excitation intensity helps ensure that thenbar of

excitons created remains low, and that the excitoeated are the lowest energy possible.
This is important so that many-body effects suchiascitons, trions, and other species
are less prevalent. Ensuring that we probe onlyaWwest exciton state of each dot limits

the inhomogeneous broadening inherent in the dptieasurement. Additionally, low

pump laser = AOM \??
computer
wave meter B I
lockin
sample
probe laser B B = i ]
L A L DI
L D2

Figure 4-9: Overall SHB schematic. A stands forlyex, B for beam splitter, D
for detector, L for lens, P for polarizer, and WP Wave plate, in this casé/Z.
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excitation intensity prevents substantial poweiadiening. The SHB linewidth increases
monotonically with excitation intensity. Power bdeming will be elaborated on later.

The pump couples to the zero-phonon line and thbepcouples to different
transitions in the manifold of phonon-assisted agitiransitions, giving rise to sidebands
and the broad acoustic phonon pedestal in the ®iHBonse. The spectral range of
acoustic phonons that can couple to the opticaktti@n determines the linewidth of the
acoustic phonon pedestal.

We now switch our attention to the exciton traosid themselves. The nonlinear
optical effects inherent in a two-level system peshpt saturation are introduced, as are
phonons and electron-phonon interactions. We eaéiptadd a third level back into the

system.

Dephasing
There are two important times associated with htecal processes discussed hele.
is thelifetime (or population decay time), which is to say, tleealy time for the

population difference for the number of system{abbn minus the number of systems in

|a). T, is the so-calledipole decay time, and is the time it takes a singletercidipole)

to randomize its polarization from its initial satt has been shown experimentally that
for CdSe/ZnS QDs, the population lifetime is ~10wkile the dephasing time is ~1 1s.
Dephasing is a process by which coherences, or optical fataon, of a population of
excited two-level systems is lost. There are twtedént types of dephasing, as indicated

by T, andT,. The first is population relaxation, in which tbepulation can decay either
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radiatively or nonradiatively. This type of dephagsrequires a real, state-changing
transition to take place. We define

YT, =M =T, +T (4.6)

nonrad *

The population in the excited state decays in goeantial fashionp,, €™

Nonradiative decay may involve phonon-assistedsttiams.
The second source of dephasing is termee dephasing. In this process the phases
of individual excited two-level systems are randpali from one another. The rate is

namedy =1/T, . Pure dephasing processes do not change thecxstite population but

can involvevirtual phonon-assisted transitions. We will see that edeephonon
interaction in quantum mechanically confined systésads to both population and pure
dephasing.

Throughout this dissertation the words dephasibdmatoherence are used largely
interchangeably. It is important to realize, howeveat in the literature dephasing is
usually reserved for lifetime or total dephasingjlerdecoherence refers to pure
dephasing.

The phase relaxation rate of excitons in nanociystn be described in terms of a

number independent processes characterized by rigsective time constants. That is,

1 1
Mg =—+) —. (4.7
w gt T (47

2

YT . is the total dephasing time (also known as thestrarsal relaxation timey; is

still the population lifetime, and,, characterizes purely dephasing processes without
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energy deviation, indexed by process type. As amgie, electron-phonon interactions
alone contribute three processes that cause pptasiag’® These will be explained in
Chapter Five. The total dephasing rate sets tlesvioith measured using nonlinear
optical techniques. For semiconductor nanocry#téseasonable to assume a
frequency-independent dephasing rate at a givepdagature. For a constant dephasing

rate, [, » @ given excited state lineshape is Lorentzian.
Spontaneous emission alone yields, =1/2T,. This may be considered reasonable

if the population of the excited state does nacifthe dephasing rate. However, this is
not the behavior exhibited by QDs. Along with s@or@ous emission, exciton-phonon
interactions are a strong source of exciton deplyasi semiconductors, as evidenced by
the measured linewidths presented in ChaptersdfideSix. These linewidths are much
broader than expected for purely radiative decay.

For T - 0, the ground state is expected to possess purditinge decay lifetime
broadening, which is the basic minimum linewidthiti For finite and increasing
temperature the optical transition experiences rmo broadening due to the phonon-
assisted scattering to and from the excited stiatether words, at extremely low
temperature, dephasing is only made up of populatexray. As the temperature
increases, the pure dephasing rate becomes sajtitimd increases much faster than the
population decay rat€.

The above shows that pure dephasing processesmiaaht at finite temperature.

Pure dephasing mechanisms include exciton-phoreraiction, carrier-carrier or
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exciton-exciton interactions, scattering by defeatsl spectral diffusion. We will also
discuss an exciton localization and migration medma for rods in Chapter Six. We
have already addressed spectral diffusion andaadl more detail in Chapter Five.
Carrier-carrier and exciton-exciton interactions aegligible at low excitation intensity,
due to the very low carrier or exciton populatianslity per dot. (The optimal values are
zero or one exciton per dot.) Our nanocrystalsoexcellent quality, as evidenced by
the very high quantum yield they display, so we saiely assume defects are rare and
that scattering by defects plays a negligible molthe dephasing rate of excitons.
Therefore, the temperature dependence and shdpe ofeasured linewidth are largely
determined by exciton-phonon interactions. Deplgabinexciton-phonon interactions
takes place because of stochastic fluctuations@fan energy due to lattice vibrations.
Exciton-phonon interactions and the manner in withey cause dephasing will be

explored in detail in the next chapter.

Absor ption

The ensemble of QDs contains many variations: sizape, defects, and local
environment. These variations lead to inhomogenboaadening of both the absorption
and emission spectra of the ensemble sample. Inpenemus broadening leads to certain
properties and phenomena observable in atomic ghgsi well: spectral hole burning,
fluorescence line narrowing under selective exicitatand a decay time distribution are
all example$® We concentrate on the behavior of inhomogenedusigdened two-level

media. The optical transitions bdmogeneously broadened systems are treated in a
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number of text book& We will briefly describe the absorption in a horeagously
broadened medium and then introduce the effedtthoinogeneous broadening.
Detailed calculations of population and coherengeessions, their relationship to
polarization, index of refraction, susceptibilignd the subsequent arrival at an
expression for the absorption coefficieat, are best left to the many excellent books

that cover those topic8."®"®

Absorption in a homogeneously broadened media

The SHB technique described in this chapter isinantis wave. Therefore, steady
state relations may be used to derive absorptiatosas. We note that QDs asaturable
absorbers. This means that absorption is intensity dependére presence of the pump
beam leads to a change in the absorption coefficiethhe sample. The intensity-
dependent absorption (where intensitys expressed in units ¥ /cm?) is written

a, ()

, (48
1+1 /1, (4.8)

a(a,1)=

where the saturation intensity, =#%N(a,T,)™". N is the total number of two-level
systems. The energy difference between lef@lsand|b) is a,. a, is the absorption

coefficient for the case when the incident intgnstzero; it is the maximal value of the

absorption. An alternate expression js = 7« 0T, , whereaw is the photon energy and

o is the absorption cross section. For CdSe QDhas been estimated to be ~10%s.
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The absorption spectral line shape of a homogemgbusadened sample is
determined by dephasing dynamics. If the dephasimg is constant, the shape of the

absorption is Lorentzian:

r2

A(w) = Ab (w_%)z +T2° (4'9)

I" is the half-width of the homogeneous absorptidre @&bsorption has intensity-

dependent amplitude and width. The intensity depehdbsorption is denoted

_ (@) F2@+1/1g,)
1+1 /1, (- +T2QA+1 1)

a(wl) (4.10)

r{)=r,@+1 /Isal)y2 is the half-width, andl", is thehomogeneous linewidth. This

linewidth is due exclusively to homogeneous lifegibroadening.

Absorption in an inhomogeneously broadened systetima presence of two
excitation beams

The introduction of inhomogeneous broadening iseghently seen to cause the
appearance of thgpectral hole we measure in our experiments. The width of toie h
2y, is dephasing-dependent. Recall that1/T, is the dipole dephasing rate of the two-
level system, which does not include lifetime breidg. Dephasing in an
inhomogeneously broadened systgry,, is greater than in a homogeneously broadened
system,y . We now examine the inhomogeneously broadenedrdrisef two-level

systems. In a sample such as ours, the presercpwhp beam leads to the selective

absorption saturation of systems resonant witlptimp (see Figure 4-1). That is, only a
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subset of nanocrystals is resonantly pumped. Asteesity of the pump increases, the
depth and width of the spectral hole increasess Tiyie of power broadening results
from the increasing contribution of systems whdssogption tails overlap the excitation
frequency. An additional effect is that of integsihduced spectral diffusion, which also
acts to broaden the spectral hole.

If we include a probe beam as well as a pump, éng tunability of the probe (along
with its weaker intensity) provides that it doe$ doange the excited state population.
The two beams cause an interference pattern wiesratte both present at the sample.
This pattern contributes to the total electricdielhe interaction of the two beams in the
sample causes the probe absorption coefficien¢ tméwre complex than just the probe
Lorentzian multiplied by a population differencéwsated by the pump. The interference
pattern causgsopulation pulsations which contribute to the probe’s absorption
coefficient and contribute a coherent piece topitde absorption, as we will show
shortly.

Population pulsations occur at the beat frequertyéen pump and probe:

A

beat = I/pump - I/probe .

(4.11)

They arise from the populations of the upper aneeldevels responding to the
superposition of pump and probe modes nonline&ihyce the probe does not saturate
the sample, the pulsations occur only at the beguency+A,_, . The pulsations act to

put sidebands in the medium’s response to the puoge. One sideband falls on the

probe beam’s frequency. This contribution corresisaio the coherent scattering of the
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pump into the probe beam. As intimated, this gdeerthe coherent part of the probe’s
absorption coefficient. A property of the probetsarption coefficient is that the area
under the curve is independent of the coherentitaion. That is, the population

pulsations redistribute the absorption as a funatib+A,_, , but do not modify the

medium’s broadband absorpti&h.

In SHB, the probe is used only to read out the fadfmn created by the pump beam,
as described earlier. The pump creates the absorptofile that the probe encounters.
This profile is written as the sum of an incoheramtribution to the absorption plus the
coherent contribution:

a +a

coherent *

=a(wl)=a

incoherent

(4.12)

probe

In the case of strong inhomogeneous broadeninatuaaging pump beam, and a non-
saturating probe beam, the probe’s transmissiogale\a broad spectral hole (due to the
incoherent part of the absorption) with a sharpecent dip at zero detuning between
pump and probe. It is necessary that> T, (that is,I" <« y) in order for the sharp dip to
be present. The coherent dip forms because whde\iElifetimes are long compared
with the dipole Iifetimes(T1 > Tz), the population inversion is unable to follow anp+
probe beat frequency much larger than its decay Tdte coherent contribution to the
probe absorption coefficient falls off as the bieatjuency is increased (that is, detuning
increases from zero.)

Figure 4-6 illustrates the probe differential tnaunssion profile in the presence of

strong inhomogeneous broadening, a saturating pantdl, > T,. The shape of the
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incoherent part of the spectral hole burned initinomogeneously broadened

absorption spectrum is:

) 1 r()
incoherent 1) = 0 -1 1= 2 2 138
Ticonerent (W1 1) = (w)L [ 1+ /IQI)%}(C«)—%) +I (UJ (443

where a,(w) is the initial absorption spectrum of the samplthait incident radiation
andr(l)=r, (1+ @+l )%) now describes the half-width of the burned holthimi

the inhomogeneous absorption profile. As can be sethe expression above, the hole is
Lorentzian in shape with an intensity-dependenthvith the limit of small intensity, as

is the case in our experimentd, |, «1,
r{) -2a2r,. (4.14)
Recall thatl () = 2", is thehalf-width. This leads to the relationship between the

measured spectral hole width and dephasing ratevéhase to analyze the data obtained
via SHB. That is,
hole width (FWHM ) =4, =40 +y), (4.15)

which is to say, the spectral hole width is foands the exciton dephasing rate. In our
system,y >, so we usually consider the hole width to ecdyal In this context we
usually cally the decoherence rate.

More general expressions exist as well. The totaptex absorption takes into account the
differences in frequency between a given two-lsystem resonance and both the pump and

the probe. If we consider our pump to be on resmnaith the set of nanocrystals it excites,
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and the detuningd)) of the probe from the resonance (and the punthidrtase) to be just the

beat frequency discussed earlier, we can write doeomplex absorption expression:

21
. Fis)
a_(y2+|)16/—5) 2+I(F+ri;)(ji/i5j - 4o

Our particular case of inhomogeneously broadered @beys this rule. The
observable absorption is just the real part ofaih@ve expression. It includes both the
coherent and incoherent spectral holes. We alsopak [ , as mentioned above. The
spectral hole width arises from the fact that thevolution of two Lorentzians (the probe
beam profile and the power-broadened spectraldt@ee) is itself a Lorentzian with a
width equal to the sum of the individual widtfisThis says the probe absorption displays
a spectral hole twice as wide as that burned mggobpulation difference, under the

proper intensity condition. Aty, (at resonance with the two-level transition),

a(%,l)_ ao(wo)

= 4.17
gy O

which differs from the homogeneous case by a fauftd¢t+1 /1, )%.

These calculations do not take factors such asrapéitfusion or exciton-phonon
interactions into account. These two phenomenaaawshole width equal tdy relationship
to break down. Spectral diffusion is known to beyathe spectral hole even more.

Experimental demonstrations of this effect are domrsubsequent chapters. The particular

modulation frequency-dependent SHB technique wsesalf experiments addresses this
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problem by increasing the rate at which measuresvaattaken until it is more rapid than the
timescale at which transition energy diffusion sagkace. To account for intensity-induced
spectral diffusion, we also take data at very Iguaitation intensity.

As will be discussed in Chapter Five, we canndb@igpectral diffusion above a particular
frequency. There may be high spectral diffusioaafin our data that we are unable to
guantify. However, we are able to reach an asymptatue of the ZPL linewidth well before
the end of our frequency range.

The width we actually measure is significantly &rthandl” ,, even after we have reduced

spectral diffusion to a minimum at the timescalesoperate in. The difference is attributable to
lattice-induced dephasing effects; in particulateractions of the two-level system with

phonons.

P || Expanded view
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Figure 4-10: Transmission, rather than absorpBsnad incoherent spectral hole
with a sharp cohereabsorption dip at zero detuningy is taken to be much

greater tharl (=200 for plotting purposes). Recall that for absorptithis
picture would be upside-down, with the “base’aat1, provided the graph is
normalized byq, .
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Exciton-phonon interactions are a very importapieas of the studies presented in
this dissertation. The interactions, the effeataifinement on the spectra of phonons,
and the relationships of temperature, excitatidensity, QD size, and modulation
frequency on the measured linewidth are all disedigs the following chapter. Chapter
Five presents data for CdSe/ZnS QDs and offerspretations of the data based on

electron-phonon interactions.
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CHAPTERDS

EXPERIMENTAL RESULTS FORQUANTUM DOTS

As explained in previous chapters, it is of sigraht interest to elucidate the details
of optical transitions in low-dimension semiconduatanostructures. It is especially
important to understand dephasing and its effatthe measured linewidth. The
dephasing rate exceeding the expected radiativeheeence rate of ~0.0165 GHz
(corresponding to a radiative lifetime of 10 nsaidirect measure of the level of exciton
dephasing caused by electron-phonon interactioerse,lHve present data that illuminates
the way parameters such as spectral diffusiontatian intensity, and temperature affect
the measured zero phonon linewidth. We explaingkeiton-phonon interactions are the
likely cause of many of the effects we observe. &d8S core/shell QDs provide the
bulk of the data; however, for completeness theselts are compared with
measurements made on PbS QDs and self-assembledZa&8 QDs, both provided by
collaborators. Certain properties of these samgdese the SHB spectra they produce to
be different in predictable ways from that of ouUD%)

We first investigate the confinement of phonon®Ds and the resultant phonon
sidebands in the SHB spectra. Following this, eéxcjphonon interactions are classified

and examined. We then analyze data which delindla¢esffects of a variety of
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parameters on the width of the ZPL. Finally, we pane CdSe/ZnS QDs to PbS dots,
and explain the differences in the spectra obtaiaedach. Chapter Six follows, and

contains the data for CdSe/ZnS nanorods.

Discrete phonons

Acoustic phonons in nanocrystals become discratause of the finite size of the
lattice. In our samples, the QDs are considerezke*Btanding,” with so-called free
boundary conditions due to the elastic propertfeb@ surrounding polymer matrix.
Discrete acoustic phonons are standing wavesctefteat the boundaries of the QD.
The coupling of discrete phonons to excitons ldagshonon sidebands in both
absorption and spectral hole burning spectra. Thielbands are a series of peaks
corresponding to discrete phonon-assisted transgiergies with the same energy
spacing as the discrete phonon modes themselves.

Acoustic properties of an elastically isotropic spbal nanocrystal can be described
in terms of two kinds of eigenmodes, namely toral@nd spheroidal modé&S$.
Spheroidal modes are radial “breathing modes” wioitsional modes are twisting modes
of the QD. The lattice distortioni(r) , is described by the Navier equation which
characterizes the propagation of lattice vibrationsn elastic medium. In nanocrystals,
vibrational modes are mixtures of longitudinal @arahsverse components, which give

rise to the spheroidal and torsional modes mentia®ve. Namely,

Vg | = r (Vs | 2
U(F)=—(ﬂj D/\+(wj fxF, (5.1)

w w
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where A is a scalar field describing the longitudinal mofeis a vector field describing

the transverse mode, aog ..., IS the sound velocity (also called elastic cortjtan

associated with the longitudinal/transverse compbr&dditionally,

!DZ +(Ulj }F =0 (5.2)

and

2 +(i] A=0 (5.3)

UI ong

must be satisfied. These expressions (Equationarl %.3) are Helmholtz equations.
The eigenvalue solutions vyietliscrete energies indexed dymandn, the angular

momentum, angular projection, and radial mode nuymbspectively. In a spherical QD

the total angular momentum must be conseM/ddhe solutions are degenerate in m,

which is now omitted from the description of theopbn modes.

Absorption Spectral Hole Burning
S
8
=
H
J M/\,\ <

Q) Detuning (a.u.)

Figure 5-1: Absorption and spectral hole burningcta with phonon sidebands.
The absorption signal is calculated while the Sktfda is actual data from
CdSe/zZnS QDs. In the SHB data, the tall, sharp etie ZPL, the two small
flanking peaks are discrete acoustic phonon sidihand the large background
peak consists of a large number of semi-continacosistic phonon sidebands.
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We ask if the size of the QD changes either theéhnad the ZPL or the energies at
which the discrete acoustic phonon sidebands o¥¢araddress the question of ZPL
linewidth first. Figure 5-2 compares four differé@b sizes with average diameters 4, 5.3,
6.2, and 8.9 nm, respectively. Recall that the dsjrig rate listed on the y-axis is one
fourth the SHB linewidth, as discussed in ChaptairFlt is evident that the size of the
spherical QD has little to no bearing on the depilgasate measured at high modulation
frequency.

The energy distance of the first order acousticnpinod'rom the ZPL does show size
dependence, however. The solutions of the equadiboge are inversely proportional to
the dot diameter. The energies found in the saludi@ the phonon mode energies,

indexed by mode, and hence are the same as thmsitlenergies in our spectra.

PN
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| D=4 nm D=6.2 nm

<01 = n n [
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Q
& 0.6-
o))
£ 044
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<
Q0217 = 4K
Q  {f_, =100kHz

0.0

560 570 580 590 600 610 620 630 640
PL Wavelength (nm)

Figure 5-2: QD size dependence of lowest dephasitegmeasured for each
sample. T=4 K, modulation frequency=100 kHz.
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Discrete energies broaden and eventually becom@cons as either dot diameter or
temperature increases. The main assumption oideband energy calculation is that the
nanocrystal is perfectly spherical with no defe€tse calculation for various n values
are the solid lines in Figure 5-3. A plot of expeentally measured sideband energies for
the four QD sizes mentioned above is found to compell to the calculated size
dependence of tHe2, n=1 acoustic phonon modé=0 is a totally symmetric breathing
mode, while=2 corresponds to a so-called ellipsoidal modeathiag occurs first along
one direction, and then orthogonal to it.) Theatighce between the calculated mode and
the data at large QD diameter is attributed tontloelel being applicable to a totally
spherical QD. A real QD becomes more prolate anetéal as it grows larger, providing
a reasonable explanation of the small deviatidarge sizes between the data and the

calculated phonon energy.

1=2, n=2 {=0, n=1

4 6 8 10
Core Diameter (nm)

Figure 5-3: The calculated size dependence ofitdieaicoustic phonon sideband,
compared with the energy measured for four sizesafQDs. Data taken at 10 K
and 100 kHz modulation frequency. Intensitigsdand proneare unknown to the
author.
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Exciton-phonon interaction

The exciton-phonon interaction is of considerabipartance in semiconductor optics.
The interaction dominates the pure dephasing apdlation relaxation processes in
nanocrystals. Therefore, electron-phonon interastaetermine the nonlinear absorption
linewidth and the luminescence Stokes shift ingamples. In our differential
transmission data, phonon sidebands associated ®i#nd acoustic phonons are clearly
represented. Figure 5-5 shows these sidebandsxlarein this section how they arise.

Coupled electron-phonon (or exciton-phonon) statesigenstates of the system.
Figure 5-4 shows a schematic representation ofrelephonon coupling. Phonon

emission is proportional toN ,, +1) and the absorption of phonons is proportional to

N, WhereN , is the phonon occupation number of the respectivde.

The electron-phonon interaction mechanisms fatl tato categories. The first is
deformation potential (DP) coupling and the second is polar coupling. Padaupiing is
generated by two distinct mechanispigzoelectric (PE) and the Frohlich interaction.

DP coupling arises from the lattice distortionsssdiby acoustic phonons traveling
through the crystaf’*®#*LA phonon modes cause stretching and contractiineo
distance between atoms. As mentioned previouslgmwhe distance between atoms
changes, the local potential and band gap chan@é phonon can be considered a
periodic deformation of the band gap. Both thetetecand hole are influenced by the
resulting modulation of the band structure. Thergpassociated with DP coupling is

proportional to the strain tensor:
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HDP = De/hli| [mac(r) (54)
where D, is the electron/hole DP coupling constant, agdr) is the displacement

field caused bycoustic phonons (see Equation 5.1).

Polar coupling depends on interactions involvirec#ic fields. The two polar
coupling mechanisms, PE and Frohlich, derive fraouatic and optical phonons,
respectively. Only polar crystals can support poilteractions.

PE coupling is the result of an electric field paation caused by strain in the crystal.
Again, phonons produce a periodic modulation ofléitiece parameters, which produces
a varying electric field due to the ionicity of theoms that make up the crystal itself. The
electric field of the electron interacts with tHearic field produced by the acoustic
phonon®® The Fréhlich interaction arises between the proétion associated with LO
phonons and the electric field of the electron.itéxccoupling to LO phonons mediated
by the Frohlich interaction is usually describedegrms of the Huang-Rhys factor, S,

which determines the linewidth and the luminesceStckes shift,
2r0 = 28%7’26({0 ' Aﬁokes = Shéq_o ' (55)

These polar interaction mechanisms are stronghtanlie-sensitive. The energy

associated with both the PE and Fréhlich interastis

H e ~ [ 470, (%J BF).  (5.6)

[

P(F) is the polarization associated with acoustic pmsnoth LA and TA) in the case

of PE coupling, and LO phonons in the case of tiddlich interaction.
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The general Hamiltonian for a coupled electron-pimosystem interacting via a

linear interaction (harmonic oscillator phonon m&)dean be written in the following

way:’®

H=2Ecc +;hw(l?)><[ak*ak +%}+ka lao(-k)+a'o(k)| 67

k

\ 4

0 phonon
(displacement)
coordinate

Figure 5-4: Electronic states coupled to discrékenon states leads to a series of
discrete transitions. Discrete transitions appsgreaks in both the absorption and
SHB spectra. The ZPL is the m=0 to n=0 transitaong is represented by the
vertical solid arrow. The vertical long-dashed lrepresents the energy of the
lowest energy exciton. The number of phonons irelwn an excitation is
determined by the m and n values of a given triamsiT he short-dashed arrows
show examples of non-ZPL transitions that coul@ talace. Several assumptions
are made: 1) The Franck-Condon principle holdst ®hdhe electronic transition
is very fast compared with the motion of the |&ti2) Each lattice vibrational
mode is well described by a quantum harmonic @goill This has been calculated
to be correct to a great deal of precision, buy atllow temperature, by Guset
al.®? 3) Only the lowest phonon mode(s) are excited.sadficiently low
temperatures, this may be assumed correct. Ourimgrgs reveal a manifold of
phonons in the acoustic phonon pedestal, so themui®n is minorly
inappropriate. Only a finite and small number obpbns are excited, however, so
the model presented above is acceptable for urathelisig a single transition. 4)
The interaction between the exciton and the lattidhe same in both the ground
state and the excited state. The assumption isgepted above by two equal
harmonic oscillator potentials. The assumption & due to the low Franck-
Condon factors associated with CdSe.



102

where

p(E)=ZcA.*0AMA.J (IZ) (5.8)

M, (K)=[dxe™g.x)p (). (5.9
The electron eigenfunctions agg(X) with associated eigenvalu&s and creation

operatorsc,”. k is the phonon quasimomentum, whig is the phonon creation
operator. The electron-phonon interaction is deshbteV, . Simplifications and

assumptions can be made that reduce the compteixitys Hamiltonian. See, for

example, Reference 76.

Confinement of exciton-phonon interactions

The relative strengths of the two types of coupl(iD§ and polar) are size-
dependent’ In the case of DP coupling, the size dependenteecdephasing rate scales
as R?, where R is the quantum dot radius. In the cagEotoupling the size dependence
obeys R behavior. Electron interaction with the deformatjmtential provides an
explanation of the temperature-dependent homogenewmwidth. The Huang-Rhys
factor that describes the Frohlich interaction eysdtically increases with decreasing
nanocrystal size. This will be discussed in desaér.

Experimentally, the sidebands are observed wherbeam (the pump) couples to the

ZPL while the other beam (the probe) couples topti@non-assisted transition. The
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sidebands rest on a large acoustic phonon pedsstaFigure 5-5). The broad pedestal is

caused by semi-continuous leaky acoustic phonams &l other available acoustic

phonon modes in the nanocrystal.

Optical modes are modified by confinement in a differeaywAlong with the optical

modes present in the bulk, surface modes appeadéepand on the dielectric function of

both the nanocrystal and the surrounding mediumahticular, the most prominent

mode corresponds to a uniform polarization ovephescal particle and is called the

Frohlich mode. Frohlich modes cause LO phonon sidéb. These sidebands have high

energy compared to the acoustic phonons and dooopie to the ZPL. Therefore, they

do not offer us much insight into the transitiophklasing that we are interested in.
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Figure 5-5: Experimental differential transmissgpectrum for quantum dots as a
function of detuning. Note the relative energiet ©fand acoustic phonon
sidebands relative to the ZPL. This data was taiten? K.
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The zero-phonon line (ZPL) width is the spectrdehwidth discussed previously.
The width of the spectral hole demonstrates thénsit upper limit for decoherence. We

measure the incoherent part of the spectral helejea described in Chapter Four.

Phonon-assisted transitions

Typical phonon energies are much lower than theggreetween excited exciton
levels in a QD. Exciton relaxation from one stat@amother is possible via the emission
of optical and acoustical phonons. (Absorption ldpons for excitation to a higher state
is also possible.) In nanocrystals, the relaxapiatess via phonons is expected to be less
efficient than in the bulk due to the discrete tomic levels in QDs and the fact that
optical phonon energies are constrained to spauifiterial-dependent values. If an
optical phonon is to be involved, the condition

AE=nE,n=1,2,3,.. (5.10)
must be met, wherAE is the energy difference between the two levets B, is 26

meV in CdSe. This effect, in which LO phonon-asgidransitions are constrained, is
called thephonon bottleneck. Due to the bottleneck effect, electron-phonoerattions
contribute primarily to pure dephasing throughhtual absorption and emission of
phonons that do not change the exciton popul&fidierefore, the effect of the phonon
bottleneck is not particularly strong, as evidenbgdhe efficient band edge PL we
observe.

Acoustic-phonon assisted transitions are constianat only by the discrete

electronic levels of the exciton, as in the LO phricase, but also by the discrete nature
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of their own spectrum (see Figure 5-4). Nevertlglassmall nanocrystals multiple
emissions of acoustic phonons appear to be the rak@ixation mechanism between
excited states. In the bulk, emission of LO phonisrtee dominant mechanism.

At low temperature, low energy acoustic modes gshdominate, as per their Bose-
Einstein distribution. The modes cannot exceedibe of the crystal, or acoustic
phonon-assisted transitions are inhibited as Walltemperature is raised, the acoustic
phonons regain a continuous energy spectrum whireases the efficiency of phonon-
related relaxation. At these higher temperatureg@x scattering by acoustic phonons
destroys coherence.

The net effect of the electron-phonon interact®that decoherence rates for excitons
in semiconductor nanoscructures are increased thhemadiative lifetime limit. The
phonon spectrum is restricted due to the systea) sizich reduces the efficiency of the
electron-phonon interaction, but raising the terapge can destroy the discreteness of
the phonon modes. Finally, experimentally obsertiregSHB linewidth provides a direct

way to measure the dipole dephasing rate of exsiiothe sample.

Spectral diffusion

It has long been known that spectral diffusion saiiace in semiconductor QDs, as
well as in optically active molecules of many soRecently, spectral diffusion in
quantum dots has engendered new int&&tn particular, reducing spectral diffusion

in these structures is seen as a necessary stiegration into a variety of applications.
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Spectral diffusion is, in our context, the flucioatof the transition energy of the
two-energy-level nanocrystals. Spectral diffusislosely linked with a phenomena
calledblinking in which a single nanocrystal, continuously pumped observed over
time 1°® exhibits dark and bright periods. During the btighriod the nanocrystal
continuously absorbs and emits without interruptidark periods indicate nonradiative
decay, and often last much longer than 100 ms.dbserved that the transition energy of
a single nanocrystal typically shifts during a dpekiod so that when a bright period
resumes we say that spectral diffusion has takaeeplt is thought that the mechanisms
that cause blinking also cause spectral diffusidrese mechanisms are either the
charging of the nanocrystal, or the trapping of ohthe charges of the exciton. Each of
these processes, as nonradiative decay takes ptagses a slight reconformation of the
energy landscape of the crystal, which leads tmdified transition energy.

We find that as we take measurements on shortestzorter timescales we observe a
narrowing of the measured linewidth. Measuringhatrer timescales is equivalent to
integrating over fewer excitation events. We noesgnt the data, and then explain the

observed trend of decreasing ZPL intensity as atioim of modulation frequency. We

will find that it is necessary to stop ignorilf@, the dark state, as part of the excitonic

electronic structure in order to explain the data.
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Observations

As the timescale of the measurements we makeeredltwe find a very strong
relationship between measurement timescale anchéasured linewidth (see Figures 5-6
and 5-7). We express the y-axis of much of our datarms of dephasing or
decoherence rate, rather than SHB linewidth, ireotd relate our results to a more
meaningful physical quantity. The overall amplituafehe ZPL decreases (see Figure 5-6)
as the modulation frequency is increased. Thisesatie signal-to-noise ratio to be
reduced. The low S/N makes it difficult to measziRt. widths at high modulation
frequencies. This places a practical limit of apjraately two MHz on the frequency

range of spectral diffusion that we can study.
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Figure 5-6: ZPL of the same sample for pump modhndtrequencies of, in order
of decreasing peak intensity: 1, 10, 20, 50, artikHz. See Figure 5-7 for
conditions.
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The fact that the ZPL magnitude decreases as theilaton frequency increases is
indicative of a slow decay of the SHB respons¢héfe were no delay over time, the

ZPL magnitude (though not the width) would be ueetéd by the integration time of the

measurement. Systems trapped in qme:annot respond at the rate of the pump

modulation frequency. Therefore, states emittinmf*c} do not emit at the frequency

we lock-in to, and we do not measure those emissi@m analogy is an electronic low-
pass filter.)

In Chapter Four we discussed saturation spectrgsdde higher the excitation
intensity used, the broader the spectral hole. Hewen order to avoid power
broadening (see the next section) we use very kmitation intensity. We are not

causing muclsaturation hole broadening. Instead, the incident radiat@euses spectral
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Figure 5-7: Exciton dephasing rate in QDs versusgpmodulation frequency; the
modulation frequency sets the measurement timestlatéedata shown was taken
by Phedon Palinginis on a quantum dot sample sgizbe by Xudong Fan. Dot
diameter=9 nm, T=1.8 KyJn=1.0 W/cnd, and hop=0.5 W/cr.
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diffusion which itself leads to broadening. Basedlwe timescales at which the ZPL falls
to an asymptotic value (see Figure 5-7), we gatiarthe effects of intensity-induced
spectral diffusion forgmp= 1 W/cnf and prone= 0.5 W/cni are most pronounced at
timescales greater than ~ 2 us.

The ZPL linewidth depends on the number of exatagvents taking place within
the measurement time. We find that decreasing #msarement time or reducing the
excitation intensity both reduce the linewidth. @®atrapping, as in a long-lived dark
state, accounts for the long decay time of the $#ponse.

Four-wave mixing (FWM) experimerfts*® verify that the mechanism underlying the
SHB response does feature a very long lifetime. rélaxation time of the coherent
contribution to the nonlinear response is more tinanorders of magnitude greater than
the expected radiative lifetime. Let us reexamiredlectronic transition landscape (see
Figure 4-4).

Absorption only promotes electrons|to) : since|a> - |b> is the only dipole-allowed
transition from|a) . Excitons may decay either fo) or back toa). Evidence for
excitons quickly decaying t®) is in the time-resolved PL measurable in the sesifl

Evidence for slow decay frov|1¢> Is in the FWM measurements mentioned earlier.

The nonlinear saturation spectroscopy that yidldsspectral hole depends on a large

fraction of the available systems being excitedu@dion is determined by the

population difference betweeh) and|a). The key aspect of this process is that the

systems are not in the ground state and henceoaeble to absorb the probe beam.
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Decay of systems ifb) to|c), rather than back @), maintains depopulation of the
ground state relative to the bright state. Satumabif|b> , therefore, is determined in
large part by the lifetime of excitons trappeq ctbm

Saturation causes a nonlinear signal basdabtinthe population ofb} , and the
depletion of|a) due to the long-lived population |). The lifetime we measure in the
nonlinear response in SHB depends on the tim&aéistaxcitons trapped 1r¢> to return

to either|b) or |a), and the time it takes some of the excitonfhjnto return to|a)
directly. Direct recombination time is just the iat/e lifetime, and is three orders of
magnitude faster than the decay time fram

|c> can vary from nanocrystal to nanocrystal, basethersize of the QD or nanorod.

Within a single nanocrystal it is possible for defstates near the excitonic leye} to

provide a manifold of dark states. The ZPL homogesdinewidth is characterized by
2r,, for T.>T, (T, <T,). (Here,y~T.) For a manifold of dark states the Lorentzian
shape of the spectral hole is modified to a norehtagian shape.

Due to the very long lifetime associated with 31@3 we conclude that the spectral
hole burning signal we observe is, in fact, peesishole burning as opposed to transient
hole burning. Dark state trapping occurring atta faster than the radiative

recombination rate provides a robust explanationife long times associated with

exciton decay. ZPL linewidth depends strongly andbcay time from the dark state.
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The relative change in dephasing rate for QDs themodulation frequency range
that we can access is approximately 75%; we wdlthat this is a greater value than for
nanorods. By a modulation frequency of about 1 MHe,effects of spectral diffusion
have been reduced to a minimum at the timescalese@sure. In order to minimize the
effects of spectral diffusion on the data, at ledishe timescales we use, it is
recommended that the pump beam be modulated abapmately 0.6-1 MHz. It is
possible that further reduction of the dephasing iachievable by modulating at still
higher frequencies. We have been unable to tesptigsibility due to the signal to noise
issue discussed earlier.

Spectral diffusion is an effect seen in QD strugsuput not in the bulk semiconductor
material; nor is it observed in quantum wells ocagum wires. Quantum dots are
susceptible to the effects of spectral diffusioe tuthe size of the structur€Each dot
responds individually to its local electric fieldveronment, induced especially by
nonradiative decay processes, while in all higherethsional structures the transition
energy results from the energy levels of the whsbtaeture, which do not respond
efficiently to very localized perturbations. Thisynbe reversed if charge localizations

take place in these higher-dimensional structures.
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Intensity dependence

Excitation intensity dependence of the ZPL lineWwidt demonstrated in Figures 5-8
and 5-9. Higher intensity leads to a broader ZRld, iacreases the ZPL magnitude as
well. Intensity dependence comes from two sourtess; saturation, and second, power-
induced spectral diffusion.

Saturation power broadening has been mentionethap€r Four. Recall Equation
4.13, and the fact that the absorption profile dejgeon the intensity of excitation.
Physically, a particular size of quantum dot iorestly excited by the saturating pump

beam. The absorption tails of nonresonant QDs@lsedap the spectral position of the
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Figure 5-8: Power broadened ZPL spectra for, iriood increasing peak intensity,
a pump power of 100, 200, 400, 800, 1600, 36005208 p\W. Notice that both
the magnitude and width of the spectra increase widreasing power. T = 5.5 K.
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pump. As the pump intensity is increased, theseasmmant absorption tails increase
their response (until they, too, reach saturatidhus, we expect the SHB linewidth, and
therefore the dephasing rate, to increase monayieith pump beam intensity. The
data matches the expectation and is shown in Fignore

The second source of intensity dependence is iighteed spectral diffusion. This
spectral diffusion is due to a higher intensityrafident light exciting more charges in
the nanocrystal, leading to blinking events andattendant spectral diffusion. For
example, in single CdSe QD%it has been observed that both the rate and esfent
spectral diffusion is highly intensity-dependerdble 5-1 shows the intensity and
diffusion amount cited in Reference 73. For suitiintegration time, the diffusion
appears as a power broadening. Many of the eftédtss spectral diffusion have been
discussed in the previous section. This form otspédiffusion is more important in our
data since we work at much lower intensity than #saociated with saturation.

In order to reduce the effects of intensity-relabeaadening in our data, we work at
low intensities. Typical experimental values af&8.0 W/cnd, for both pump and probe

beams. The probe intensity is kept lower than tiagintensity for most experiments.

Intensity (W/cm) Spectral diffusion amplitude (meV)
2500 60
65 2
25 <2

Table 5-1: Data taken by Empedoclesal.” for intensity dependence of the
spectral diffusion of a single CdSe nanocrystakdnation time was one minute.
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Figure 5-9: QD power broadening as a function ehpueam intensity. Data
taken by Phedon Palinginis. Modulation frequencid8 kHz. Note the use of
logarithmic scale. The inset shows the same datalimear scale.

Temperatur e dependence

Temperature plays a crucial role in dictating naydhe number of phonons present
in the QD system, but also whether acoustic phohams a discrete or continuous
spectrum. Exciton-phonon interactions are explicgimperature dependent, and the
temperature dependence of the ZPL itself indicevepling strength. Therefore,
temperature is a particularly important parametetlie measured dephasing rate.
However, a broadened ZPL is not a feature of thplgist electron-phonon model,
referred to as the Huang-Rhys or independent bosmtel. In the Huang-Rhys model the

interaction strength is denoted with a parametkedt .

d%k|M, , (k
S(1) = fq j ‘k () (5.11)
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M, (IZ) was defined in Equation 5.9. The frequency spetifiphonons is

independent ok, wherek is the phonon quasimomentum. That is,

o
&

00

) %
w(k)=cq=( j%, (5.12)

where g, is the static/high-frequency dielectric constamd &) is the reststrahl

frequency (the limiting value of the frequency 6f@ mode dispersion curve &s— 0).
Considering the case of the ZAL,must be zero. S(0) is easily calculated usingtioye
expression, and by using the definition\d,. , (IZ) mentioned earlier. S(0) = 0, indicating that

in this simple model there is no electron-phonapéog strength at the position of the zero-
phonon line. We observe broadening of the ZPL, kewetrongly suggesting non-zero
coupling strength, so the simple model is not cieffit to explain the data.

In their paper on calculating a new microscopiaag@gh to understanding optical
transitions in QDs, Muljarowet al.2 use a modified independent boson model to finctitiea

ZPL broadens due to emission and absorption eialighonons. These virtual transitions are

between stat{eb} and higher lying exciton energy levels. The enefgie exciton does not

change, making this a pure dephasing process.adseyt that virtual transitions are the major
mechanism of phonon-induced dephasing in single Qlbls is reasonable as long as exciton
level distances are much larger than the typiaigrange of the acoustic phonons coupled
to the QDs. The broadening is exclusively due taliaigonal elements of the exciton-phonon

interaction Hamiltonian.
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The ratio of zero-phonon transitions to non-zeroram transitions should decrease with
increasing temperature. That is, the optical alisorpecomes more and more dependent on
phonon-assisted transitions as the number of plsdnoreases, and the spectrum of phonons
expands from discrete to continuous with tempegafihis can be seen by comparing the
relative heights of the LO-phonon sidebands todhtite ZPL in Figure 5-10, and the acoustic
phonon sidebands to the ZPL in Figure 5-11. Abmued helium temperatures there is enough
thermal energy to excite many phonons and the pildp@f a zero-phonon transition
occurring is close to zero.

Finally, we present the dependence of the ZPL etetfmperature (see Figure 5-12). The
expectation is that the dephasing rate rises moioadty with temperature. The temperature
dependence is clearly nonlinear. This is in opjawsib the temperature-dependent behavior of
the ZPL in bulk material and in QWSs. At low temparas it is expected to rise linearly, in
keeping with the bulk material and QWs.

One way to explain, and fit, the nonlinear depend&m temperature is to appeal to a two-
phonon Raman process where absorption and emigsaatiiscrete phonon simultaneously

occur. The temperature dependence of the homagebemadening is given §y
[ e pronon (T) O SINNZ (0 / K T) . (5.13)
hw is the energy of the lowest confined phonon madadeaccount for the two phonon

modes involved, we can predict the experimentaiiseoved dephasing;, with the sum

of contributions from two phonon modes, plus théiative dephasing’
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(5.14)

2y(T) = Asinh®(E,/ Z,T)+B sinh®(E,/ R,T)+ B,
wherel, = 16V, E, =0.67/meV , E =1.5meV, A=3ueV,andB= 4.0eV. The
curve in Figure 5-12 shows the fit based on thjgression. It corresponds well with
observationally obtained data. However, it is intaont to remember that this is just a

numerical fit and does not necessarily imply thatinodel underlying the above

expression is correct.
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Figure 5-10: The phonon pedestal expands and thghddon sidebands broaden
as the temperature rises. Similarly, acoustic phaigebands disappear with
rising temperature although they are not visibléhis scale. These spectra, from
lowest to highest pedestal intensity, are takéi=at0, 20, 40, and 60 K
respectively. The modulation frequency is 2 kHz #ralpump is at 635 nm.
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Figure 5-11: The ZPL width expands as the tempegahcreases. In order of
increasing peak height, these spectra were take®, 42, and 4 K respectively.
The spectral weight of the ZPL shrinks relativéhie acoustic phonon sidebands
as temperature rises.
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Figure 5-12: Temperature dependence of the depheata of colloidal quantum
dots. The line is a fit to the data using Equabdi¥. Data taken by Phedon
Palinginis. Nanocrystal average diameter is 9 nchtha modulation frequency is
100 kHz. Graph from Reference 89.
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Self-assembled ver sus chemically precipitated quantum dots

For comparison’s sake, it is instructive to exanthreetemperature and spectral
diffusion dependences of the dephasing rate irassémbled CdSe QDs. Self-assembled
CdSe/znSe QDs with a PL peak at 565 nm, producedialecular beam epitaxy, were
supplied to our group by collaborators. Figure3satd 5-14 display the temperature
dependence and spectral diffusion dependence,atesgg, of self-assembled QDs.

The temperature dependence shows a slightly diffesteape than for chemically
precipitated dots; it is also clearly nonlineamigir to chemically precipitated dots.
Physical differences include the shape, size, addispersity of the two types of dots.
The dots in the self-assembled sample are onlB 2r@nolayers thick, and disk-shaped.

They are grown on a2m thick ZnSe layer, which itself is grown on a GaAbstrate,
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Figure 5-13: Temperature dependence of the depheaie of self-assembled
CdSe/ZnSe QDs. Data taken by Phedon Palinginisnmidaulation frequency is 3
MHz.
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Figure 5-14: Spectral diffusion effects in selfesbled CdSe/ZnSe QDs. T=10 K.
and capped with a 50 nm layer of ZnSe after thex harmed. One expects lower
surface strain on the dots due to better latticeehiiag between CdSe and ZnSe (7%)
than between CdSe and ZnS (12%). The dot denaitiesn the order of 10-1Q0n.

Spectral diffusion susceptibility in self assembiieds is seen (Figure 5-14) to be
similar to that in precipitated dots. The self-asbked dots are more uniform than
chemically precipitated dots, so it is possiblénd and measure the width of the ZPL
even at high modulation frequencies. The rate dse®as the modulation frequency is
increased, as before. However, the final decohereate measured is about g&v
(0.85 GHz), which is nearly the same as the lowagstfound for nearly spherical Q&fs.

The rate is also comparable to that found in InGaRs
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Material matters. PbS QDsvs. CdSe/ZnS QDs

In addition to CdSe/ZnS core/shell QDs, we have stadied PbS QDs via SHB.
These dots were supplied to us by collaboratorsnEkVise’s group at Cornell). The
PbS QD sample we used experiences the lowest akcabsorption at 791 nm. We
performed SHB experiments at two different pumpfiencies: 789.4 and 803.1 nm. The
experiments revealed a broad acoustic phonon @dest no sharp ZPL. The pedestal
moved with the pump frequency, as expected. THedaa sharp ZPL indicates a very
fast dephasing time in the PbS dots. This is \eztibly unpublished photon-echo
experiments performed by our collaborators. Theietresolved experiments reveal only
a fast decay component on the order of 100 fsstefathe signals are the at the limit of
the instrument response. They found no slow deoayponent of the signal; a slow
decay would be indicative of a ZPL.

Different time-resolved photoluminescence studidggand-capped PbS QDs reveal
an extraordinarily long lifetime, on the order ofid®* At the same time, it has been
found that the absorption bleaches quickly (<1°A8he surprising quickness of
decoherence (despite long lifetimes) indicates uall strong exciton-phonon
interactions, possibly related to the high confieatrenergy experienced by the excitons.

We attribute the disappearance of the ZPL in th® ®Ds to the extremely strong
exciton-phonon interaction in the material. Theapaeter of merit in this discussion is
the Huang-Rhys parameter, S, discussed earliegs&illes the intensity ratio between

the ZPL and the corresponding higher phonon sidébamabsorption, luminescence, or
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Raman experiments. The parameter is equal to teettion energy between excitons
and phonons in units of the phonon energy. S isvkno increase with increasing
quantum confinemerit.S for electron-phonon interactiomside a QD is given by the

following expression”

2 [ 1 1 2 R
5* il ) e Prevy] L WSLE 5.15
hedo {fw ‘gojzk: R3j.+f(kR)k2‘“( m|  (5.15)

where R is the nanocrystal radius, and could be replaced by the characteristic

frequency of any given phonon modg(x) is the spherical Bessel function and
u(k,1,m) =J' i (kr)Y,™(8,9)0(r)dr, where p(r) :|1Pe|2 —|1Se|2. S can be numerically

calculated by using infinite boundary conditionsl &essel functions for 1&nd 1R S
scales approximately as 1/R.

The quantum confinement in the two types of dotlifferent. While the exciton
Bohr radius is 5.6 nm in CdSe, it is 20 nm in PB&itons in PbS undergmnsiderably
higher confinement energies at a given QD size th&dSe QDS° This is a predictable
observation, based on the small band gap (0.4 eMbiged by bulk PbS. The
confinement energies experienced by excitons in@DS are several times the band gap
energy in PbS QDs, versus about half the band geygg in CdSe QDs.

Prior experiments have found that S values for 3wide PbS QDs could be
segregated by type, with,usi=0.01-0.1, and &iica=0.01-0.7, depending on themode.
The larger values of S are for lower valued 8f Reported values for CdSe QDs

similarly exhibit a range from 0.035 to 73®and 0.2 for QDs embedded in glass or
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organic matrice$® The 0.035 value is for epitaxially grown dots, 8rmlayers thick and
10 nm wide, coated with Zn&.The other two values (1.3 and 0.2) are for co#lbitbts,
diameter 4.3 nm, with a ZnS sh&ISubsorption= 0.2 While Smission= 0.5 for CdSe QDs of
diameter 10 nn1’ We take the the value 0.2 for S in the case ofelZES QDs
embedded in polymer. The value for PbS most cridtie literature is 0.7, for a size of 3
nm. S only increases as dot size shrinks. A depeadef size versus S value may be
inferred based on the data presented in Referéd@e/e find the size of the PbS QD
sample studied to be ~1.8 nm in diameter. There®fer our PbS QD sample is, in all
likelihood, more than 1.0. Based on the comparidda for the two types of sample, PbS
and CdSe/ZnS, we can state that exciton-phonoraittens in the PbS sample are
considerably stronger than in the CdSe/ZnS samples.

We offer a possibility for the mechanism of strongeciton-phonon interactions, and
thus a higher S value, in PbS QDs. The extremsalydaphasing rate inferred from our
results may be due to the so-calésternal heavy atom effect. Compounds containing
atoms with particularly large Z-numbers (heavy apnespond to a spin-orbit coupling
enhancement produced by the heavy atom. The endhapaeorbit interaction can
increase the rate of a spin-forbidden processelheincreasing the dephasing rate of
excitons via an increase in the decoherence rae effect takes place due to the
behavior of electrons in the presence of a heamyaThe outermost electrons of such
atoms are less tightly bound than in lighter atolmes to charge screening: the inner s-
orbital electrons are attracted so strongly toniheleus that they form a contracted, tight

shell. The d- and f-orbitals are expanded and tégtad in response. Therefore the spin-
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orbit interaction is much stronger for electronsagsated with Pb atoms than it is for
atoms associated with Cd. The heavy atom effdatasvn to reduce fluorescence
guantum yield (QY) and the fluorescence lifetiméjlesincreasing the phosphorescence
QY and decreasing the phosphorescence lifetime.

Next, we examine the experimental results foundhéororods and compare them to
the results for CdSe/ZnS quantum dots. Expectddrdiices between exciton dephasing

in sphere and rod morphologies are reviewed inrttneduction to the next chapter.
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CHAPTERG

EXPERIMENTAL RESULTS FORNANORODS AND
CONCLUSIONS

In the previous chapter, we explored whether the of the QD has an effect on the
lowest achievable dephasing rate, and found tttadl ihot. The size of the QD explicitly
sets the phonon sideband energy we measure, a;msebapter Five. However, in terms
of the ZPL, we need to ask if the size of the QBrges the coupling strength of the
virtual transitions that cause broadening in th&t folace. In the theory of Muljarogt,
al. 2% the Hamiltonian describing virtual transitionsglspendent on the wavefunctions of

both electron and hole, and an integral over td@at@omponent of the radius of the dot.
Both wavefunctions are spherical, and their r ddpane goes as” . Integrated from O

to R, the r-dependent parts of the two wavefunstiogether returns (-:2) e 2R -1). This
function, when graphed, is almost entirely flatossrthe range of R that we are
concerned with. Therefore, it is reasonable thatiadlwest dephasing rate measured for
each size of QD, after spectral diffusion has beanmized to the best of our abilities,
should not vary from size to size.

We now consider whether shape plays a role in @xaephasing. This is the first
study of semiconductor nanorods using the SHB tigcien We find that shape does
promote different dephasing behavior. In fact,aiartletails in all the parameterizations

that we investigate (modulation frequency, exaaintensity, and temperature) are



126

different than QDs in the case of nanorods. Theerr@tremains the same: CdSe/ZnS
core/shell structures, with a further layer of ¢tidphosphine oxide affixed to the ZnS.
The nanorods explored in the present study hawaspact ratio of 9:1 (length ~21 nm,
diameter ~2.4 nm). The length is nearly a factdoaf longer than the Bohr radius of an
exciton in bulk CdSe, but the rod is not yet sugiintly long to be considered a strictly 1-
D system (a quantum wire). We find evidence of fimssharge localization and
migration within the rod structure.

CdSe/ZnS nanorods feature a Stokes shift of 50 etmd®zn the exciton absorption
and PL resonances at room temperature. The StbKesgpredicted by Equation 5.5
and is proportional to S. S is inversely proporicio R (the radius of the nanostructure;
see Equation 5.15). This indicates that as sizeedses S increases, which we expect to
cause a larger Stokes shift. This provides theifidication that excitons in nanorods
may be undergoing some localization behavior. Tiamdter of the nanorods is only 2.4
nm, considerably less than the smallest diamet@2d examined. PL of excitons in
nanorods remains more red than expected for ssdeaso we propose that the exciton
is not strongly confined and has the ability tohoatigrate and elongate in the direction
of the rod, which could explain a PL of 600 nmpaposed to a PL near 500 nm for a
QD of diameter 2.4 nm or a PL near 1260 nm for a @Biameter 20 nm. There is a
resonance shift of 10 nm from room temperaturedt& Ithe PL peak occurs at 610 nm
at room temperature, and 600 nm at 10 K), a smsiiliér value than for CdSe/ZnS QDs.
The amount of shift in QDs is different for everyes but averages to ~30 nm for our

samples.
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Given that nanorods have a large permanent dipolaent, it is worth asking
whether pure dephasing in nanorods is qualitatidéfgrent than in quantum dots of the
same material. The permanent dipole moment conalgiskews all polar interactions
taking place in the rod morphology, but would nié¢éet deformation potential coupling.
Stronger polar interactions are expected to taliegpparallel to the long axis of the
nanorod. A strong electric dipole moment may aldd@elongate the exciton with more
strength than simple geometric confinement canigeov

One somewhat puzzling observation is that acopstimon sidebands are not
consistently visible in nanorod SHB spectra. Wedtlgpsize that either a sufficiently
large number of phonon modes participate, or thieggzating modes are directed along
the long axis of the nanorods, such that the silgbare broadened beyond recognition.
For example, phonons traveling along the directibtihhe long-axis of the rod may have
reached the continuous spectral range due to kvedy large distance and lack of

confinement in that direction.

Spectral diffusion

Nanorods behave similarly to quantum dots undemthgence of spectral diffusion.
Effects of spectral diffusion can be suppressepdsforming the SHB measurement at
high modulation frequencies. As with QDs, the Zip#itude and width are both
reduced at high modulation frequencies. The reasamthe same: the width is reduced

due to removing a certain spectral range of splediffasion, and the amplitude is
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Figure 6-1:Nanorod ZPL in the SHB response observed at, foredsing peak
intensity, modulation frequencies of 1, 20, 40,80, and 100 kHz, respectively.
For each datum, T = 8 K, pump intensity = 3 Wicamd probe intensity = 1
W/cn?.

reduced due to the effects of the long-lived d&akes which remains in play in nanorods
(recall Chapter Two). The final decoherence rateareachieve is comparable to, but
higher than, the rate measured in QDs (see Figiaie Bhe QDs yield a minimum
homogeneous linewidth (half of the SHB linewidtifiéqieV, which corresponds to a
decoherence rate of 0.75 GHz, as discussed préyidusr findings for nanorods include
a minimum homogeneous linewidth of 38 peV, or eotlecence rate of ~4.4 GHz. This
is a slightly different finding than a previouslyldished result that found the
decoherence rate of nanorods to be less than inr*@QDe technique used in the
referenced paper cannot account for low levelpetsal diffusion, and lacks the level

of spectral resolution that we can achieve with SHBe measured level of so-called



129

(o]
T
n
1

[e2)
T
]

n
1

N
T
>
1

Decoherence Rate (GHz)
D
I>

A A ]
0 200 400 600 800 1000
Modulation Frequency (kHz)

Figure 6-2: Decoherence rate versus modulatioruéegy for both nanorods
(squares) and quantum dots (triangles).T = 8 K, pimtensity = 3 W/crh and
probe intensity = 1 W/cfn

spectral wandering in nanorods was found to bethess 7.2 GHz, showing spectral
diffusion in nanorods to be small compared to siphe@QDs in their study.

The relative effect of spectral diffusion that weasure on the exciton dephasing rate
of nanorods (54%) is less than in spherical narstaly (75%). This result meets the
expectation that as 0-D structures morph into XrDctures the spectral diffusion should
decrease to zero. Our findings for the relativengiean linewidth due to spectral
diffusion do match the aforementioned previouslglished resul?®

We observe that the effects of spectral diffusionanorods are greatly reduced in
approximately the same frequency range as for Qismeasurements for the decoherence
rate in nanorods maintain a slight downward slopever a greater frequency range than for

QDs, indicating susceptibility to higher-frequemoynponents of spectral diffusion.
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It should be emphasized that due to our inabitityneasure the ZPL beyond a
modulation frequency of about two MHz, it is unclednether spectral diffusion at even
higher frequencies takes place. At least someefitiewidth beyond the radiative width

may be attributable to further spectral diffusidfeets.

Power broadening

Nanorods undergo power broadening as do QDs. fidaebning rate is more
gradual than for QDs, as can be seen in Figuref6r3onotonic increase in the
dephasing rate is both expected and observed.d=83drshows the same data plotted on
a log scale. The trends for QDs and nanorods mapiveerging at very high intensity
values.

Nanorods experience intensity-induced spectralisiifin, which acts as a power

broadening, just as QDs do. We still excite theonads at excitation intensities well
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Figure 6-3: Dephasing rate versus pump beam injemM&hnorods (squares)
broaden at a more gradual rate than spherical ngstats (triangles). Modulation
frequency = 1 kHz, T = 8 K, probe intensity = 1 Wic
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below the saturation intensity. The absorption €ection for nanorods is the same
order of magnitude as QDs. Therefore, we conclume @gain that the intensity-induced
spectral diffusion plays the main role in the irsiéndependence we observe for
nanorods. It is reasonable that the intensity deégece of the two morphologies should
begin to converge. The volumes of the two systemsianilar. The energy density in the
form of excitations contained in the spheres osrhoeicomes comparable in the limit of
very high intensity, and the blinking events asated with this charging causes the

observed increase in dephasing rate.
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Figure 6-4: The pump beam intensity dependenc€d&e/ZnS nanorods
(squares) and quantum dots (triangles) displayeallog plot. Conditions are the
same as in Figure 6-3.

Temperatur e dependence

As with spherical nanocrystals, the dephasingirat&norods is strongly affected by
temperature. The dephasing rate rises rapidly t@itiperature, indicating a significant

contribution to the decoherence of excitons froatbn-phonon interactions (see Figure
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6-5). Since the relative contribution of the ZPLthe SHB response decreases with
increasing temperature, a deteriorating signaleigenratio prevents us from obtaining

data at temperatures above 25 K.
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Figure 6-5: Temperature dependence of dephasiagrratanorods. Modulation
frequency = 1 kHz, pump intensity = 3 W/gmrobe intensity = 0.3 W/cmThe
line is a fit described by Equation 5.14.

Virtual transitions remain the most likely sourdelte temperature-dependent ZPL
linewidth. The data points can be fit by the sampgagion used for QDs, Equation 5.14.

Ea B, andl,, remain the same as in that case (.67 meV, 1.5 @e¥/16 peV,

respectively, but the parameters A and B are no® ddd 40.7 peV, respectively, an
order of magnitude larger than in the QD case. (iNB:easy to obtain unphysical
guantities fitting this function, and care shoukdtbken.) Remember that this is a
numerical fit, and the physical model of the intti@n with two phonon energies is not

necessarily correct.
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Conclusions

We find that exciton-phonon interactions accountfie@ majority of exciton
dephasing that takes place in CdSe/ZnS quantumaddisanorods. This is the first
study* of the dephasing rate of CdSe/ZnS nanorods withtsgl diffusion effects
minimized, and at high spectral resolution compaoetthe limited earlier experiments.
Suppressing the effects of spectral diffusion redube measured linewidth dramatically,
but does not allow that linewidth to closely apmio#ghe expected radiative linewidth in
either morphology. Temperature and excitation isitgrmust both be small in order to
obtain the lowest linewidth possible. The minimuetoherence rate in nanorods is
observed to be larger than in QDs. However, thetive effect of spectral diffusion on
the measured linewidth is smaller in nanorods thenin quantum dots. This behavior is
expected as a symptom of the transition from 0-- semiconductor nanostructures.

Temperature dependence of the SHB response inglisateg exciton-phonon
interactions in the nanorod and quantum dot strastlExcitation intensity dependence
derives from either saturation (due to excitatibthe absorption tails of non-resonant
nanocrystals) or intensity-dependent spectral gliffia processes. A measurement
timescale-dependence is an indication that lomieegy spectral diffusion dominates the
SHB response at long integration timescales. Neekass, at the highest modulation
frequency used, the lowest decoherence rate obt&ndoth morphologies exceeds the

expected radiative (lifetime) rate of excitons idSe, ~0.016 GHz, by a large factor.
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Figure 6-6: The same temperature data given inr€igLb for nanorods. The fit on
the left is a standard exponential fit. The fittbe right is a standard exponential
fit for a temperature dependence of(see the text). The thin lines are guides.

The question remains: what causes decoherenceas&xf the radiative dephasing
rate? Decoherence mechanisms in nanocrystalsilhpostly understood. For spherical
nanocrystals, decoherence rates obtained at higlilaion frequency are comparable to
those obtained in self-assembled quantum dotsthese rates consistently exceed the
expected radiative rat&™ The linewidth of the ZPL in nanorods is also mgcater
than the expected radiative linewidth, and in exagghe linewidth of QDs as well. In
addition to not being able to quantify any speditilision taking place at frequencies
above two MHz, the ways in which electron-phonderiactions contribute to the

linewidth of the ZPL are still debat&d.
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We propose a mechanism to help explain the additidacoherence of excitons in
nanorods as compared with spherical quantum dbis.i§ the exciton localization and
migration model discussed briefly earlier. In comig@n to spherical nanocrystals,
excitons in hanorods can become localized by fatatas in the 1-D confinement
potential. The fluctuations might arise from im@etfnanorod growth leading to crystal
lattice defects or surface fluctuations, or stetithe CdSe-ZnS boundary caused by the
12% lattice mismatch of the two materials. Migrasaf excitons among different
localization sites with local potential minima dake place via absorption or emission of
acoustic phonons. The phonon-assisted migratiotegropersists and can be highly
effective even at very low temperature, as showeantier studies of localized excitons
in GaAs/AlGaAs quantum welf§*

The expected temperature dependence of a phonisteassigration process has the
form exp(BI”), at least in multiple quantum well structuresdsBositive and independent
of the temperature, although it is expected to dépe the excitation energy and details
of the nanostructure boundariess estimated to be between 1.6 and'$?The
temperature dependence of the nanorods is plogt@id & Figure 6-6. The first plot is a

generic exponential fit to the data, and takeddha 0.41exp(0.26B . The fit is not

especially close. When the data is replotted witx-@xis of T**, and subsequently
refitted with an exponential, the fit is closer.i§ kariety of temperature dependence
supports but is not conclusive about the modetofiatic phonon-assisted migration as a

plausible source of decoherence in our nanoro@syst



136

A greater source of confidence for the proposedhaigism is the dimension-
dependent behavior of the dephasing rate. The demheate in nanorods follows trends
and behaves more like a 0-D exciton (implying coafnent) than a 1-D exciton. For
example, the effects of spectral diffusion for alocalized, true 1-D exciton should be
essentially zero and certainly less than for g/fatinfined exciton, as discussed in
Chapter Four. Theelative contribution of spectral diffusion is less than @Ds, but
only by one third of the value for QDs. We speaildiat if localization were not taking
place, the relative contribution of spectral diftusto the decoherence rate would be
dramatically lower than in QDs.

Excitons undergoing phonon-assisted migration abgest to dephasing due to
elastic scattering from potential fluctuationsyasl as the dephasing discussed
previously that is due to exciton recombination arditon-phonon scatterirt§?

Between hops to new locations within the nanostiecthe localized exciton is confined
by a local minimum of the potential. Migration réigs absorption or emission of an
acoustic phonon to compensate for the energy diffex between sites. There are two
mechanisms for migration. In the first, sites musnearby to one another, on the scale
of an excitonic wavefunction, since it is the oaerbf the excitonic wavefunction with a
different local energy minimum is the cause ofrhgration itself. In the second, the
inter-site distance is much greater than the leatibn length, and the intersite dipole-
dipole interaction mediates the interactf8hA model for exciton states in a random
potential, assuming transport over relatively ladggances and exciton-phonon

interaction that is confined to phonons of long ®langth, is detailed in an early
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paper-®* Strong quantum confinement is not consideredémtiodel. Additionally, recall
that the nanorods demonstrate a permanent eldgbote. This overall dipole could
deeply affect both of the mechanisms mentioned, lirettékelihood affecting the second
mechanism most strongly.

Further evidence for migration is the blinking belea of quantum wires. A recent
report®indicates that for a fraction of the number of firB-long wires studied,
different portions of the CdSe quantum wires blifike blinking is observed to change
location within the wire structure. The statisticgestigating whether correlations exist
between blinking in different parts of a rod had been completed at the time of the
report. Localized blinking behavior indicates lazat excitons, which is indirect support
of exciton localization and migration taking planghe nanorods.

Thus, phonon-assisted migration is a likely mecsrarfior decoherence in 1-D
nanorods above that seen in QDs. In principle, awgd nanorod synthesis could

overcome this dephasing mechanism.
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CHAPTER 7

SUMMARY AND OUTLOOK

We have shown that CdSe/ZnS core/shell nanorods feature faster dephasing than
CdSe/ZnS core/shell quantum dots. A mechanism for faster dephasing in the nanorod
morphology is exciton localization and phonon-assisted migration within the rod
structure. While this mechanism can account for the faster decoherence time in nanorods,
it remainsto be experimentally tested. External evidence for the validity of this
mechanism comes from the study of blinking behavior of long CdSe quantum wires.'®
Most wires observed blink as a unit along the entire length of the wire. However, some
wires blink from discrete regions, and the blinking moves with time. This seemsto
support our exciton localization and migration model. It also suggests that an appropriate
way to try to reduce the large decoherence rate in nanorods is to concentrate on better
synthesis methods that may reduce potential energy fluctuations aong the length of the
rods.

Second, we observe that the relative effects of spectral diffusion on the dephasing rate
in nanorods is less than in quantum dots. For both morphol ogies the dephasing rate drops
by nearly 4 GHz over a modulation frequency range of 1 kHz-1MHz. However, due to
the higher overall decoherence rate observed in nanorods, the amount of dephasing
attributable to spectral diffusion at low frequency is only 54%, while in quantum dotsit is

75%. The lower relative effect of spectral diffusion in nanorods may be due to the larger
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size of the nanorod structure. Spectral diffusion is caused by a conformational change
that modifies the transition energy of the whole structure. It is possible that the size of the
nanorod is such that it takes a much larger change to modify the transition energy
appreciably. Thereis aso the consideration of the nearly 1-D excitons that form in the
nanorods, and the types of perturbations that could affect the potential well that confines
them.

Finally, we note that nanorods are closer to being radiative lifetime-limited than quantum
dots. Thisislargely due to the difference in expected radiative lifetimein the two
morphologies. In quantum dots the radiative lifetime is about 10 ns, leading to a
dephasing rate of about 0.016 GHz (or a homogeneous rate, more often quoted, of about
0.03 GHz). The lowest decoherence rate measured in quantum dotsis 0.75 GHz. Thisis
47 times larger than the radiative rate.

In nanorods, the radiative lifetime has been calculated to be about 0.8 ns, yielding a
rate of 0.2 GHz. The lowest decoherence rate measured in nanorods is 4.4 GHz. While
thisvalueis considerably larger than for quantum dots, it is only afactor of 22 larger than
the radiative rate. Thisleads to the conclusion that nanorods are closer to being radiative
lifetime-limited. If the decoherence rate of nanorods can be shrunk to a value close to that
of quantum dots, then the nanorods would display a decoherence rate only a factor of ~5
away from the lifetime rate.

In conclusion, while lifetime-limited dephasing has not yet been observed in
CdSe/ZnS core/shell quantum dots or nanorods, the study of decoherence effects ascribed

to spectral diffusion and electron-phonon interaction is fundamentally important. The
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understanding of dephasing processes, and the ability to observe the homogeneous
linewidth of an optical transition in the absence or near-absence of extraneous dephasing,
opens the door to many applications including optical communications networks and
information processing. Greater control of the synthesis of these nanostructures may yield
systems with decoherence rates even lower than those observed in the course of the
studies presented here, bringing the above applications and others not yet anticipated

even closer to fruition.
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APPENDIX A

NANOCRYSTAL SYNTHESIS

The purpose of this appendix is to provide the eeadth detailed (although not
entirely complete) instructions for the growth ad$2/ZnS core/shell spherical
nanocrystals. Recipes for the stock solutions ameng as are the procedures for the
fabrication of the nanocrystals. The format is pitaand some material may be found
in duplicate in Chapter Three as well. It is recoemated that the student not familiar
with air-free or organo-metallic synthetic procegiiconsult with an expert before
beginning. The materials are dangerous, and theedtwes may be delicate in places.
This document is not intended to be the sole sooirggormation for a budding
nanocrystal-grower. Nevertheless, | have includetha important points for achieving
high quality crystals, and sufficient directions &éoproperly prepared physics student.

Enjoy, and good luck.

Safety notes:

» For all procedures, wear nitrile gloves and suligthaye protection
(in the form of chemistry goggles or eyeglasse®), lze sure to keep
the hood sash down in front of yourself as farsgsractical to work

with. In addition, be sure that the sash is beloaline demarking



142

most effective airflow range. Note that nitrile gés do NOT protect

well against chloroform.

* Me,Cd and MeZn are very reactive with air and water. More
specifically, the oxygen in air and water readégcts with these
materials and can cause rapid oxidation (burning)explosion. It is
very important that all materials which come intmtact with the

Me,Cd/Zn be dry and under a nitrogen or other inenaphere.

» Take care to treat all the substances with resplezrly every one of
them is actively toxic and some are considerediplessr known

carcinogens.

» Clean up after yourself and be sure use propereveisposal
procedures. Items which have come into contact thighsynthesis
materials need to be either cleaned thoroughly) thié¢ waste going
into the proper receptacle, or disposed of in @igflg-marked

container labeled with the contaminating substance.

Recipe for cadmium selenide (CdSe) stock solution
Materials

24 mL trioctylphosphine, which | will call TOP

0.2 g selenium

0.25 mL dimethyl cadmium, which | will call MEd
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dry nitrogen Schlenk line at about two to threegigiressure; needle attachement
4 dry 20 or 18 gauge cannulae (to be referred tmasulae A, B, C, D)
25 mL glass gradiated cylinder

about 10-20 mL acetone for cleaning

about 15 mL teriary butyl alcohol for cleaning

about 10 mL methanol for cleaning

rubber septum to fit top of gradiated cylinder

round-bottom glass storage flask with a sidearm

rubber septum to fit top of storage vessel

teflon stopper with vicon o-ring to isolate sideanom air

15 mL pear flask with a mark denoting 0.25 mL

rubber septum to fit top of pear flask

sonicator

plastic weighing dish

weighing paper to make funnel for Se

spatula

plastic syringe body and septum to fit outlet flaning

sufficient solvent and waste beakers

nitrile gloves

multiple syringes and long Luer-lock needles

copper wire for securing septa on all glassware
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Directions
1. Prepare cleaning stations.
a. Fill plastic syringe with acetone. Place rubbertgepover outlet to
prevent leaking. Prepare and label waste beakexcktone.

b. Warm tertiary-butyl alcohol until melted. Prepatean and waste

beaker.
C. Prepare clean and waste beakers for methanol.
d. Prepare clean and waste beakers for bleach.

2. Weigh out dry selenium into plastic dish using atafa to transfer the material.
Form weighing paper into funnel, insert it into gterage flask, and gently
encourage the Se powder into the flask with théuspa

3. Place rubber septa firmly into graduated cylindet storage flask. Screw teflon
stopper into the sidearm and do not close all thg. wttach tube from sidearm
to the bubbler and to the Schlenk line (there‘i§"an the tube).

4. Purge N line (with needle attachment) with nitrogen, felled by the bottle of
TOP and canula A, and then the graduated cylindeicanula B, and finally the

storage flask through the bubbler. See Figure A-1.
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Figure A-1: Schematic of the TOP transfer cascade.

Push full amount of TOP into graduated cylinder.
Remove canula A, movezNine to cylinder, clean canula A with acetone by
sticking it into the syringe of acetone (througptsen) and pushing acetone
through it into the waste beaker. Then pull molgesd from clean acetone
beaker and repeat twice more.
Push 4.5 mL TOP from cylinder to flask.
Sonicate TOP and Se together until Se is dissatvédte TOP (swirling by hand
speeds up the process). Stop sonication when ctanple
Opening the MgCd can and removing the Med is slightly complex.

a. Tightly clamp pear flask and place rubber septunopn secure with

wire.
b. Hold metal top of MgCd can securely with a wrench as you twist out

the top screw with the lever wrench (which showddabred to the can
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while the can is in storage). Then, screw on tlsdpiece with a fresh

rubber septum held on securely with a hose clamp.

C. Purge headspace inside brass piece and canula C.

d. Purge pear flask and cannula D.

e. Install lever on can and open valve by moving leyer

f. Push canula C straight down to bottom of can (riglthe middle ;

otherwise it will hit the walls of the valve andci).

g. Transfer full amount of Mg£d to pear flask.

h. Pull canula C up above the level of the valve dodecthe valve with
the lever.

I. Transfer MeCd to storage flask with canula D. If too much was
transferred use a cool 0.5 mL gastight syringesato transfer the
proper amount.

J- Pull out canula C, and clean with tertiary-butylatiol (t-ba), followed
by methanol. There is a chance the t-ba will fraezée canula. Should
this occur, heat in the oven to melt to liquid agand continue the
cleaning process.

K. Clean pear flask by very slowly adding t-ba withaaldlitional outlet
needle in the septum until no more gas evolves timse with
methanol.

10. Transfer rest of TOP to flask.

11. Clean things that were exposed to TOP with acetone.
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12. Close teflon stopper on flask. Switch bubbler lioeN, line. Open stopper,
remove septum, cap flask securely, close stoppersly, and finally wrap flask
in foil to prevent light degradation of the solutio

Note that the CdSe stock solution has a short4ifeslit is good for a few weeks

while the ZnS solution can last up to a few mon&wid selecting the cloudy patches
that develop in the CdSe solution when you remawveeswith a needle for nanocrystal

growth.

Recipefor zinc sulfide (ZnS) stock solution
Materials:
20.5 mL trioctylphosphine, which | will call TOP
0.52 mL hexamethyldisilathiane, which | will callNIS),S
3.5 mL dimethyl zinc, which | will call Mgn
dry nitrogen line at about two to three psi of preg; needle attachement
2 dry 20 or 18 gauge cannulae (to be referred tmasla A and canula B)
25 mL glass gradiated cylinder
about 10-20 mL acetone for cleaning
about 100 mL bleach for cleaning
about 10 mL teriary butyl alcohol for cleaning
rubber septum to fit top of gradiated cylinder
round-bottom glass storage flask with sidearm

rubber septum to fit top of storage vessel
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teflon stopper with vicon o-ring to block sidearrarh air

bubbler

plastic syringe body and septum to fit outlet flaning

baking dish or other large container for cleaning

sufficient solvent and waste beakers

nitrile gloves

glass stirring rod

one 1 mL disposable syringe and one disposableriz@dle for (TM9S transfer
one 5 mL disposable syringe and one 6 inch 18 ay ROer-lock needle for M&n

transfer

Directions:
13. Prepare cleaning stations.

a. Fill plastic syringe with acetone. Place rubbertgepover outlet to
prevent leaking. Prepare and label waste beakexcktone.

b. Pour bleach into baking dish. Tilt dish so bleaithis a narrow pool on
one side of it. Place extra, clean gloves insidedhalong with stirring
rod and waste bag.

14. Place rubber septa firmly into graduated cylindet storage flask. Screw teflon
stopper into the sidearm and do not close all thg. wttach a tube from the

sidearm to the bubbler and Schlenk line.
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15. Purge N line with nitrogen, followed by the bottle of TG#d canula A, and
then the graduated cylinder and canula B. Purgsttirage flask by closing the
bubbler, applying vacuum and; khree times, and then turning off the N
flowing in and opening the bubbler. Place the eihhoaula B into the septum at
the top of the storage flask. Refer back to FigAwefor TOP transfer scheme.
Push full amount of TOP into graduated cylinder.

16. Remove canula A, move;Nine to cylinder, clean canula A with acetone by
sticking it into the syringe of acetone (througptsen) and pushing acetone
through it into the waste acetone beaker. Thenmale solvent from clean
acetone beaker and repeat twice more.

17. Push 5 mL TOP from cylinder to flask.

18. As soon as open (TM& desiccator, DO NOT REMOVE HANDS FROM
HOOD until initial cleanup is complete. (This maatis referred to as “the
stinky stuff” for a reason.)

a. Open desiccator and baggie.

b. Clamp bottle securely, flat on floor of hood.

C. Set gently blowing N2 line over mouth of bottle Imat too far in; be
sure no splashes occur. Use disposable 1 mL syang®0 gauge
disposable needle to pull out full amount of (TKW&)Transfer into
flask and gently drip material into flask withodioaving the liquid to
touch the sides.

d. Check gloves for splashes. Remove and put in bléaety are found.
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e. Close bottle, unclamp, replace in baggie and tresmcdator.
f. Dump needle, syringe, and gloves into bleach coataPut on new
gloves. Stir items in bleach until they are good aoaked.

19. Purge MegZn bottle. Purge 5 mL syringe and 6 inch needl& Wt Draw full
amount of MeZn into syringe, transfer to flask, cap Mea bottle, add Mgn to
contents of flask without touching the sides with tiquid. Rinse needle and
syringe with tertiary butyl alcohol, then bleadhem acetone.

20. Push the rest of the TOP in to the flask. Remowkrarse canula B with acetone.

21. Switch Schlenk-line to N Remove septum from flask, cap flask securelyselo
stopper securely, and finally wrap flask in foilgeevent light degradation of the

solution.

Synthesizing nanocrystals

Now we get to put the stock solutions together &kemnanocrystals using organo-
metallic synthesis. The rate of growth is contmblig temperature and monomer density
of the stock materials. Nanocrystal formation armzgh is a nucleation process and
requires a minimum energy to get started, whictpreeide with a high-temperature
growth medium. Our emphasis has been to grow largtrer than smaller, nanocrystals
which fluoresce more to the red. The reason far llais been to be sure the absorption
curve of the nanocrystals is accessible to thedase have in the lab.

If one simply injects all the core materials at®tize nanocrystals grow quickly at

first, and then the growth rate slows down due tmomer exhaustion. The dominant
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nanocrystal size growth is now dominated by Ostwiglening, which is a
thermodynamic competition between the growth ajéarcrystals and the dissolution of
smaller (less stable) cryst&lsTo grow bigger, large nanocrystals must cannikaliz
smaller crystals. This is a slow process. Xudongfeand that four equal injections of
stock solution several minutes apart reduced thevthrtime of nanocrystals
considerably” | have found an even faster growth method. Instéadfew large
injections, | inject one quarter or less of theenial quickly, and then inject the rest of
the stock solution dropwise with one drop everygeconds. The total process takes
about 20 minutes, while Dr. Fan’s process tookaugetveral hours and sometimes
required overnight growth with frequent monitoring.

We usually have a particular fluorescence waveteirgtnind when we set out to
grow a batch of nanocrystals. In order to get ctoshat value we can change the timing
of stock solution injection, change the amountai¥ent we grow the crystals in (in this
case, trioctylphosphine oxide) in order to chargerhonomer density, or change the
temperature. We can monitor the size of the nastalsy/as they grow using a UV-vis
spectrometer, which irradiates the sample in thrawiblet through visible range and
collects the absorption spectrum. (Taking smallgamfor characterization is called
“taking aliquots.”) As the crystals grow larger gheak moves to the red. While engaged
in experiments with the nanocrystals it is importaremember that absorption and
emission are offset by an (approximately) 30 nnk&woshift, and photoluminescence
will be to the red (longer wavelength side) of ajpsion.

And now, the recipe.
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Materials
either 8 g or 12.5 g trioctylphosphine oxide, whiahill call TOPO
1.2 mL CdSe stock solution
2.7 mL ZnS stock solution
lots of dry methanol
lots of syringes and Luer-lock needles
3-arm round-bottom flask
glass-encased stirbar
magnetic stirrer
two glass arms with rubber septa to fit
condenser and Schlenk line adaptor
temperature controller(s) and monitor, with probe
vacuum grease and glassware clips for joints
Bunsen burner
storage tube or flask with sidearm
test tube(s) with lip and septum
centrifuge
16 gauge copper wire

pliars and wirecutters
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Directions

1. Start with dry, very clean glassware. It is impe®athat the glassware be
exceptionally clean. Normally, it will have beenskad, soaked in a base bath
overnight, rinsed thoroughly, and baked in a harountil dry. Set up vacuum
trap on the Schlenk line.

2. Smash up TOPO in its jar and measure out 12.5 gfaedds smaller
nanocrystals due to less concentrated solutioB)grams (yields larger
nanocrystals due to more concentrated solution).

3. Set up the following: a 3-arm round-bottom flasREInL size is good) in
heating mantle with no sand on top of a stirringaptus, with only one arm
(with septum wired to its end, other end greasetidipped to the flask) in. In
the middle line hook up a condenser with a cononadt the Schlenk line and a
bubbler on top; hook up cold water in and out lin&&e the septum to the
second arm but do not grease or clip the end.h&atm in the third hole in the
top of the flask. Clamp the flask and the condessgarately.

4. Degas and remove water vapor by pulling a vacuwgatiig all the glassware
carefully with a Bunsen burner, and then gentlhykiiliong with nitrogen gas,
and repeating. Leave under gently flowing nitrogéa.clip catches on fire be
sure to replace it as the burning will loosen rip.g

5. Insert the temperature probe in the clipped arnthabit reaches nearly to the

bottom of the flask.
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6. Remove the unclipped arm and drop igiass-coated magnetic stirbar. (Teflon
doesn’t stand up to hot TOPO as well as glass.)

7. Make a waxed paper funnel in the open hole sidaeflask and very carefully
dump in the TOPO. Be sure ahead of time that ttregen is flowing slowly
enough that the TOPO will not be blown back oud #rat it is still flowing
quickly enough that the inside of the flask isfage. Then: grease, insert, and

clip the second arm.

Schlenk line and valve

N2 and vacuum

bubbler and valve

temperature
probe condenser

(cold water flows in a sleeve)

sidearm with septum

heating mantle

stirrer

Figure A-2: Schematic of synthesis glassware ahdraquipment.
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Plug in the heating mantle and set the power sufoplgtbout 210°C ( between
50 and 70% of full power, if using a power supplyheut temperature-setting
controls).
Turn on stirring. When the temperature is abouC3@t the TOPO is about half
melted, close the bubbler and go to vacuum sloWhere is an option to either
pour sand into the heating mantle or not at thiatpbhave, over time, opted for
“not” since | have faster temperature control thiay. Be sure the temperature is
steady at 210°C and that the vacuum is quiet arat importantly that the liquid
is refluxing well. That is, it is boiling and readensing quickly. If you have to
go to a higher temperature for this to happen yay have a vacuum leak. (This
is acceptable up to about 250°C.)
Let reflux steadily for 1.5 to 2 hours. NOTE: ifaty point in this stage the
liquid turns yellow, stop everything and clean ipe TOPO has been
contaminated by vacuum grease (or something etgeha good nanocrystals
will be able to form in it.
Prepare rinses ahead of time as they are needgdwiekly after the stock
solution injections take place. Also purge a Sckleme to each of the stock
solution flasks so that when the stoppers and chjige storage flasks are
opened nitrogen will flow out.

a. CdSe rinse: one beaker of tertiary-Butyl alcoha ane beaker of

methanol. The last steps are to clean with soaplaiwhized water and

to aspirate needles and cannulae with acetonergrid d hot oven.
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b. ZnS rinse: one beaker of bleach, one of water,cmedof methanol. The
final steps are the same as for the CdSe rinse.

Apply nitrogen gas slowly, open the bubbler, ant the temperature controller
power up to achieve a temperature of 320°C. Waitdasonable temperature
stability.
Prepare a medium-sized syringe and long Luer-l@gdte from the oven. It is
sometimes useful to use needle-nosed pliers tovdtie needle onto the syringe
due to the heat.
Put the CdSe stock solution flask under nitrogenlgeopening the stopcock a
bit, and then open the cap sgfidws out the top into the hood. Purge the needle
and syringe in the flowing nitrogen.
Take 1.2 mL CdSe solution, protect under nitrogen push needle through
septum on one arm of reaction flask and all the dayn to just above the
stirring TOPO. Close CdSe storage flask.
For large crystals, inject about one quarter ofrtfaerial quickly and the rest
dropwise for approximately 20 minutes (with abo@tskconds between drops),
and perform a very small (several drops worth) iigstction at the very end to
tighten the size distribution of the nanocrystglst smaller crystals, do equi-
volume larger injections for a total of one to faojections, depending on how
small you are aiming for. The injections shouldabeut five minutes apart. Note
that any addition of material lowers the tempematirthe solution. After the last

injection lower the temperature to 280°C and martite size as the crystals
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grow over time. If you find at the end of the irjeas that the crystals are too
small, take a small amount of fresh stock soluéind inject it dropwise until the
size is correct. Track the size by taking aliqystaall samples) with a fresh, hot
needle, placing it in a cuvette of tertiary-Butid@hol that you have already
taken the spectrum of, and take a UV-vis spectriitheoabsorption. As the
crystals grow larger the absorption peak movesuet energy (redder
absorption).

Clean needles and syringes with the CdSe rindgeiotder listed above.

When ready to cap the crystals, take 2.7 mL Zn&ks$olution (similar to CdSe
procedure) and inject dropwise over the coursemiriutes. Clean needle with
the materials listed above, and with particulaetiéon of the water rinse step.
Lower the temperature to 100°C (switch to autom@icperature controller if
you haven't already), and allow the solution to atithis temperature 1.5-2 hours
in order to let both the interface of the two layand the core of the crystals
anneal.

Prepare a 20 mL disposable syringe with 20 mL gfrdethanol (be sure it is dry;
it is listed on the bottle as anhydrous).

Turn heating mantle off, water off, leave nitrogem and temperature probe on,
and lower heating mantle away.

When the temperature reaches 60°C inject the dtiianel. Resupport

glassware with stir-base, turn off stirrer. Letsatland cool until precipitation
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takes place; this can take up to 12 hours. Evdgttrere will be a red-brown
precipitate coating the bottom and a clear liquid\ee it.

Prepare a purged storage flask (you might as weeil dow) and a purged test
tube with a lip and an upside-down septum wirea d@ntMake sure the test tube
is the same size as the counter-weight test tubieeicentrifuge, and that the
counter-weight has some mineral oil in to matchrttass of the real test tube full
of chloroform.

Take as much methanol off the nanocrystal aggresiatige in the reaction flask
as possible without stirring up the nanocrystalse @ large syringe. Discard the
methanol.

Remove the remaining nanocrystal and methanolysftom the reaction flask
and put it in the test tube (be sure to provideatfet needle in the septum for
displacement of nitrogen gas, and remove it wheritfuid nearly fills the tube).
This may take several transfers and the tube ettiainly fill up before you run
out of slurry.

Centrifuge the tube two to three minutes at a ‘vaable” rpm. There was no
gauge on the old centrifuge | used so | do not khow fast the spin rate
actually was. Spin until the nanocrystals have cactgd into the bottom of the
tube and the liquid above is clear.

Remove excess methanol from the tube while protgetnder N. Put in more

slurry from the reaction flask. Repeat centrifugargl methanol removal until
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reaction flask is empty, the last of the nanoctgstas been compacted, and the
last of the excess methanol has been removed frertest tube.

28. Draw seven to eight mL of dry chloroform (againgsitabeled ‘anhydrous’) from
its bottle, inject into the test tube, and swirtiball nanocrystals are in solution.
Watch for the last of the compact pellet to disapgeom the very bottom of the
tube.

29. Remove all liquid from test tube and put it inte storage flask under nitrogen
gas. Cap well, wrap in foil to prevent light degatidn, and store in a cool place.
Nanocrystals stored at room temperature or belowisiyears provided they
are not contaminated by oxygen and not exposetidogslight.

This nanocrystal solution can be checked for simksize distribution using the UV-
vis spectrometer, or via the width of its photologgcence spectrum. (See Chapter Three
for more details.) If further size selection isulbt necessary in order to reduce the size
distribution, reprecipitation with methanol and gwébsequent centrifugation and
redispersal with chloroform two or three more tineeeecommended. A competing
amount of the two solvents is recommended. (Fomgka, two mL chloroform to four
mL methanol.) Smaller crystals stay suspendedamtathanol and remaining
chloroform longer than large crystals so slightipiter centrifugation times will allow
more small crystals to be removed from the batch.

Lastly, clean the glassware by rinsing with chloraf and then scrubbing with soap
and water, and then leave fully submerged in a batteup to one day (more than 2

hours). Rinse each piece for at least one minutemuunning tap water and then rinse
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three times with deionized water, and then dry tieahot oven. This will leave the
glassware clean enough to use for the next batoamdcrystals. If you think that too
much vacuum grease is getting into the glasswanieglthe cleaning process, rinse the
glassware with hexanes after the chloroform rihg#:-free tissues also work wonders
for removing excess grease.

See Chapter Three for comments on characterizamahAppendix B for nanorod

synthesis procedures.
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APPENDIX B

NANOROD SYNTHESIS

In this Appendix, nanorod synthesis will be desedibSince it is very similar to the
synthesis laid out in Appendix A there are manydedetails listed in this section. It is
expected that a person choosing to synthesize odsvill have already familiarized
themselves with the nanocrystal procedures. Thetysabncerns are the same as listed in

those procedures.

Ingredients in CdSe nanorod stock solution

6.7 mL TOP
0.18 g Se

0.165 mL MeCd

Synopsis of nanorod synthesis (based on nanocsysidiesis)

1. Reflux 4.02 g TOPO together with 0.327 g n-Hexylgbanic acid (temperature
will be 210-218 °C under ideal conditions).

2. Raise temperature to 360 °C (I have found 290 °&ldo be successful).

3. Add 2 mL CdSe nanorod stock solution quickly.

4. Lower temperature to 290 °C.

5. Add 1.1 mL more CdSe nanorod stock solution (oiffarént amount depending

on desired size) dropwise and slowly.
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6. Anneal at this temperature for 30 minutes.

7. Lower temperature to 120 °C.

8. Add 1.04 g n-Hexyldecylamine via a funnel (remowe gidearm septum for this
task).

9. Let cook at this temperature for 20 minutes.

10. Raise temperature to 190 °C.

11.Add 7.5 mL ZnS stock solution dropwise and morekjyithan the core material
(this step takes about five minutes).

12.Lower temperature to 100 °C.

13.Let anneal for a minimum of one hour.

14.The rest of the process is the same as listed dbovanocrystals, except that the
solutionmust be washed with MeOH a minimum of twice. If it isufficiently
washed, the nanorods in cholorform will cause amygtyrene they are dispersed
in for optical measurements to turn milky white awdtter an unacceptable
amount of incident laser light. (It takes one daythe full polymer degradation
process to occur.) A further note: after the restithe second wash has been
centrifuged but before the extra materials are redpthere may be four layers
present: The very top is a very viscous acid laiyeed brown or red with
nanorods. Next is a methanol layer, sometimes vemitescattering from
suspended small particles. Next is chloroform tintery darkly with nanorods.
Lastly, on the bottom, is a soft sludge of verystenanorods in chloroform. The

acid layer must be removed before the methanot lagng surface tension and
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pressing against the inside wall of the tube usitayge-bore syringe needle is the
best way to do this). The methanol layer is thenaeed. The two bottom layers
may stay. When mixed, sometimes a little bit of@steparation occurs. In this

case use the bottom layer.



