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Abstract

In this thesis, I describe work done to understand the band edge exciton fine
structure of CdSe quantum dots (QDs). These QDs or nanocrystallites are the result
of recent synthetic efforts in the Bawendi group to produce nearly monodisperse
nanocrystalline materials. The QDs are roughly spherical in shape and range in size
from 10 to 50 A in radius. A number of optical experiments have been conducted
on the material to understand its optical properties, particularly, the absorption and
luminescence. However, several longstanding questions remain. Among them is the
origin of the material’s band edge luminescence. The emission is unusual because
it displays long (us) lifetimes and exhibits a characteristic, size dependent, Stokes
shift. As a consequence, many past studies have implicated the surface as the origin
of the emission. In this respect, the surface localization of photogenerated carriers
qualitatively explains both the long lifetimes and redshift of the luminescence.

Recent theoretical and experimental studies, however, have suggested that the
emission arises from an intrinsic core state analogous to a triplet state in small
molecules. We describe the theoretical modeling of the QD electronic structure in-
cluding the effects of shape, crystal field and the electron-hole exchange interaction.
When all symmetry breaking effects are considered, we predict the presence of five
fine structure states underlying the band edge exciton rather than an eightfold de-
generate exciton ground state. Following this, we intentionally modify the surface
of the nanocrystallites to see the effect this has on the luminescence. Our results
suggest that, to a large extent, the surface plays little role in the energetics of the
emission. For QDs passivated with different organic and inorganic ligands we find
little or no change in values of the “resonant” and “non-resonant” Stokes shift. This
strongly supports the above mentioned fine structure model. Subsequent chapters
take the proposed theory a step further, using it to explain the unusual behavior of
the nanocrystallites subjected to an external magnetic field. The last two chapters
pose the question of what happens when the QDs are mtentlona.lly doped with a para-
magnetic impurity such as manganese. We expected that spin interactions between
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host and dopant will result in interesting optical phenomena such as the activation of
dark excitons as well as shifts in fine structure energies due to an exchange induced
mixing of states.
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Chapter 1

Introduction

1.1 Quantum Dots

Semiconductor quantum dots (QDs) are novel materials that span the gap between
molecules and bulk compounds. They have sizes ranging from 10 to 100 A in radius
and exhibit interesting optical/electrical properties (quantum confinement effects).
This is a result of the spatial confinement of excitations when the physical size of
the QD is comparable to or smaller than the bulk exciton Bohr radius. One of the
better knowr confinement effects is the blueshift of the absorption with decreasing
size. This effect as well as other features due to quantum confinement are described

in excellent review articles by Brus and Alivisatos.[1, 2, 3, 4]

Quantum dots may play a role in future generations of optical and electrical
devices. Among proposed uses for nanocrystallites are light emitting diodes [5, 6, 7],
optical switches, lasing materials [8], and single electron transistors [9, 10]. One

property that can be readily exploited is the size dependent luminescence of the
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26 Introduction
nanocrystallites. The band edge luminescence of CdSe QDs can be tuned continuously
through the visible with quantum efficiencies exceeding 50% in some cases. The
luminescence is also spectrally narrow (typically 30-40 nm) so that a host of colors

can be realized simply by varying the size of the nanocrystallite.

Fundamentally, QDs promise to let us study the evolution of bulk semiconduc-
tor properties from that of atoms simply by varying the wize of the nanocrystallite.
Properties such as the formation of bulk bands and their angular momentum/spin
description can be investigated. To this end, a number of studies have been conducted

on the size dependent absorption and emission of CdSe QDs.[11, 12, 13, 14, 15]

However, the investigation of size dependent effects in semiconductors has long
been an active area of research. Beginning in the late 70’s a number of studies focused
on the size dependent properties of quasi two dimensional materials.[16, 17) These
systems later became known as quantum wells (QWs) and are composed of a thin

layer of semiconducting material sandwiched between two insulating layers.

When the physical dimensions of the QW are comparable to the natural length
scale of the electron-hole pair, confinement of photo-excited carriers occurs along the
direction perpendicular to the plane of the semiconducting material. This is analogous
to the problem of a particle in a one dimensional box where the length of the box is
the z axis. There are two (electronic) degrees of “freedom” within the plane of the

semiconductor, giving the name, “two dimensional material”.

Quantum wires were developed later and are examples of “one” dimensional
materials. In these systems, confinement of excited carriers occurs along two di-

mensions, leaving one degree of freedom, the length of the wire. Typical systems
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include GaAs/AlGaAs wire structures made by MBE and other epitaxial growth

techniques.[18, 19]

Quantum dots are the latest manifestation in this trend towards reduced dimen-
sionality. They exhibit confinement in all three dimensions leaving zero degrees of
freedom for the “trapped” electron and hole. These systems are called “zero dimen-

sional” materials and are also referred to as “artificial” atoms.[20)

Figure 1-1 is a schematic showing the loss in dimensionality as we progress from

quantum wells to quantum wires to quantum dots.

I /

Figure 1-1: From left to right: quantum well, quantum wire, and quantum dot. The
arrows show the degree of confinement within each structure. The well is the thin
semiconductor slab sandwiched between two thicker insulating layers. The wire is the
dotted structure confined in two dimensions. The QD is a small box surrounded in
all three dimensions by a higher band gap material or insulator.
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1.2 Preparation of QDs

Historically, QDs were first discovered in doped silicate glasses by Ekimov and
Onushchenko. (21, 22, 23, 24] A supersaturated (solid) solution of copper and chlorine
compounds in glass was heated at high temperatures resulting in the precipitation
of CuCl. The initial size of the nuclei was found to depend on the concentration
of precursors and the temperature of the melt. Growth of the nanocrystallites was
carried out at temperatures ranging from 550 to 700°C. By carefully monitoring the
heat treatment, Ekimov and Onushchenko were able to systematically create CuCl
QDs with radii ranging from tens to hundreds of Angstroms.

Today, a wide variety of methods are available for making QDs. New techniques
based on photo-lithography, x-ray lithograply, ion implantation, sonication, reduction
of metal precursors and growth in restricted environments are being developed. Some

of the more common ones are listed below.!

1.2.1 Glasses

Growth of QDs in glasses is still used by many in the field. Samples are created by
melting silicate glasses at high temperatures. Once molten, the glass is doped with
metal salts of the desired semiconducting material. The melt is then rapidly quenched
resulting in a discrete temporal nucleation of the semiconductor nanocrystallites.

The glass then undergoes a secondary heat treatment with temperatures ranging

! An interesting observation is the biosynthesis of CdS QDs. It has been found that certain yeasts
produce CdS nanocrystallites in the presence of large amounts of Cd salts as a means of protecting
themselves from excess amounts of the heavy metal. These particles are observed to have very
narrow size distributions and exhibit a rock-salt structure unlike bulk CdS. Apparently, nature too,
has realized the potential boon for nanotechnology! [25]
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anywhere from 400 to 1000°C. As with Ekimov and Onushchenko, the average size of
the nanocrystallites is determined by the temperature and duration of the secondary
heat treatment. Producing QDs in a glass matrix has the advantage that very large
nanocrystallites can be supported, up to 100’s of Angstroms in radii. In addition,
because of the high temperatures used, the material is often very crystalline. A
disadvantage, though, is that the pa:ticleé are trapped within the glass matrix and
cannot easily be manipulated after their synthésis. Nanocrystallites made this way

include the copper halides, CuCl, CuBr, and the II-VI semiconductors CdS and CdSe.

1.2.2 Inverse Micelles

Wet colloidal synthesis of nanocrystallites is another common way of making
QDs.[26, 27) In this preparation, surfactants are used to create small inverse micelles
with hydrophillic interiors and hydrophobic exteriors. Metal salts are then introduced
into these water pools creating semiconductor nanocrystallites. The material is ex-
tracted by adding a passivating agent to the surface of the QDs forcing them to fall
out of solution. The powder is collected and redissolved in a suitable solvent. To
a first approximation, the average size of the nanocrystallites is determined by the
ratio of water to surfactant or “W” value. This preparation is done at room tem-
perature and suffers from problems of poor crystallinity. However, unlike the case
of QDs produced in glasses, numerous surface chemistries are possible allowing the
post synthesis manipulation of the nanocrystallites into polymers and other hosts.

Examples of systems made this way are CdS, CdSe, ZnS, and ZnSe QDs.
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1.2.3 Strain-Induced Growth

With the advent of molecular beam epitaxy (MBE) and other epitaxial growth
techniques such as metal-organic vapor phase epitaxy (MOVPE), and chemical beam
epitaxy (CBE) the strajn-induced growth of semicqnducto_r‘QDs has been achieved.[28,
29, 30, 31] Typical systems include Ga.A;s,/ AlGéAs a.nd InP/GaInP heterostructures.
Growth of the nanocrystallites is based on the lattice mismatch between the semicon-
ductor and its substrate. In the process, a thin film of the semiconductor is grown
epitaxially onto another (slightly mismatched) semiconductor. After several mono-
layers have been deposited, the strain on the thin film changes the mode of growth
from within the plane to out of the plane. Small islands are formed generating QDs.

This is known as the Stranski-Krastanow growth mechanism.

1.2.4 Pyrolysis, Our Preparation

More recently, high quality CdSe QDs have been created through the pyrolysis of
organometallic precursors in a hot coordinating solvent.[32] This synthesis is based on
classic colloidal chemistry developed by La Mer. A temporally discrete nucleation is
followed by slow controlled growth of the material through Ostwald ripening. In the
preparation developed by Murray, the precursors dimethylcadmium (CdMe,) and tri-
octylphosphine selenide (TOPSe) [dispersed in trioctylphosphine (TOP)] are injected
at high temperatures (~ 350°C) into trioctylphosphine oxide (TOPO). Decomposi-
tion of the precursors leads to the immediate formation of CdSe nuclei. At the same
time the temperature of the solution falls because of the amount of TOP introduced

(~ 50% by volume). Growth of the material is achieved through Ostwald ripening by
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raising the temperature back up to ~ 360°C. In this process, larger nanocrystallites
grow at the expense of smailer ones due to a difference in surface free energies which
favors larger QDs.

When a desired size is reached (as monitored by the UV /Visible absorption max-
ima of the first optical feature) the terﬁperature is dfopped stopping the growth. The
QDs are recovered from the growth solution by adding butanol and methanol to the
mixture. The butanol prevents TOPO from solidifying and methanol (a non-solvent)
destabilizes the QDs. When sufficient methanol has been added, the nanocrystallites
begin to flocculate and fall out of solution. The precipitate can be recovered and
redispersed in a “good” solvent such as hexane.

The QDs produced in this manner have a wurtzite crystal structure. They are
slightly prolate and have sizes ranging from 10 to 50 A in radius. The surface of the
nanocrystallites are passivated with the organic ligands, TOPO and TOPSe.[32, 33,
34] These ligands can be replaced with other organic and inorganic moieties.? The
size distribution of the QDs typically ranges from 10-20% in the growth medium and

can be reduced to values less than 5% by performing “size selective precipitation”.

Size Selective Precipitation

This method is very similar to the way in which the QDs were first extracted
from the growth solution. A small amount of butanol is added to the nanocrystallites
dispersed in hexane.> Methanol is then added dropwise to the mixture to destabilize

the QDs. When the Van der Waals attraction between nanocrystallites overcomes

2This is the subject of Chapter 3.
3The presence of butanol prevents phase separation between hexane and any methanol added to
the solution.



32 Introduction

Figure 1-2: A depiction of CdSe QDs produced through the pyrolysis of organometal-
lic precursors. The nanocrystallites have a crystalline (wurtzite) core, are slightly
prolate and have sizes ranging from 10 to 50 A in radii. The surface of the QDs
are passivated with the organic ligands, trioctylphosphine oxide (TOPO) and tri-
octylphosphine selenide (TOPSe).
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all repulsive interactions, the particles begin to flocculate. Care is taken not to add
too much methanol as this worsens the size distribution. The recovered precipitate is
enriched in larger QD sizes and in this manner the distribution is effectively narrowed.

Repeated size selective precipitation reduces the size distribution to o < 5%.

1.3 Characterization

A number of structural studies Lhave been conducted on QDs to determine their
physical properties. Early studies focused on determining the size, shape and size
distribution of the nanocrystallites.[22] The crystallinity was also of interest because
of its direct influence on optical properties. Work by Avery and Alivisatos have shown
melting point depressions in semiconductor QDs, with values up to 50% of their bulk
melting temperature.[35] In addition, th> phase transition of CdSe QDs from wurtzite
to rock salt has becn investigated by Tolbert.[36] This study showed that CdSe QDs
in the wurtzite phase are direct band gap semiconductors, whereas in the rock salt
phase they are indirect band gap materials. More recent work by Carter has focused

on characterizing the surface of CdSe nanocrystallites using EXAFS.[37]

A list of common characterization methods and a brief description of each is
provided in Appendix A. Several size dependent properties of CdSe QDs are also

summarized in Appendix B.
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1.4 Optical Studies

Initial optical studies were aimed at correlating the blueshift of the absorption with
quantum confinement effects. Simple models were created to explain size dependent
shifts in the linear absorption. The non-linear optical properties of the nanocrystal-
lites were also of interest, primarily because of large non-linearities (x‘®)) observed in
commercial color glass filters sold by Corning and Schott.[38]* These filters were found
to contain CdS,Se,_, nanocrystallites with large size distributions and sizes ranging
from 100 to 1000 A in radius.[39] Another major area of interest was the enission
of the nanocrystallites with much work devoted towards enhancing the luminescence
quantum yield and identifying the origin of the band edge emission. The early in-
vestigations of Brus, Henglein and McLendon are particularly informative about the

state of the field in the late 80s.[40, 41, 42, 43, 44, 45, 46, 47)

In this section we present several theoretical treatments which reflect the evolu-
tion of our understanding about QD optical properties, in particular, those of CdSe
nanocrystallites. The particle in a sphere model is described.[48] Further refinements
form the basis of the effective mass approximation (EMA) which is the foundation of
all electronic structure calculations described in this thesis. Additional refinements,
such as the explicit consideration of symmetry breaking effects due to crystal field
splitting, QD geometry and the electron-hole exchange interaction complicate EMA

results leading to optical fine structure in the linear absorption of the nanocrystallites.

4The impetus here being the use of QDs as optical switching and frequency conversion elements in
the telecommunications industry. Some of the glasses investigated include: Schott 0G530, 0G550,
0G570, RG645, Corning 2-59, 2-61, 2-64, 3-68, Toshiba R62, R63.
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1.4.1 Particle in a Sphere Model

A simple model which qualitatively explains size dependent t{rends in the QD
linear absorption is the particle in a sphere model. In this picture, a particle of mass,

m, is confined to a spherical potential with conditions

0 ifr<a
U(r) ={ (1.1)

oo ifr>a

where a is the radius of the QD. We solve Schrodinger’s equation, H¥ = £V, under
these boundary conditions to determine the energies and wavefunctions of the particle.

Using the Hamiltonian, H = p%/2m (p = h/i V), we obtain solutions of the form

‘I,n,l,m(n 07 ¢) = jl(kn,l, T)YI,M(91 ¢) (12)

where jj(knt,7) is the {th order spherical Bessel function and Y;.(6, ¢) are spherical

harmonics.> The energies are
2.2
_ kg

E 2m

(1.3)

where kn; = an;/a and oy is the nth zero of j.

Since there are two particles in the QD, the electron and the hole which are
separate entities in the “strong confinement regime”, the calculation is repeated for
the other carrier. The strong confinement regime is a term coined by Efros and Efros
and represents a range of sizes where the Coulomb interaction between the electron

and hole is dominated by the confinement energy of each carrier.[49] This arises

5Appendix A lists the spherical Bessel functions and spherical harmonics.
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because the Coulomb and confinement interactions have different size dependences,
1/a vs 1/a®. Each carrier behaves as an individual entity rather than the strongly
coupled electron-hole pair or exciton.b

Since the problem is separable, the total energy is the sum of the electron and hole
contributions. Likewise, the total wavefunction is the product of their wavefunctions.
Adding the bulk band gap, E,, gives QD energies of the formn

N

E=E Te; aoln 1.4
9+ 2m, + 2my ( )

where Ej is 1.74 (1.84) eV for CdSe at 300 (10) K, ie(r), le(n) are labels for the electron
(hole) and m(n) are their respective free masses. The total wavefunction is given by

the product

Uyt (T: 0» ¢) = [jl(kn¢.1¢ ’ r)ng,m, (89 ¢)]e [jl(knh,lh, r)}llh.mh (61 ¢)] n (15)

wherc ji(k,r) are spherical Bessel functions, Y;m(6,¢) are spherical harmonics and
the subscripts e(h) refer to the electron (hole). In this respect, QD wavefunctions are
atomic-like because they exhibit s, p, d...symmetry.

The particle in a sphere model predicts discrete optical transitions and shows
that as the size of the box decreases the first excited state moves to higher energies
(blueshifts). Since the energies scale as 1/a? the separation between excited states

increases with decreasing particle size. These predictions explain observed trends in

SIn general, the range of sizes defining the strong confinement regime is material dependent and
is expressed by the condition a < a.; where a.; is the bulk exciton Bohr radius. There are also other
confinement regimes such as the intermediate and weak confinement regimes. They are described
by the conditions a ~ a., and a > a., respectively. In CdSe, a.; = 56 A
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the size dependent linear absorption of the nanocrystallites.

1.4.2 Effective Mass Approximation

How does the particle in a sphere model compare to reality? Not as poorly as
one might think. However, one problem with our approximation is that both carriers
are treated as free particles when, in reality, both the electron and hole experience a
non-zero potential from constituent atoms of the semiconductor.

To overcome this deficiency, we turn to bulk descriptions. In bulk CdSe the

electron and hole wavefunctions are written in the form (Bloch’s Theorem)

¥(r) = u(r) exp (ik - 7) (1.6)

where u(r) is a unit cell term that reflects the periodic potential felt by the carrier in
the crystal. Recall that in the case of real semiconductors, the carriers do not reside
in empty space but rather amidst a sea of atoms composing the material. The Bloch
function is a way to explicitly consider the influence of the external potential on the
wavefunction. The exponential term is the “envelope” part of the wavefunction which
is simply a plane wave and would be the wavefunction of a free particle.

The energies are written in the form

h2 k2 ﬁ2 k2

Ee ) Eh =

- n (17)
2me”

- 2m§”
which is similar to the energies derived for the particle in a sphere. However, one

. f . h . . .
difference is that “effective” masses are used, mgy;. This is because the kinetic ener-
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gies of the electron and hole are influenced by the periodic potential which surrounds
them. The effective mass is a way to incorporate the effects of the potential and
still retain a simple free particle picture. This is the “effective mass approximation”
(EMA).

In terms of the band structure of the material, the ahove approximation is a simple
two band picture. The real band structure of semiconductors is often very complicated
but in direct gap semiconductors, where there exists a potential minimum (maximum)
near k = 0 for both the conduction band and valence band, this is a reasonable
approximation. The curvature of the two bands is directly related to the effective
mass through equation 1.7.7 Figure 1-3 is a schematic of the two band effective mass
picture.

Now if we go from bulk to QDs, the same picture can be kept provided that the
nanocrystallite is not too small.® Numerically, this means that our approximation
will hold only if the size of the QD is much larger than the lattice constant, ag, of the
material. In practice the condition a > 2aq is used. This is one criterion for validity
of the EMA approximation when applied to QDs.

Although the periodic potential experienced by the electron and hole remains
unaffected, the wavefunctions do change. Since the QD introduces spherical boundary
conditions, the carriers cannot exist as plane waves. Rather, the boundary condition
forces the electron (hole) wavefunction to vanish at the QD/matrix interface. Since
we assume that the QD is large enough on an atomic scale that the periodic potential

remains unaffected, the unit cell part of the carrier wavefunction stays the same (see

"Take the second derivative of the energies.
8Not too big, not too small, but just right.



1.4 Optical Studies 39

cs

VB

v

Figure 1-3: Simple two band picture of a direct gap semiconductor. The top parabola,
CB, is the conduction band. The bottom parabola, VB, is the valence band. The
two are separated by the bulk band gap, E;. There are a continuum of states in both
the valence band and conduction band. The electron energy increases going “up”.
Similarly, the hole energy increases going “down”.
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Equation 1.6). The only thing that changes is the envelope part of the wavefunction.
It simply becomes the solution to the problem of a particle in a sphere, something we

solved earlier.[50]

4 E
cB
3
vB

v

Figure 1-4: Simple two band picture of a direct gap semiconductor under the influence
of quantum confinement. Rather than a continuum of states, we obtain discrete
states, shown by the open (vacant) and closed (filled) circles. Transitions between
the valence and conduction band occurs between these discrete states, shown by the
upward pointing arrow. This reflects the conservation of &.

The energies we obtain are of the form:

h2k2 h2k2
E=E,+ —Dele  —toh (1.8)
2me” 2me”

where ne(n) and le(n) are electron (hole) labels, and m':(f'}) are effective electron (hole)
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masses. The wavefunctions are:

Wia(1,6,9) = [ilbnetes ) Viime (6, 8)uer)] [t ) Yopima (6,8ua(0)] (1.9

where u.(r) and u,(r) are the conduction band and valence band unit cell functions.®

Yim(60,#) are spherical harmonics, ji(kn;,r) are spherical Bessel functions and, as

before, the subscripts e and h refer to the electron and hole respectively.

Transition Probabilities

Transition probabilities can be calculated from the above wavefunctions. The
form of the probability is

P=|< WUele-pl0 > |2 (1.10)

where |¥... > is the exciton wavefunction, |0 > is the vacuum state, e is the polariza-
tion vector of the light, and p is the momentum operator. Since we assume uncoupled
carriers in the strong confinement regime, the probability can be expressed as a transi-

tion between a hole state and an electron state. We obtain the equivalent expression,
P=|< Ve p|¥y > |? (1.11)

where WU, is the uncoupled electron (hole) wavefunction.

Using expressions derived earlier and the fact that p acts only on unit cell func-

9Chapter 2 provides explicit expressions for these functions.
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tions, this s‘mplifies to

P = | < ucle 13|u,, > l26ne|"-h6le;lh (1.12)

The orthonormality of the spherical Bessel functions and spherical harmonics leads
to the conditions An = 0 and Al = 0. In effect, transitions only occur between states

having the same envelope function.

1.4.3 Additional Refinements

The EMA approximation is probably the simplest model describing the optical
properties of QDs (in particular, CdSe nanocrystallites). However, several simplifi-
cations made during the course of the calculation are actually important and we will
see later on, that they should not be neglected. At this point we focus on CdSe QDs
and note that complications arise from the fact that CdSe has more than one valence
band.

There are three valence bands in CdSe known as the heavy lole, light hole and
split off bands. These three bands are also called the A, B and C bands and are
labeled by their angular momentum projection along the c axis of the nanocrystallite
(Jm = £3/2, £1/2 and +1/2).1°

The existence of three bands can be understood as follows. The valence band of
CdSe is composed of Se 4p orbitals. In terms of their angular momentum, the orbital

contribution is [ = 1 for a p orbital and the spin contribution is s = 1/2. Adding

10The “c” or unique axis of the nanocrystallite arises because CdSe has a hexagonal lattice struc-
ture. It is elongated along one direction.
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the two gives a total momentum (J = l4+s) of 3/2 and 1/2 each with projections
Jm = £3/2, £1/2 and J,, = £1/2 respectively. Including the spin-orbit interaction
raises the energy of the J = 1/2 split off band moving it away from the J = 3/2 band.
Figure 1-5 shows the band structure in this level of complexity. We have a four-fold
degenerate band and a two-fold degenerate split off band separated by the spin-orbit

splitting, A, = 0.42 eV.

7' E
CcB
L >
I 0.42 eV
32
v 1/2

Figure 1-5: Band structure of CdSe when spin orbit coupling is considered. The
conduction band is unaffected. The valence band, however, splits into a four-fold
degenerate J = 3/2 band and a two-fold degenerate J = 1/2 band (referred to as the
split off band). The separation of the two bands is A, = 0.42 eV.

Adding the crystal field further lifts the degeneracy of the J = 3/2 band splitting
it into its respective projections Jn = [3/2| and |1/2|. This is the origin of the
heavy hole (A) and light hole (B) bands. However, the magnitude of the crystal field

splitting is on the order of 25 meV and is ignored in most theoretical calculations.



44 Introduction
(i.e. the material is modeled as cubic) Figure 1-6 is a picture of the three bands when

both spin orbit and crystal field interactions are considered.

CB

v c

Figure 1-6: Band structure of CdSe when spin orbit coupling and crystal field splitting
are considered. Again, the conduction band is relatively unaffected. The valence band
splits into three separate bands known as the heavy hole (A), light hole (B) and split
off (C) bands. The crystal field splitting between the heavy hole and light hole bands
is 25 meV. The splitting of the split off band is 0.42 eV from the top of the valence
band. The spin projections of the three bands are +3/2, £1/2 and £1/2 respectively.

To model the energies and wavefunctions in this level of valence band complexity,
a number of methods have been developed. An explicit consideration of the valence
band complexity strongly affects the final form of the carrier energies and wavefunc-
tions. The k-p method is one approach that has been adopted by Efros and Grigoryan
to calculate the energies and wavefunctions of CdSe (CdS) QDs.[51, 15, 52] Solving

for the hole wavefunctions involves diagonalizing the 6 x 6 Luttinger Hamiltonian
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under spherical symmetry.
~ R 5 h?
H=— —k? — —(k - J)? 1.13
2m0('n +357) mo'r( ) (1.13)

where v = (27, + 373)/5, mg is the free electron mass, 41, 72, 3 are Luttinger’s
parameters and J;, Jy, J; are 4 X 4 angular momentum matrices.[53] The electron
energies and wavefunctions are approximated using the Kane model which accounts
for the non-parabolicity of the conduction band.[54]!! These calculations are described
in refs.[15, 51] and more details can be found in Appendix C. An example of a hole

wavefunction derived in this approximation is given by

3
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This is the wavefunction of the “lowest” hole state with total angular momentum
projection F, = +3/2. Contributions to the total come from the spherical harmonics
and the unit cell terms in kets. The radial contributions Rpoen, Rhien, and Rgen are

spherical Bessel functions.[51, 15]

Historically speaking, this is the so called “spherical approximation” of QD elec-

11 The non-parabolicity of the conduction band arises from interactions with the valence band.
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tronic states. It is the starting point for all electronic structure calculations discussed
in this thesis. The QDs are modeled as cubic (no crystal field splitting) and the
complicated valence band structure of CdSe is accounted for (e.g. we consider hole
wavefunctions of the form shown in Eq. 1.13). In addition, the nonparabolicity of
the conduction band is considered. Further refinements to the model are discussed in

Chapter 2 and comprise the fine structure model used to explain results described in

subsequent chapters.

1.5 The Surface

The spherical model of QD electronic states has been very successful in describing
the linear absorption of CdSe nanocrystallites. Up to ten excited states have been
assigned in the absorption and theoretical avoided crossings have been confirmed
experimentally. However, one unfortunate aspect of the moc-l is that it does not
account for the luminescence of the nanocrystallites.

An intriguing observation in QDs is the nearly universal redshift of the emission
maxima relative to the first absorption feature. This redshift has been seen not only
in CdSe QDs but also in other nanocrystalline systems such as Si, InP, CdS and
InGaAs QDs.[55, 56, 57, 58, 59, 60, 61, 12, 62, 13, 63, 64, 44, 65, 66, 67, 68, 69,
30, 70] In general, two types of emission are observed. The first is a very broad
(100’s nm FWHM), strongly redshifted emission (0.5-1 eV), referred to as “deep”
trap luminescence. The second type of emission occurs closer to the band edge. It
is much narrower and is called the “band edge” luminescence. In both cases, the

redshift indicates that the emitting state (whether band edge or deep trap) differs
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from the absorbing state.

However, the presence of a residual size distribution causes a natural redshift of the
emission. This happens when samples are excited far from the band edge absorption
because, here, the excitation probability is proportional to the number of participating
states and therefore to the volume of the nanocrystallite (~ @3).[64] Since the band

edge of larger QDs occurs at lower energies than in smaller nanocrystallites, the

effective emission is skewed towards larger sizes.

Despite a natural explanation for a redshifted emission, size selective experiments
such as fluorescence line narrowing (FLN), which probe a much smaller subset of QDs,
still show an intrinsic size dependent redshift of the band edge luminescence. Since
theoretical models describing QD excited states do not predict separate absorbing and
emitting states, both band edge and deep trap emission have often been attributed

to the radiative recombination of surface localized carriers.

In QDs a large fraction of atoms reside on the surface, up to 40% in small nanocrys-
tallites. The presence of impurities, dangling bonds, defecis and even the QD analog
of bulk surface bands all potentially localize photogenerated carriers. The surface
“trapping” of electrons and holes qualitatively explains observed redshifts in the emis-
sion. There is some experimental evidence for these surface states as EPR results by
Koch [71, 72] have shown the existence of certain dangling bond states which are
the likely source of the near-IR emission in porous Si. Recent XPS and NMR in-
vestigations on CdSe QDs have also shown that the nanocrystallites are not fully
passivated.[73, 74, 34] Theoretical work suggests that these unpassivated cation or

anion dangling bond sites create states well within the band gap of the material
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leading to a strongly redshifted emission. Luminescence from these surface states is
consistent with highly localized carriers and with the “deep” trap emission seen in
many QD samples.|75)

The origin of the band edge luminescence is a more challenging problem. In the
case of CdSe QDs simple spherical EMA models such as those described above do not
explain unusual experimental features of the emission, mainly its size dependent red-
shift and long radiative lifetimes at low temperatures (7 ~ 1us, 10 K). These results
are puzzling because many models which properly describe the linear absorption also
predict emission behavior similar to the bulk. (The radiative lifetime of bulk CdSe
is on the order of several nanoseconds, not microseconds. Shifts in the emission are

also not observed.)!?

Phenomenologically, the band edge luminescence can be explained in terms of a
three level system. Figure 1-7 depicts this where a transition from the ground state
to the first optically active state is followed by non-radiative relaxation into the final
emitting state. The nature of the emitting state is unknown although, traditionally,
it has been assigned to the radiative recombination of “shallow”!3 surface-localized
carriers. Several other possibilities exist and are described below.

On a brief aside, one experimental result not accounted for by many of the pro-
posed models is the differing magnitudes of the “resonant” an< “non-resonant” Stokes
shifts seen in photoluminescence (PL) and fluorescence line narrowing (FLN) experi-

ments. This unusual feature of the band edge emission is discussed in more detail in

2Here we refer to the intrinsic exciton luminescence and not impurity luminescence or donor-
acceptor emission.

13By “shallow” we refer to states with similar energies to the absorbing state. “Deep” refers to
states well within the band gap and have much larger energy differences.
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1> - ~

|0>
Figure 1-7: General schematic of a three level system that qualitatively reproduces the
emission behavior of the nanocrystallites. Absorption of light results in a transition
from the ground state, |0 >, to the first excited state, |1 >. This is followed by
non-radiative relaxation to the emitting state, |2 >, which may or may not be surface

related. Emission then follows to the ground state with a characteristic redshift given
by the energy difference between the absorbing and emitting states (Ej1> — Ej25).

Chapters 2 and 3. The discrepancy arises because, in principle, it should be possible
to reproduce the full luminescence (i.e. the non-resonant Stokes shift) by convoluting
the line narrowed emission with the intrinsic size distribution of the sample (o ~5%).
However, this is not the case and predicted non-resonant shifts are much smaller than
those actually measured.[34] We will see later on that this discrepancy is resolved by

the presence of optical fine structure underlying the band edge exciton.[64, 34)

Surface States

The first and most common suggestion is that the band edge emission arises from
shallow surface states of the QD. The presence of defects, vacancies, dangling bonds,
and the QD analog of bulk surface bands makes this a distinct possibility. Theoretical
work on bulk surfaces have shown that shallow surface bands can appear through the

surface reconstruction of cadmium and selenium atoms. This surface band is expected
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to occur within 0.2 eV of the valence band maximum. Another band arising from
hybridized Cd 5s orbitals is predicted to appear within 0.5 eV of the conduction

band.[76]

In light of recent results on InP and CdSe QDs, this explanation appears un-
likely. Surface modification of these nanocrystallites through HF etching and ligand
exchange/overcoating do not show dramatic changes in the energetics of the band
edge luminescence.[66, 67, 34] This strongly suggests that the emitting state is un-
related to the surface. In addition, a surface model is inconsistent with results from
photoluminescence and fluorescence line narrowing experiments on CdSe QDs where
the “non-resonant” and “resonant” Stokes shifts are measured. Chapters 2 and 3

describe this in more detail.

Spatially Forbidden States

Another possibility is that the emitting state is an internal core state but that
transitions to and from this state are forbidden due to lack of orbital symmetry. In
this regard, the envelope function of the electron and hole wavefunctions Lave different
spatial symmetries (for example, s and p symmetry) Recall that in the simple EMA
approximation, our transition probabilities required both initial and final states to
have the same envelope function (Equation 1.12). In the case of CdSe, the spherical
approximation has shown that the highest hole state has s symmetry. However,
using the same approach, Grigoryan showed that the highest lhole state in CdS las
p symmetry.[51] More recently, Richard has shown that the highest hole state in

CdSe QDs can have either s or p symmetry depending on size.[77] For sufficiently
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small nanocrystallites, the highest hole state has p symmetry. In effect, transitions
between the hole state and the electron state with s symmetry are formally forbidden
in small QDs. Since the k - p wavefunctions and energies are sensitive to the actual
values of the Luttinger parameters used it is difficult to completely eliminate this
possibility. The band edge emission of CdSe QDs may originate from a orbitally

forbidden state not ohserved in the linear absorption.

Dark Exciton Models

The basis for many of these “dark exciton” models is the enhancement of the
electron-hole exchange interaction in small na.nocrystallites.[75, 78, 79, 55, 80, 81,
82, 83, 84, 85, 86, 87] This is due to the increased overlap of the electron aﬁd hole
wavefunctions. In bulk CdSe the exchange splitting is on the order of 0.13 meV.
However, in QDs it is predicted to become sufficiently enhanced to cause a noticeable
splitting in the optical spectra. We consider one of these dark exciton models, in
particular, one developed by Efros and Rosen to explain our results.[64] The besis of

the model and its key considerations are discussed in the next section.!

1.6 Optical Fine Structure

Our work, in collaboration with Al. L. Efros, describes the effects of three sym-
metry breaking perturbations to the electronic states of the nominally eight-fold de-

generate exciton ground state. In particular, we consider crystal field splitting, the

14There are currently several dark exciton models being debated. Prominent among thern are those
by: Calcott/Nash (porous Si), Normura (CdSe), Chamarro/Lavallard (CdSe), Fu/Zunger (InP), and
Leung/Whaley (CdSe).
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QD shape asvmmetry and the electron-hole exchange interaction. The crystal field
interaction is important hecause CdSe has a hexagonal lattice structure. Most the- -
oretical models describe CdSe with a cubic lattice because of the small magnitude
of the bulk crystal field splitting, 25 meV. The shape asymmetry is also important
because careful TEM and SAXS measurements indicate that the nanocrystallites are
not perfectly spherical.[32] In fact, they are slightly prolate with a size dependent
ellipticity varying from 0 to 0.3. Finally, the electron-hole exchange interaction is
considered because of predicted enhancements in nanometer-sized structures due to

the increased overlap of the electron and hole wavefunctions.

When all three effects are considered together, the model predicts that underlying
the band edge exciton of CdSe nanocrystallites are five fine structure states. These
fine structure states are labeled by their total angular momentum projection (N)
along the c axis of the nanocrystallites. There are two doubly degenerate states with
projection N = =1, two states with projection N = 0 and one doubiy degenerate
state with projection N = £2. Figure 1-8 shows the order of the fine structure states
where optically active (bright) and optically passive (dark) states are denoted by solid

and dashed lines respectively.

An important consequence of the fine structure model is that it predicts that the
lowest excited state in CdSe QDs is an optically passive “dark” exciton. Transitions
to and from this state are formally forbidden in the electric dipole approximation
because changes in angular momentum of two dre required. This accounts for the long
radiative lifetimes at low temperatures; the emission originates from a state having a

good amount of triplet character. The model also explains the size dependent redshift
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Higher excited states

E 4

Band Edge Fine Structure

It

Figure 1-8: Predicted band edge fine structure cf CdSe QDs. The shape asymmetry,
crystal field and electron-hole exchange interaction split the eight-fold degenerate
exciton state (in spherical symmetry) into five fine structure states. Each state is
labeled by its angular momentum projection aiong the ¢ axis of the nanocrystallite.
Three of the states are optically active (solid line) and two are optically passive
(dashed line).
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seen in resonant and non-resonant excitation experiments through the optical fine
structure. In addition, it accounts for the unusual behavior of the nanocrystallites
in the presence of a magnetic field (i.e. decreased radiative lifetimes with increasing
magnetic field and changes in the Huang-Rhys parameter) as well as size dependent
changes in the sign of the second excited state’s g factor. We describe the good

agreement between experiment and theory in subsequent chapters.

1.7 The Future

QDs have been studied for close to 20 years ncw. There is still much work being
done in terms of the synthesis of high quality semiconductor and metal nanocrys-
tallites. The best systems, to date, in terms of size distribution, are CdSe [32], CdS
[88, 22], InP [67], Ag [89], Au [90], and more recently Co nanoparticles [91, 92]. What
will become of these mesoscopic systems remains to be seen. However, the trend in
cluster science seems to be headed toward the study of collective interactions between
nanocrystallites. QDs have been linked together as dimers and trimers. Superlattices
(colloidal crystals) [93] have also been created from these materials and the hope is
that “artificial” solids can be created whose properties (optical, electrical, and mag-

netic) are all tunable by changing the composition of constituent “artificial” atoms.

1.8 Thesis Summary

This thesis is structured as follows. Chapter 2 describes the optical spectroscopy

of CdSe QDs and describes a fine structure model which explains some of the unusual
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and controversial results surrounding the nanocrystallites. mainly the behavior of
the band edge luminescence. The model also explains the presence of fine structure
in the linear absorption of the nanocrystallites. Chapter 3 addresses the origin of
the band edge luminescence by intentionally modifying the surface of CdSe QDs
with different organic and inorganic ligands. The purpose being to see if changing
the surface has an effect on the energoti~s - the band edge emission. Chapter 4
considers the fine structure mode: 1o explain the unusual absorption behavior of
nanocrystallites subjected to an external magnetic field. Chapter 5 is an extension of
this study. It presents all theoretical considerations used in the first Zeeman study and
also investigates predicted (field induced) size dependent behavior of excited states.
Chapter 6 deals with the fine structure model from a slightly different perspective.
QDs are intentionally doped with paramagnetic impurities to see the effect this has
on the optical fine structure. Chapter 7 describes, in more detail, the effects of
paramagnetic impurities on the optical properties of CdSe QDs. The Appendix is
an attempt to preserve relevant work used to determine the equations and concepts

described in Chapters 1 through 7.
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Chapter 2

Band Edge Fine Structure

This chapter presents a theoretical analysis of the band-edge exciton fine struc-
ture in nanocrystallites of direct band gap semiconductors with a cubic or hexagonal
lattice structure within the framework of a quasicubic model. The lowest energy exci-
ton, eightfold degenerate in spherically symmetric QDs, is split into five levels by the
crystal shape asymmetry, the intrinsic crystal field (in hexagonal lattice structures),
and the electron-hole exchange interaction. Transition osciilator strengths and the
size dependence of the <plittings are calculated. Two of the five states, including the
ground state, are optically passive (dark excitons). The oscillator strengths of the
other three levels (bright excitons) depend strongly on the crystal size, shape and
energy band parameters. The relative ordering of the energy levels is also heavily
influenced by these parameters. The distance between the first optically active stz'lte
and the optically forbidden exciton ground state increases with decreasing size, lead-
ing to an increase of the Stokes shift in the luminescence. Our results are in good

agreement with size dependent resonant and non-resonant Stokes shifts obtained in

o7
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fluorescence line narrowing and photoluminescence experiments in CdSe nanocrys-
tallites. Mixing of dark and bright excitons in an external magnetic field allows the
direct optical recombination of the dark exciton ground state. The observed short-
ening of the luminescence lifetime in CdSe QDs subjected to an external magnetic
field is in excellent agreement with theory, giving further support to the validity of

our model.

2.1 Introduction

Size dependent optical spectroscopy of semiconductor quantum dots (QDs) has
now reached the state held by magnetooptical spectroscopy during the mid-sixties,
when the availability of high quality semiconductor materials on one hand, and the
development of multiband Landau level theory by Pidgeon and Brown [94] on the
other, enabled the description of the magnetic field dependent absorption spectra
of zincblende semiconductors (see, for example, the review by Aggarwal [95)). The
high quality of recently available nanometer-sized CdSe QDs has allowed us to resolve
and study the size dependence of up to ten excited states in their absorption spectra
[15, 12, 96]. These excitation spectra, obtained in the strong confinement regime
where the nanocrystallites are small compared to the bulk exciton Bohr radius, are
the result of transitions between discrete quantum size levels of electrons and holes
(49, 1). The small value of the crystal field splitting in CdSe (25 meV) allows us to
consider this semiconductor as a zincblende material to a first approximation [52].
As a result, multiband effective mass theory which takes the degenerate valence band

structure into account [51] has successfully described the excitation spectra obtained
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in absorption [15], hole burning [12] and photoluminescence excitation experiments
(96, 97, 98].

The data on CdSe quantum dots, however, has also provided us with a number
of puzzles. While the large scale structure of the absorption spectrum is now well
understood [15, 12, 96, 97, 98] the nature of the emitting state remains controver-
sial. The photoluminescence of high quality samples with large quantum yields is red
shifted with respect to the excitation frequency and has an unusually long radiative
lifetime at low temperatures (7p ~ lus at 10 K) [60] compared to the bulk exciton
lifetime (7p ~1 ns). Simple parabolic band theory cannot explain these results in
terms of recombination through internal core states. Rather, the band edge emission
in II-VI QDs has been explained as a surface effect and is attributed to the recom-
bination of weakly overlapping, surface-localized carriers [60, 44, 65]. However, these
two effects can be explained if the exciton ground state is an optically forbidden state
split from the first optically active exciton by the electron-hole exchange interaction
(86, 84, 63, 82, 96].

Another puzzling observation is the very large Stokes shift of the band edge lumi-
nescence relative to the first absorption maximum for excitation far to the blue of the
band edge. Its magnitude reaches ~ 100 meV in 16 A radius CdSe QDs [60] whereas
the Stokes shift of the resonant photoluminescence is only ~ 9 meV.!

In this chapter we present a realistic multiband calculation of the band edge
exciton fine structure in semiconductor QDs with a degenerate valence band. The

model takes into account the effects of the electron-hole exchange interaction, non-

1The terms “resonant” and “non-resonant” will be described in more detail in the following
sections.



60 Band Edge Fine Structure
sphericity of the crystal shape and the intrinsic hexagonal lattice structure. We
predict and describe a size dependent Stokes shift for both the resonant and non-
resonant photoluminescence, fine structure in the absorption and hole burning spectra
and predict the formation of a long-lived Dark Exciton [99]. We show below that
fluorescence line narrowing (FLN) and photoluminescence (PL) spectra of CdSe QDs
support the picture of Dark Exciton formation via excitation of higher energy fine
structure states followed by rapid thermalization to the exciton ground state. Strong
confirmation of our model is found in the magnetic field dependence of the Dark
Exciton luminescence lifetime [63].

In Section 2-2 we calculate the energy structure of the band edge exciton and
obtain transition oscillator strengths. We also calculate the lifetime of the optically
passive exciton ground state in an external magnetic field. In Section 2-3 we present
new data on the size dependence of the resonant and non-resonant photoluminescence
Stokes shift as well as the magnetic field dependence of the Dark Exciton lifetime in
CdSe QDs. These experimental results are compared with theory in Section 2-4 and

conclusions are drawn from this comparisor.

2.2 Theory

In semiconductor QDs smaller than the bulk exciton Bohr radius the energy
spectrum and wavefunctions of electron-hole pairs can be approximated through the
independent quantization of the electron and hole motion (the so-called strong con-
finement regime). The electron and hole quantum confinement energies and their

wavefunctions are found in the framework of the multiband effective mass approxima-
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tion [100]. The formal procedure for applying this method requires that the external
potential be smooth. In the case of nanometer-sized semiconductor QDs this leads
to the condition 2a >> ag, where a is the radius of the crystal and ag is the lattice
constant. In addition, the effective mass approximation holds only if the typical en-
ergies of the electron and hole are sufficiently close to the bottom of the conduction
band and to the top of the valence band (i.e. near £ = 0.). In practice this means
that the quantization energy must be much smaller than the energy separation to the

next higher (lower) energy extremum in the conduction (valence) band.

In the framework of the effective mass approximation, for spherically symmetric
crystals (i.e. finite size spherical crystals having a cubic lattice structure), the first
quantum size level of electrons is a 15, state doubly degenerate with respect to its spin
projection, and the first quantum size level of holes is a 153/, state, 4-fold degenerate
with respect to its total angular momentum projection, K, (M = 3/2, 1/2, —1/2,
and —3/2) [51, 15]. The energies and wavefunctions of these quantum size levels are

easily found in the parabolic band approximation. For electrors they are:

h2 2
Eys = En#;
bole) = €eNSa> = |2y gisa > 2.)

where m,. is the electron effective mass, a is the radius of the crystal, Yi,(2) are
spherical harmonics, |Sa > are the Bloch functions of the conduction band, and

=1 (|) is the projection of the electron spin, s, = +(—)1/2. For holes in the
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four-fold degenerate valence band the energies and wavefunctions can be written as:

2 2
Bap(®) = 220, (22)
M(l‘)=2lZMR1(1')(—1)M‘3/2 ;M(sllf,j, 20) Yo (@), (2.3)
= y m ’_l,=

where 8 = myp/myy, is the ratio of the light to heavy hole effective masses, () is

the first root of the equation [101, 102, 103, 104, 105, 52):

Jo(@)i2(\/Be) + Ja()joly/Be) = 0, (2.4)

where j,(z) are spherical Bessel functions, (:n k p’) are Wigner 3j-symbols, and u,(p =

+1/2,43/2) are Bloch functions of the four-fold degenerate valence band I's [106]:

ug/y = %(X'F’LY)T
u-3/2 = —\;—i(X—'éY)l
wp = %[(XHYH ~2Z 1] (2.5)

U_1/2 = \/—[(X —1Y) 14272 []

The radial functions R;(r) are [101, 103, 104, 52|

Rar) = i [itorfa) + 2o fBrsa)]
Rar) = 2 [itorta) = i) (26)
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where the constant A is determined by the normalization condition:

/ drr?[R3(r) + RY(r)] = 1. (2.7)

The dependence of ¢ on 8 [52] is shown in Fig. 2-1 a.

For spherical QDs, the exciton ground state (153/2185,) is eight-fold degenerate.
However, shape and internal crystal structure anisotropy together with the electron-
hole exchange interaction lifts this degeneracy. The splitting and the transition os-
cillator strengths of the states, as well as their order, are sensitive to the crystal size
and shape, as shown below. We calculate this splitting neglecting the warping of the

valence band and the non-parabolicity of the electron and light hole energy spectra.

2.2.1 Energy spectrum and wavefunctions

Nanocrystal asymmetry lifts the hole state degeneracy. This asymmetry has two
sources: the intrinsic asymmetry due to the hexagonal lattice of the crystal [52] and
the non-spherical shape of the QD [107]. Both split the four-fold degenerate hole
state into two two-fold degenerate states - Kramers doublets- having |M| = 1/2 and
3/2, respectively.

The splitting due to the intrinsic hexagonal lattice structure, Ay, can be written
[52]:

Aipe = BDv(B) (2.8)

where A is the crystal field splitting and equals the distance between the A and

B valence subbands in bulk semiconductors having a hexagonal lattice structure (25
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meV in CdSe). Eq. 2-8 is obtained within the framework of a quasicubic model where
the crystal field splitting is considered a perturbation [52]. The Kramers doublet
splitting does not depend on the crystal size but only on the ratio of the light to
heavy hole effective masses. The dimensionless function v(8) [52] describing this
dependence is shown in Fig. 2-1 b and varies rapidly in the region 0 < 8 < 0.3. The

|M| = 3/2 state is the ground state.

We model the non-sphericity of the nanocrystal by taking it to be an ellipsoid
whose deviation from sphericity is characterized by the ratio ¢/b = 1+ p of its major
to minor axes. Here p is the ellipticity of the crystal and is positive (negative) for
prolate (oblate) crystals. The splitting arising from this deviation is calculated in

first order perturbation theory [107):

Ay = 2uu(B)Esp(B) (2.9)

where Ej3/; is the 153/, hole ground state energy for spherical crystals of radius a =
(b%c)}/3. Ejs is inversely proportional to a? (see Eq. 2-2). The shape splitting is
therefore a sensitive function of the crystal size. The function u(3) [107] decreases
from a value of 4/15 at § = 0, changes sign at § = 0.14 and goes to zero at § = 1

(see Fig. 2-1 c).

The net splitting of the hole state, A(a, 5, 1), is the sum of the crystal field and
shape splitting,

A(a’7ﬂ1 F-) = Ash + A1'11.t. . (210)

In nanocrystals where the function u(f) is negative, e.g. in CdSe QDs where 3 = 0.28
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Figure 2-1: (a) The dependence of the hole ground state function ¢{/) on the light to
heavy hole effective mass ratio 3; (b) the dimensionless function v () associated with
hole level splitting due to hexagonal lattice structure; (c) the dimensionless function
u(B) associated with hole level splitting due to crystal shape asymmetry; (d) the
dimensionless function x(f) associated with exciton splitting due to the electron-hole
exchange interaction.
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[96], the net splitting decreases with size in prolate (1 > 0) crystals. Even the order
of the hole levels can change, with the |[M| = 1/2 state becoming the hole ground
state for sufficiently small nanocrystallites [108]. This can be qualitatively understood
within a model of uncoupled A and B valence subbands. In prolate crystals the energy
of the lowest hole quantum size level is determined by its motion within the plane
perpendicular to the hexagonal axis. In this plane the hole effective mass in the lowest
A subband is smaller than in the higher B subband [52]. Decreasing the size of the
crystal causes a shift of the quantum size levels inversely proportional to both the
effective mass and the square of the nanocrystal radius. The shift is therefore larger
for the A subband than for the B subband and, as a result, can change the order of
the levels in small crystals. In oblate (1 < 0) QDs where the states are determined by
motion along the hexagonal axis, the B subband has a smaller mass. Hence the net

splitting increases with decreasing size and the levels maintain their original order.

The 8-fold degeneracy of the spherical band edge exciton is also broken by the
electron-hole exchange interaction which mixes different electron and hole spin states.

It has the form [109, 106):
He::ch = —(2/3)€ezch(a0)36(re - I‘h)O'J ’ (211)

where o is the electron Pauli spin-1/2 matrix, J is the hole spin 3/2 matrix, ao is
the lattice constant, and €eycn is the exchange strength constant. In bulk crystals
with a cubic lattice structure this term splits the 8-fold degenerate exciton ground
state into a 5-fold degenerate (optically passive) state with total angular momentum

2 and a 3-fold degenerate (optically active) state with total angular momentum 1.
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The splitting can be expressed in terms of the bulk exciton Bohr radius, aes:

hwsr = (8/37)(a0/ez) €ezch - (2.12)

In bulk crystals with a hexagonal lattice structure this term splits the 4-fold degen-

erate cxciton ground state into a singlet and a triplet state, separated by

thT = (2/1r)(ao/au)36e¢ch . (2.13)

Equations 2-12 and 2-13 allow us to evaluate the exchange strength constant. In
CdSe where hwsr = 0.13 meV [110], a value of €ezcn = 450 meV is obtained using

Qez=56 A.

Taken together, the hexagonal lattice structure, crystal shape asymmetry, and
the electron-hole exchange interaction split the original “spherical ” 8-fold degenerate
exciton into five levels. These states are labeled by the magnitude of the exciton
total angular momentum projection, F = M + s,. We obtain one level with F' = 12,
two with F' = %1, and two with F' = 0. The level energies, €r|, are determined by
solving the secular equation det(£ — g)r)) = 0, where the matrix E consists of matrix

elements of the asymmetry perturbations and the exchange interaction, I?ezch, taken
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between the exciton wavefunctions Wu ar(re, Th) = Ya(re)Yar(rs):

1.3/2 1.1/2 1.-1/2 1,-3/2 1,3/2 L1/2 4172 1,-3/2
t3/2 (=2-2 0 0 0 0 0 0 0
1.1/2 0 F+4 0 0 —iv3y 0 0 0
1.-1/2 0 0 2+% 0 0 —i2p 0 0
1.-3/2 0 0 n 2n-4 0 0 -iv3n 0
1,3/2 0 iv3n 0 0 P-4 0 0 0
1,172 0 0 i2n 0 0 2+2 ] 0
1,-1/2 (] 0 0 iV3n ] 0 F+42 0
1,-3/2 0 0 0 0 0 0 0 -4
(2.14)

where 7 = (az/a)3hwsrx(B), and the dimensionless function x(3) is written in terms

of the electron and hole radial wavefunctions,

X(8) = (1/6)a? /0 " drsin®(rr /a)[R3(r) + 0.2R3(r)] . (2.15)

The dependence of x on the parameter 3 is shown in Fig. 2-1 d.

The solution of the secular equation yields five exciton states. The energy of the
level with total angular momentum projection |F| = 2 and its dependence on crystal
size ig given by:

€2 =-3n/2-A/2 . (2.16)

Its respective wavefunctions are:

U_o(re,rp) = ‘I’l.—3/2(rearh)’

Wa(re,rn) = Wypa/a(re,Th) . (2.17)
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The energies and size dependence of the two levels, with total momentum projec-

tion |F| = 1, are given by

et =n/2£/(2n— AR/4+372 . (2.18)

where U and L correspond to the upper (“+") or lower (“”) sign respectively. We
denote these states by 1V and 1%, i.e. the upper and lower state with projection

F = +1. The corresponding wavefunctions for the states with F' = +1 are
WV (r, 1) = FiCEU; 12(re, th) + CF Y| 3/9(re, 1) (2.19)

Likewise, for the states with /" = —1

\Ill_]'lL(re, ry) = FICFTW; _3/2(Te, Th) + C*\Illl_l/g(re, r) (2.20)
where
VI+dtf
Cct = | —=———7 , 2.21
\] VP +d ( )

f = (-2n+ A)/2 and d = 3n*. The energies and size dependence of the two F' =0

exciton levels are given by:

el =n/2+A/2+2 (2.22)
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we denote the two F = 0 states by 0Y and 0%, with corresponding wavefunctions:
UL 1 . :
Uo'"(re,rn) = 7 [:Fi‘I’r,-x/z(re,rh) + Wl,l/z(re,rh)] ) (2.23)

The size dependence of the band edge exciton splitting for hexagonal CdSe QDs
with different shapes is shown in Fig. 2-2. The calculation is done using # = 0.28
[96]. In spherical crystals (Fig. 2-2 a) the F' = X2 state is the exciton ground state
for all sizes, and is optically passive [52]. The separation between the ground state
and the lower optically active F = =+1 state increases with decreasing size as 1/a3
but tends to 3A/4 for very small crystals. In oblate QDs (Fig. 2-2 b) the order of
the exciton levels is the same as in spherical ones. However, the splitting does not
saturate, because in these crystals A increases with decreasing size. In prolate crystals
A becomes negative with decreasing size and changes the order of the exciton levels
at some value of the radius (Fig. 2-2 c); in small crystals the optically passive? F' =0
state becomes the exciton ground state. The crossing occurs when A goes through
0. In nanocrystallites of this size the shape asymmetry exactly compensates for the
asymmetry connected with the hexagonal lattice structure [108] and the exciton levels
have “spherical” symmetry. As a result, there is one 5-fold degenerate exciton with
total angular momentum 2 (reflected in the crossing of the 0%, £1% and +2 levels) and
one 3-fold degenerate exciton with total angular momentum 1 (seen in the crossing of
vhe 0V and £1Y levels). In Fig. 2-2 d the band edge exciton fine structure is shown

for the case where the ellipticity varies with size® corresponding to SAXS and TEM

2This is shown in the next section.
3In accordance with SA™S and TEM measurements the ellipticity is approximated by the poly-
nomial x(a) = 0.101 —0.034a + 3.507 x 107322 = 1.177 x 1074a® + 1.863 x 107%a% — 1.418 x 107805 +
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measurements of our CdSe nanocrystallites [32]. The level structure closely resembles

that of spherical crystals.

The size dependence of the band edge exciton splitting in cubic CdTe crystals with
different shapes is shown in Fig. 2-3. The calculation is done using the parameters
B = 0.086 and hwsr = 0.04meV. One can see that in spherical nanocrystals the
electron-hole exchange interaction splits the eight-fold degenerate band edge exciton
into a 5-fold degenerate state with total angular momentum 2 and a 3-fold degenerate
exciton with total angular momentum 1 (Fig. 3-3 a). Crystal shape asymmetry lifts
the degeneracy of these states and determines the relative order of the exciton levels

(see Fig. 3-3 b and Fig. 3-3 ¢ for comparison).

2.2.2 Selection rules and transition oscillator strengths

To describe the fine structure responsible for the absorption spectra and photo-
luminescence we calculate transition oscillator strengths for these five states. The
mixing of electron and hole spin states by the electron-hole exchange interaction
strongly affects the optical transition probabilities. The wavefunctions of the |F| = 2
exciton state are unaffected by this interaction (see Eq. 2-17); they are optically pas-
sive in the electric dipole approximation because absorbed or emitted photons cannot
have an angular momentum projection of £2. The probability of optically exciting
or recombining from an exciton with total angular momentum projection F is pro-

portional to the square of the matrix element determined by the momentum operator

4.196 x 10~ 11aS
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Figure 2-2: The size dependence of the exciton band- edge structure in ellipsoidal
hexagonal CdSe quantum dots with ellipticity p: (a) spherical dots (p = 0); (b)
oblate dots (u=-0.28); (c) prolate dots (1 = 0.28); (d) dots having a size dependent
ellipticity as determined from SAXS and TEM measurements. Solid (dashed) lines
indicate optically active (passive) levels.
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Figure 2-3: The size dependence of the exciton band-edge structure in ellipsoidal
cubic CdTe quantum dots with ellipticity p: (a) spherical dots (1 = 0); (b) oblate
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active (passive) levels.
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ep sandwiched between that state and the vacuum state
Pr=| < 0lep|¥r > |2 (2.24)

Here |0 >= §(r. — r4), e is the polarization vector of the absorbed or emitted light,
p (the momentum operator) acts only on the valence band Bloch functions (see Eq.
2-5) and the exciton wavefunction, U, is written in the electron-electron represen-
tation. Exciton wavefunctions in the electron-hole representation are transformed to
the electron-electron representation by taking the complex conjugate of Eqs. 2-17,
2-19, 2-20, 2-23 and flipping the spin projections in the hole Bloch functions (1 and

lto | and 7).

For the exciton state with F' = 0 we obtain

UL _ LUl e Q£ o,
Py =] <0lep|¥y” > |* = —3—KP cos“(0) , (2.25)
where P =< S|p,|Z > is the Kane interband matrix element, 8 is the angle between

the polarization vector of the emitted or absorbed light and the hexagonal axis of the

crystal. K is the square of the overlap integral [52]:

K= :21|/ drrsin(nr/a)Ro(r) i : (2.26)

Its value is independent of crystal size and depends only on 3; hence the excitation
probability of the F' = 0 state does not depend on crystal size. For the lower exciton

state, OF, it is identically zero. At the same time the exchange interaction increases
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the excitation probability of the 0V exciton state by a factor of two. This arises
from the constructive and destructive interference of the wavefunctions for the two

indistinguishable excitons | 1,—1/2 > and | |,1/2 > (see Eq. 2-23).

For the exciton state with F' = 1 we obtain:

PU'L_ 1 (2\/f!+d:Ff:t\/§(_i
== L

3 NixT )Kstinz(O) : (2.27)

The excitation probability of the F' = —1 state is equal to that of the F' = 1 state.
As a result, the total transition probability to the doubly degenerate |F| = 1 exciton

is equal to 2P1U’L.

Equations 2-25 and 2-27 show that the F' = 0 and |F'| = 1 excitation probabilities
differ in their dependence on the angle between the light polarization vector and the
hexagonal axis of the nanocrystallites. If the crystal hexagonal axes are aligned per-
pendicular to the light direction, only the active F’ = 0 state is excited. Alternatively,
when the crystals are aligned along the light propagation direction, only the upper
and lower |F| = 1 states absorb light. For the case of randomly oriented QDs, polar-
ized excitation resonant with one of these exciton states selectively excites suitably
oriented nanocrystallites, leading to polarized luminescence [52]. Observation of this
effect has been reported in several papers [60, 61, 84]. Furthermore, a large energy
splitting between the F' = 0 and |F| = 1 states leads to different Stokes shifts in the

polarized luminescence.

To find the probebility of optically exciting a system of randomly oriented nanocrys-

tallites we average Eqgs. 2-25 and 2-27 over all possible solid angles. The respective



76 Band Edge Fine Structure

transition probabilities are proportional to:

UL _ (1x1)2KP?
0 - g b}
2KP? (2/f7+ d V3d
PV - pUL _ 3 (2 ;j;% 3) (2.28)

There are three optically active states with relative oscillator strengths FOU, 2F1‘",
and 2P_1L. The dependence of these probabilities with size and shape is shown in Fig.
2-4 for QDs with a hexagonal lattice structure. We see that the shape of the crystal
strongly influences this dependence. For example, in prolate crystals (Fig. 2-4 c) the
+1% oscillator strength goes to zero for those QDs where A = 0; i.e., the crystal
shape asymmetry exactly compensates for the internal asymmetry connected with
the hexagonal lattice structure. In these nanocrystallites the oscillator strengths of
all upper states (0Y, 1Y, and —1Y) are equal. Nevertheless, one can see that for all
shapes the excitation probability of the lower |F| = 1 exciton state, 2P, decreases

with size and that the upper |F| = 1 exciton gains its oscillator strength.

This behavior can be understood by examining the spherically symmetric limit.
In spherical nanocrystals the exchange interaction leads to the formation of two exci-
ton states - with total angular momentum 2 and 1. The ground state is the optically
passive exciton with total angular momentum 2. This state is 5-fold degenerate with
respect to its total angular momentuui projection. For small QDs the splitting of the
exciton levels due to the nanocrystal asymmetry can be considered a perturbation
relative to the exchange interaction, which grows as 1/a3. In this situation the wave-

functions of the 1%, 0%, and £2 excitons turn into the wavefunctions of the optically
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Figure 2-4: The size dependence of the oscillator strengths, relative to that of the OV
state, for the optically active states in hexagonal CdSe quantum dots with ellipticity p:
(a) spherical dots (z = 0); (b) oblate dots (uz = —0.28); (c) prolate dots (1 = 0.28);
(d) dots having a size dependent ellipticity as determined from SAXS and TEM
measurements.
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passive state with total angular momentum 2. The wavefunctions of the +1 and 0¥
excitons become those of the optically active state with total angular momentum 1.
These three states therefore carry nearly all of the oscillator strength.

In large nanocrystallites, for all possible shapes, we neglect the exchange interac-
tion (which decreases as 1/a3), and there are only two four-fold degenerate exciton
states (see Fig. 2-3). The splitting here is determined by the shape asymmetry and
the intrinsic crystal field. In a system of randomly oriented crystals, the excitation
probability for both these states is the same: Féf + 2?? = 2@ = 2—’;—”2 [52].

In Fig. 2-5 we show these dependences for cubic CdTe nanocrystallites having
different shapes.

It is necessary to note here that despite the fact that the exchange interaction
dramatically changes the structure and the oscillator strengths of the band edge
exciton, the polarization properties of the nanocrystallites are determined by the
internal and crystal shape asymmetries. All polarization effects are proportional to

the net splitting parameter A and go to zero when A = 0.

2.2.3 Recombination of the Dark Exciton in Magnetic Fields

Lifetime measurements of the Dark Exciton in CdSe QDs in the presence of an
external magnetic field strongly supports our model [63]. Recombination of the Dark
Exciton is allowed if the magnetic field is not directed along the hexagonal axis of
the nanocrystallite. In this case F' is no longer a good quantum number and the +2
Dark Exciton state is admixed with optically active £1 Bright Exciton states. This

now allows the direct optical recombination of the £2 exciton ground state.
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Figure 2-5: The size dependence of the oscillator strengths, relative to that of the oV
state, for the optically active states in cubic CdTe quantum dots with ellipticity p:
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For nanometer sized semiconductor quantum dots the effect of an external mag-

netic field, H, is well described as a molecular Zeeman effect:
- 1
Hy = 59e150H — grnupKH (2.29)

Here g. and g, are the electron and hole g factors respectively and pp is the Bohr
magneton. For electrons in CdSe g. = 0.68 [111]. The value of the hole g factor is
calculated in the appendix using the results of [112], and is g, = —1.09. In Eq. 2-29
we neglect the diamagnetic, H?, terms because the dots are significantly smaller than
the characteristic magnetic length [~ 115 A at 10 T).

Treating the magnetic interaction as a perturbation, we determine the influence of
the magnetic field on the unperturbed exciton using the perturbation matrix £'y =<

Yo n g Hr | Yo p >:

1,3/2 1.1/2 1,-1/2 1,-3/2 1.3/2 L,1/2 1,-1/2 1,-3/2
132 | Hi2  ZVEaHo 0 0 autl= 0 . .
1.1/2 ﬂ%"—”"— HeC ignH— 0 i 0 0
1,-1/2 0 ignHy HeA _.-\/55,,”_ 0 0 .4 0
1,-3/2 0 0 BaHy  HeB 0 0 0 b
13/2 | =7+ 0 0 0 =B Mo o .
11/2 0 £ 0 0 LR SN CignH._ o
1-1/2 0 0 2t 0 ignHay =te  ifaHe
1,-3/2 0 0 0 &-;-I-t 0 0 i\/5921. Hy -}12‘[)

(2.30)

where A = (ge+gn), B = (ge+391), C = (9e — 9r), D = (ge —39n), H, is the magnetic
field projection along the crystal hexagonal axis and Hy = H; + iH,. One can see

from Eq. 2-30 that components of the magnetic field perpendicular to the hexagonal
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axis mix the F = +2 dark exciton with respective optically active F = %1 Bright
excitons. In small nanocrystallites, where 7 is on the order of 10 meV, the influence
of even the strongest magnetic field can be considered a perturbation. The case of
large crystals where 7 is of the same order as ppgeH will be considered later. The
admixture in the F' = 2 state is given by:

- _ + o +
“BH- % geC \/§ghc \IJ++ \/§9nc +geC

AY, = =
2 €a— €7 ! €2 — €]

v, (2.31)

where the constants C* are given in Eq. 2-21. The admixture in the F' = —2 exciton

by the F = —1 state is described similarly.

This admixture of optically active Bright excitons allows the optical recombination
of the Dark Exciton. In general, the radiative recombination rate of an exciton state,
F, can be obtained by summing Eq. 2-24 over all light polarizations.[113] We obtain

the expression:
1 4é’wn,
T|F| ~ 3mich

| < 0lpu|Tr > * (2.32)

where w and c are the light frequency and velocity, n, is the refractive index, and myg
is the free electron mass. Using Egs. 2-25 through 2-27 we obtain the radiative decay

time for the upper exciton state with F' =0,

1 8wn,P?K
0 9 x 137m3c (2:33)
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likewise, for the upper and lower exciton states with [F| =1

1 _ (2\/7’+d_¢fi\/§‘7) 1 (2.34)
e N L= B E ¥

1

Using the admixture of the |F| = 1 states in the |F| = 2 exciton given by Eq.

2-31, we calculate the recombination rate of the |F| = 2 exciton in a magnetic field,

1 3uk H?sin?(0) m+ A\ 1
= 20n — Ge — . 2.35

T2(H) 8A? T8 ) T (2.35)
The characteristic time 79 does not depend on the nanocryseal radius. For CdSe,

calculations using 2P%/mgo = 17.5eV [15] give 7o = 1.6 ns.

In large crystals the magnetic field splitting, xpg.H, is on the same order as the
exchange interaction, 7, and cannot be considered a perturbation. At the same time,
both these energies are much smaller than the splitting due to the crystal asymmetry.
We consider here the admixture of the |F| = 2 Dark Exciton with the lowest |F| =1
state. This can be calculated exactly. The magnetic field also lifts the degeneracy of
the exciton states with respect to the sign of the total angular momentum projection

F. The energies of the former F' = —2 and F' = —1 states are:

et = A+ 3ungutls | V(31 + pagH.)® + (upge)* Hi
) 2 2 ,

(2.36)

where +(-) refers to the F' = —1 state with an F = —2 admixture (F' = —2 state with
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an F = —1 admixture) and H, = \/H? + H2. The corresponding wavefunctions are:
z Yy

N VP2 +InP£p n
-1,-2 = —"2_—2—"111,_3/2 F ‘1’1,—3/2 , (2.37)
2P + Il V2V P/ P £ )

where n = pggeH, and p = 3n + upgeH.. The energies ana wavefunctions of the

former F = 2,1 states are (using notation similar to that used above):

. —A—3upgiH, \f (31 — uBgeH:)? + (1Bge)2H3
51'2 = 9 2 )

o \l \/p’z + > £p n’ , (2.39)

= VI '
1.2 p 1,312 F 1,3/2
2,/02 + In'[? \/2 PG/ P £ )

where n’ = ppgeH_ and p' = 3n — j1pg.H,. As a result, the lifetime of the Dark

(2.38)

Exciton in an external magnetic field can be written as:

1 T+ +2Ccosf—1-(cosh 3
T(H) 21+ (2 + 2Ccust 279

(2.40)

where ¢ = pupgeH/3n. The probability of exciton recombination increases in weak

magnetic fields (( << 1) as %%;ﬂﬁ—s'ﬂgl and saturates in strong magnetic fields

(¢ >> 1), reaching 25 °°"9)[1 e 31 (1 + cos6))].

One can see from Egs. 2-35 and 2-40 that the lifetime depends on the angle
between the crystal hexagonal axis and the magnetic field. The recombination time
is different for different crystal orientations, leading to a nonexponential lifetime for

a system of randomly oriented nanocrystallites.
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2.3 Experiment

The samples in our Stokes shift study were prepared using the synthetic tech-
nique described in [32]. This method prcduces nearly monodisperse wurtzite crys-
tallites of CdSe (¢ < 5%) which are slightly prolate and have surfaces passivated
by an organic layer of tri-n-octylphosphine/tri-n-octylphosphine oxide ligands. In to-
tal 18 samples were prepared for this study. Their effective radii, as determined by
small angle x-ray scattering and TEM measurements, range from 12 A to 56 A. The
samples were isolated as a powder and redispersed into a mixture of o-terphenyl in
tri-n-butylphosphine (200 mg/mi) to form an optically clear glass at liquid helium
temperatures. Each sample was loaded between sapphire flats separated by a 0.5
mm Teflon spacer and mounted in a helium cold finger cryostat for low temperature
optical work. The 12 A sample used in the magnetic field and luminescence life-
time experiments was left in its original growth solution without being redispersed
in tri-n-butylphosphine and o-terphenyl. With the exception of the 12 A sample just
described, all samples in our Stokes shift study were prepared specifically for this

study.

Absorption, luminescence and fluorescence line narrowed spectra were taken on
the same optical setup. In the absorption experiment, light from a 300 W Xe arc
lamp is passed through the sample and the transmitted light detected with an optical
multichannel analyzer (OMA) coupled to a 0.33 m single spectrometer. The full
luminescence spectra of each sample is obtained by passing light from a 300 W Hg-
Xe arc lamp through a 0.25 m spectrometer and exciting the sample far above its

band edge. Typically, the excitation light is kept spectrally broad (~ 50 nm FWHM)
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to prevent any possible optical size selection of the QDs. The emitted light is then
dispersed and detected with the spectrometer/OMA combination described in the
absorption experiment.

Fluorescence line narrowed spectra are acquired by exciting the samples with the
output of a Q-switched Nd:YAG /dye laser system (~ 7 ns pulses). The laser power
is attenuated to ensure that the luminescence varies linearly with the excitation in-
tensity. The measured emission is dispersed and detected with a 0.33 m spectrometer
coupled to a 5 ns gated OMA.

Magnetic field studies are conducted by placing the sample within the bere of
a variable field superconducting magnet. The excitation source is the Nd:YAG /dye
laser system described above. The resulting luminescence is dispersed with a 0.66 m
single spectrometer and detected with a 5 ns time gated OMA. Luminescence decays
are recorded with the following: a 500 MHz digitizing oscilloscope, a photomultiplier
tube with 2 ns resolution and a 0.75 m subtractive double spectrometer to eliminate

scattered laser light.

2.3.1 Stokes shift of the resonant photoluminescence

We observe strong evidence for the predicted band edge fine structure in our
fluorescence line narrowing (FLN) experiments. By exciting our samples on the red
edge of the absorption we selectively excite the largest dots present in the residual
size distribution of each sample. This reduces the inhomogeneous broadening of the
luminescence and the resulting emission is spectrally narrow, displaying a well resolved

longitudinal optical (LO) phonon progression. In practice, we excite our samples on
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the red edge of their band edge absorption at roughly 1/3 the peak height. Figure
2-6 shows the FLN spectra for the size series considered. The peak of the zero LO
phonon line (ZPL) is observed to be shifted with respect to the excitation frequency.
This Stokes shift is size dependent and ranges from ~ 20 meV in small crystals to
~ 2 meV at large sizes. Moving the excitation position does not noticeably affect the
Stokes shift of the larger samples; however, it does make a difference for the smaller
sizes. We attribute this difference to exciting diiferent sized QDs within the size
distribution of the sample, causing the observed Stokes shift to change. The effect
is largest in the case of small nanocrystallites because of the size dependence of the

Stokes shift (see Fig. 2-7).

In terms of the proposed model, exciting the red edge of the absorption probes
the lowest |F| = 1 Bright Exciton (see Fig. 2-2 d). The transition to this state is
followed by thermal relaxation to the Dark |F| = 2 state, from where recombination
occurs through a phonon assisted [63, 52] or nuclear/paramagnetic spin-flip assisted
transition [63]. The observed Stokes shift is the difference in energy between the +1%

state and the Dark +2 state and increases with decreasing size.

We find good agreement between experimental values of the size dependent Stokes
shift and values derived from theory. Fig. 2-7 compares the two results. The only
parameters used in the theoretical calculation are taken from the literature: a., =
56 A [15], hwsr = 0.13 meV [110] and 8 = 0.28 [12, 96]. The comparison shows
that there is good quantitative agreement between experiment and theory at large
sizes. For small crystals, however, the theoretical splitting based largely on the size

dependent exchange interaction begins to underestimate the observed Stokes shift.
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Figure 2-6: Normalized FLN spectra for CdSe QDs between 12 and 56 A in radius.
The mean radii of the dots are determined from SAXS and TEM measurements. A
10 Hz @-switched Nd:YAG/dye laser system (~ 7 ns pulses) serves as the excitation
source. Detection of the FLN signal is accomplished using a time gated OMA. The
laser line is included in the figure (dotted line) for reference purposes. All FLN spectra
are taken at 10 K.
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This discrepancy may be due to the added contribution of acoustic phonons to the

Stokes shift, or by a breakdown in the effective mass approximation. (114, 115]
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Figure 2-7: The size dependence of the resonant Stokes shift. This Stokes shift is the

difference in energy between the pump energy and the peak of the ZPL in the FLN
experiment. The points labeled by x are the experimental values. The solid line is

the theoretical size dependent splitting between the +1% state and the +2 exciton
ground state [see Fig. 2-2 dJ.

2.3.2 Stokes shift of the non-resenant photoluminescence

We have also studied the Stokes shift of the non-resonant photoluminescence. In

this experiment we excite our samples far to the blue of their band edge absorption.

The resulting “full” luminescence contains contributions from all nanocrystallites in
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the sample’s residual size distribution and is inhomogeneously broadened. It shows
no distinct phonon structure. This is unlike the FLN experiment where we suppress
the inhomogeneous broadening of the luminescence by selectively exciting a narrow
subset of nanocrystallites. Fig. 2-8 presents the full luminescence spectrum measured
for 9 sizes in thr <eries considered. As with the FLN data, the full luminescence
shows a strong size dependent Stokes shift, ranging from ~ 100 meV at small sizes
to ~ 25 meV at large sizes. Note that the full luminescence Stokes shift is taken as
the difference in energy between the peak of the band edge absorption and the peak
of the full luminescence. We denote the full luminescence shift as the “non-resonant”
Stokes shift. This shift requires too large a Huang-Rhys S parameter to be readily

explained by exciton-phonon coupling [116]. Two explanations, however, account for

the large value of the non-resonant Stokes shift.

The first one is directly related to the nanocrystal size distribution. In the strong
confinement regime the total oscillator strength of transitions between the electron
and hole quantum size levels does not depend on size. However, the excitation prob-
ability is proportional to the number of participating states and is therefore propor-
tional to the crystal volume (o a®) for excitations far from the band edge [49]. Thus
while the first absorption peak generally follows the nanocrystal size distribution, the
position of the luminescence for non-resonant excitation is determined by the largest
QDs within the distribution. This causes an intrinsic Stokes shift because the band

edge transition of larger nanocrystallites occurs at lower energies than in smaller ones.

This, however, is not, the main source of the non-resonant shift in our samples,

which have narrow size distributions (¢ < 5%). The non-resonant Stokes shift in this
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Figure 2-8: Normalized absorption and full luminescence spectra for CdSe QDs be-
tween 12 and 56 A in radius. A 300 W Xe arc lamp serves as the excitation source for
both absorption and luminescence experiments. The excitation light is intentionally
broad (50 nm FWHM) to prevent possible size selection of the dots. Detection of the
transmission/luminescence signal is carried out with an OMA coupled to a 0.33 m
spectrometer. The absorption spectra are indicated by solid lines; the corresponding
luminescence spectra by dotted lines.
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case is primarily related to the band edge exciton fine structure. In small nanocrys-
tallites the two upper states of the fine structure (£1Y, 0Y) possess nearly all of
the oscillator strength of the band edge transition (see Fig. 2-4 d), and the first ab-
sorption maximum is therefore determined by the positions of these two states. The
non-resonant Stokes shift is then the difference in energy between these upper states
and the 2 exciton ground state. This accounts for the sizable magnitude of the

non-resonant Stokes shift.

To describe the band edge absorption we convolute the three optically active
states with the intrinsic size distribution of the sample and weight each state with
its respective oscillator strength. The peak of the band edge absorption occurs at
the weighted energetic mean of these three states. We obtain the position of the
full luminescence by convoluting the position of the £2 Dark exciton with the size

distribution weighted by the nanocrystal excitation probability (~ a®).

Figure 2-9 compares the shifts predicted by theory for a sample with a 5% size
distribution to experimental values of the non-resonant Stokes shift. The theory is
shown as a dashed line in the figure. We find reasonable agr:ement between the
two, but the theory underestimates the Stokes shift for all sizes considered. However,
we have not taken into account the presence of phonons, seen experimentally as LO
phonon progressions in FLN and PLE spectra [117, 13, 63, 118]. We include the
contribution of the phonons to the theoretical Stokes shift by phenomenologically

including in the convolution the phonon dependent absorption [A(v, v')] and emission
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[E(v, V)] lineshape for single CdSe quantum dots. We assume the following forms,

3 4 m T v—( + mw 2
A(l/, VI) = ; mz=0 —_Jz(_;s’;,),mml exp ( [ ( 2’;:';*‘ LO)] ) (2_41)
4 n —[y— _ 2
E(v,V) = '; % exp ( [ (l/zﬁmwm)] ) : (2.42)

where we consider the first five LO phonon replicas associated with each of the three
bright states (denoted by [) in the absorption as well as the first five LO phonon
replicas in the emission. In Eqgs. 2-42 and 2-43, v/ denotes the position of the zero
phonon line, wrp is the LO phonon frequency separating the phonon replicas, 4, is
the offset of the /th Bright Exciton from the |F| = 2 Dark Exciton ground state, 7,
is the linewidth of the nth phonon replica in absorption and emission, and 7, is the
width of the mth phonon replica for absorption into the /th Briglit Exciton state. The
value S, is the absorption (emission) exciton-LO phonon coupling constant. It is
equivalent to the Huang-Rhys S parameter assuming a displaced harmonic oscillator
model {119]. The values we use for Sy are derived from experimental results.*
Including the phonon contribution moves the predicted band edge absorption maxima
to the blue and the emission to the red. This results in the solid curve shown in Fig.
2-9. The modified curve still underestimates the non-resonant Stokes shift, but is in
reasonable agreement with the experimental data.

We note that the non-resonant Stokes shift depends on the size distribution. This
is illustrated in Fig. 2-9, where we show the increase of the calculated Stokes shift for

a sample with a 10% size distribution. The good fit to the experimental data does

4The values of Sc = 0.45 and S, = 0.14 are consistent with experimental measurements [118]
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Figure 2-9: The size dependence of the non-resonant Stokes shift. This Stokes shift
is considered as the difference in energy between the peak of the band-edge absorp-
tion and the peak of the full luminescence. Experimental values are represented by
%. The dashed line is the theoretical Stokes shift calculated for 2 sample with a
o = 5% size distribution. It is the difference between the mean energy of the three
light exciton states and the mean position of the £ 2 exciton ground states of the
participating crystals. The solid line includes the contribution of phonons to the the-
oretical splitting. The dotted line shows the theoretical results for a sample with a
10% size distribution.
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not necessarily imply though that we have a 10% size distribution. Any other form
of inhomogeneous broadening leads to an additional Stokes shift under non-resonant
excitation conditions. The non-resonant Stokes sbhift may contain contributions from
shape distributions, structural inhomogeneities, and differences in chemical environ-

ment experienced by the QDs dispersed in the glassy matrix.

2.3.3 Dark exciton lifetime in a magnetic field

Strong evidence for the Dark exciton is found in the FLN spectra and lumines-
cence decays taken in the presence of an external magnetic field. In Fig. 2-10 a we
show the magnetic field dependence of the FLN between 0 and 10 T for 12 A radius
QDs. Each spectrum is normalized to the (zero field) one phonon line for clarity. In
isolation the %2 state would have an infinite lifetime within the electric dipole ap-
proximation because the emitted photon cannot carry off an angular momentum of =+
2. However, the Dark Exciton can recombine via an LO-phononr-assisted momentum-
conserving transition. [55] Spherical LO phonons with orbital angular momenta of
1 or 2 are expected to participate in these transitions; the selection rules are deter-
mined by coupling mechanisms described in refs. [52, 116]. Consequently, for zero
field conditions the LO phonon line is strongly enhanced relative to the ZPL. With
increasing magnetic field, however, the %2 level gains allowed character from the +1
exciton (Eq. 2-30). This diminishes the need for an LO phonon assisted transition
in QDs whose hexagonal axis is not parallel to the magnetic field. The dramatic rise
of the ZPL intensity relative to higher LO phonon replicas with increasing magnetic

field can be explained in this manner.
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The field induced admixture of optically active states shortens the exciton radia-
tive lifetime. Luminescence decays for 12 A radius QDs between 0 and 10 T at 1.7
K are shown in Fig. 2-10 b. The sample was excited far to the blue of the first ab-
sorption maximum to avoid orientational selection in the excitation process because
the transition dipole of the |F| = 1 states is predicted to lie perpendicular to the “c”
axis (Eq. 2-27). Excitons rapidly thermalize to the ground state through acoustic and
optical phonon emission. The long us luminescence at zero field is consistent with
an LO phonon assisted recombination from this state. Although the light emission
occurs primarily from the %2 state, its long radiative lifetime allows the partially
populated (thermally) +1% state to contribute to the luminescence. With increasing
magnetic field the luminescence lifetime decreases. Since the quantum yield remains

essentially the same, we interpret this as an erhancement of the radiative rate.

The magnetic field dependence of the luminescence decays can be reproduced us-
ing 3-level kinetics with £1% and +2 emitting states [63]. The respective radiative
rates from these states, I'y (6, H) and I'»(6, H), in a particular QD, depend on the an-
gle 0 between the magnetic field and the crystal hexagonal axis. The thermalization
rate, Ty, of the 1% state to the £2 level is determined independently from picosec-
ond time resolved measurements. The population of the £1% level is determined by
microscopic reversibility. We assume that the magnetic field does not affect the zero
field recombination but rather opens up an additional channel for ground state recom-
bination via admixture in the 2 state of £1 states: ['2(6, H) = I'2(0,0)+1/72(6, H).

This also causes a slight decrease in the recombination rate of the +17% state.

The decay at zero field is multiexponential, presumably due to sample inhomo-
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geneities (e.g. shape and symmetry breaking impurity contaminations). We describe
the decay using three 3-level systems, each having a different value of I';(0,0) and
each representing a class of QDs within the inhomogeneous distribution. These three
level systems are then weighted to reproduce the zero field decay (Fig. 2-8 ¢). We
obtain average values of 1/I'2(0,0) = 1.42 s and 1/T'1(0,0) = 10.0 ns in good agree-
ment with the theoretical value of the radiative lifetime for the %17 state, 7 = 13.3
ns, calculated for a 12 A nanocrystal using Eq. 2-33.

In a magnetic field the angle dependent decay rates [I';(8, H), T'2(8, H)] are deter-
mined from Eq. 2-35. The field dependent decay is then calculated, averaging over all
angles to account for the random orientation of the QD “c” axes. The simulated decay
at 10 T (r1g. 2-8 c), using the bulk value of g. = 0.68 [111] and the calculated values
for A (19.4 meV) and 7 (10.3 meV) for 12 A radius QDs, is in excellent agreement
with experiment. The hole g factor is treated as a fitting parameter since reliable
values are not available. We used g, = —1.00 consistent with theoretical estimates

for this parameter, g, = —1.09 (see Appendix).

2.4 Discussion

The size dependence of the Stokes shift obtained for resonant excitation of the
band edge absorption is in excellent agreement with the size dependent splitting
between the lowest optically active Bright Exciton state and the optically passive
exciton ground state. The discrepancy at small sizes may be related to problems
with the effective mass approximation or to the increased role played by phonons

in the luminescence. The phonon interaction through the deformation potential was
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Figure 2-10: (a) FLN spectra of 12 A radius QDs as a function of external magnetic
field. The spectra are normalized to their one phonon lines (1PL). A small fraction
of the excitation laser, included for reference purposes, appears as a sharp feature at
2.467 eV to the blue of the zero phonon line (ZPL). (b) Luminescence decays for 12 A
radius QDs for magnetic fields between 0 and 10 T measured at the peak of the “full”
luminescence (2.436 eV). The pump energy is 2.736 eV. All experiments were done in
the Faraday configuration (H||K). (c) Observed luminescence decays for 12 A radius
QDs at 0 and 10 T. (d) Calculated decays based on the three-level model described in
the text. Three weighted three-level systems were used to simulate the decay at zero
field with different values of v, (0.033, 0.0033, and 0.00056 ns~!) Weighting factors
were 1, 3.8 and 15.3 respectively. v (0.1 ns~!) and ., (0.026 ps~!) were held fixed
in all three systems.
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shown both theoretically [120] and experimentally [121, 122, 123] to increase with
decreasing size. This can lead to the formation of an exciton-polaron and be the

source of an additional Stokes shift in the luminescence [114].

The large difference in magnitude between resonant and non-resonant Stokes shifts
is related to the difference in oscillator strengths of the upper and lower optically
active Bright Exciton states. In the smallest crystals, the upper Bright Excitons
(£1Y, 0Y) gain the oscillator strength of the lower Bright state (+1X) .d give the
main contribution to the absorption. The non-resonant Stokes shift in this case is
the energy difference between the upper Bright Excitons and the optically passive
Dark Exciton ground state. The experimental size dependence of the non-resonant
Stokes shift is in reasonable agreement with theory. What discrepancy remains n.ay
be attributed to phonon participation in the luminescence, which is theoretically not

well understood for CdSe QDs [124).

While surface effects, previously invoked to explain the photophysical behavior of
CdSe quantum dots, may still play a role, especially via non-radiative processes, the
energetics and dynamics of the band edge emission can be quantitatively understood
in terms of the intrinsic band edge exciton fine structure. Exciton thermalization
to a dipole forbidden +2 Dark Exciton resolves the issue of long lifetimes at low
temperatures. An external magnetic field mixes the Dark Exciton with optically
active Bright excitons allowing its recombination. The magnetic field dependence of
the emission decays and the observed LO phonon structure confirm the presence of

this “dark” exciton.

In zero external magnetic field, recombination of the £2 Dark Exciton can take
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place via an LO phonon assisted transition. Phonon: .an contribute to the total
angular momentum projection, +2, which cannot be acccunted for by a photon alone.
However, even in the absence of an external magnetic field the zero LO phonon line is
weakly allowed, suggesting an alternate recombination pathway, for example through
coupling to acoustic phoncns. Interaction with paramagnetic defects in the lattice can
also provide an important additional mechanism for radiative recombination. The
spins of these defects potentially generate strong effective internal magnetic fields,
which, depending on the strength of the spin-spin exchange interaction with the
carriers and on the crystal radius, can reach several tens of Tesla inducing spin-
flip assisted transitions from the +2 state. This enables zero phonon recombination
to occur. Preliminary EPR spectra do, in fact, indicate a small concentration of
paramagnetic centers in our samples and efforts under way to introduce an electrically

neutral magnetic impurity such as Mn*? into the lattice may confirm this mechanism.®

Despite the success of our model in describing the electronic structure of the band
edge excitation in CdSe nanocrystallites, several questions remain unanswered. They
include the increase of the homogeneous linewidth with decreasing size [125] and the
underestimation of the resonant Stokes shift at small sizes. Both issues may be related
to our lack of knowledge about the main mechanism of exciton interaction with polar

optical phonons [124].

5See Chapter 6 for more details.
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2.5 Conclusion

In conclusion, we have described the origin of the band edge fine structure un-
derlying the nominally 8-fold degenerate 1S3/71S, transition and have explained in
a self-consistent way most of the complex and controversial results in nanometer-
sized CdSe QDs, e.g. the small Stokes shift of the resonant photoluminescence, the
large Stokes shift of the non-resonant PL, the long radiative lifetime, its decrease
in magnetic fields, and the fine structure seen in fluorescence line narrowing and

photoluminescence excitation experiments [118].

2.6 Appendix: Calculation of the hole g factor

The expression for the g factor of a hole localized in a spherically symmetric
potential was obtained by Gel’'mont and D’yakonov and is:[112]

4

8 4
gh = 5'71]2 -+ 57(11 - Ig) + 3"'—(1 - 312) ' (2'43)

where 71, 7, and k are the Luttinger parameters [126] and I are integrais of the

hole radial wavefunctions [see Eq. (6)]:

_ [*;.3p 3R _ [ g.2p2
I --/0 drr° Ry el Iz—‘/(; drr*R; . (2.44)

These integrals depend only on the parameter 3, and their dependence is shown in
Fig. 2-11. Using 7y, = 2.04 and v = 0.58(96], and the relationship x = —2/3 + 5v/3 —

1/3[127], we obtain g, = —1.09.
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Figure 2-11: Dependence of the hole radial function integrals I; and I, which enter

in the expression for the hole g factor, on the hole effective mass ratio, 3.
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Chapter 3

The Surface

In this chapter, we study the luminescence of surface modified CdSe nanocrystal-
lites. There has been much speculation as to the origin of the band edge emission
in these quantum confined structures. Because of their large surface to volume ra-
tios it has been suggested that the emission originates from surface-related states.
However, recent theory suggests that the band edge luminescence arises from an opti-
cally inactive fine structure state or “dark” exciton. To address this issue we modify
the surface of CdSe nanocrystallites with a variety of organic and inorganic ligands.
We then monitor the effect changing the surface has on the energetics of the band
edge luminescence through photoluminescence and fluorescence line narrowing exper-
iments. Our results are compared with theoretical predictions for the non-resonant
and resonant luminescence. We find good agreement between experiment and theory
for CdSe nanocrystallites passivated with trioctylphosphine oxide, ZnS, 4-picoline, 4-
(trifluoromethyl)thicphenol and tris(2-ethylhexyl)phosphate. The lack of dependence

of our data on surface modification is consistent with a dark exciton description of

103
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the band edge luminescence.

3.1 Introduction

Over the course of the last decade there has been considerable interest in the
optical properties of small semiconductor quantum dots. These quanturn dots (QDs)
or nanocrystallites represent a general class of materials (mesoscopic materials) that
span the physical dcmain between bulk materials and molecular compounds. Inter-
esting optical properties occur when the size of the QD becomes comparable to or
smaller than the bulk exciton Bohr radius. These effects arise from the spatial con-
finement of electronic excitations to the physical dimensions of the nanocrystailite and
are referred to as quantum confinement effects.[49, 1] One such effect is the quanti-
zation of the bulk valence and conduction bands which results in discrete atomic-like
transitions that shift to higher energies as the size of the nanogrystallite decreases.

To date much work has focused on describing the size dependent absorption spec-
trum of these QDs.[49, 1, 119, 128, 129, 130, 131, 51, 107, 60, 132, 12, 133, 134, 96,
118, 62, 15] Various models have been proposed which qualitatively, if not quanti-
tatively, explain the observed trends and for the most part the linear absorption is
thought to be well understocd. The emission of these dots, however, remains harder
to characterize. This is due to the fact that the luminescence of many QD samples is
dominated by a broad featureless emission (known as “deep trap” emission) strongly
redshifted from the band edge. Recent results obtained from high quality CdSe QDs
have shown strong luminescence near the band edge and in doing so have raised a

number of questions regarding the nature of the emitting state.[15, 13, 61] For in-
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stance, the emission has an unusually long recombination time (~ 1us at 10 K). This
is in contrast to the nanosecond lifetimes seen in the bulk. In addition, the band
edge luminescence displays a prominent, size dependent, redshift from the peak of

the band edge absorption.

To account for these observations the band edge luminescence has often been
attributed to the recombination of surface localized carriers.[60, 13, 41, 61] The role of
surface related states is a likely possibility since a large number of atoms composing
the nanocrystaliite reside on its surface. Uneven passivation, defects, and the QD
analog of bulk surface bands all could potentially create “trap” states with energies
within the band gap of the material. These trap states could subsequently act to
localize one or both charge carriers upon photo-excitation of the nanocrystallite. The
recombination of weakly overlapping surface localized carriers would then explain the

long lifetimes as well as the redshift in the band edge luminescence.

While these luminescence results are consistent with proposed surface models
they can also be explained with models which do not invoke the role of surface
states but instead explain the luminescence in terms of recombination through in-
ternal core states.[87, 84, 82, 86, 75 We consider one such model which takes into
account various contributions lifting the degeneracy of the band edge exciton in CdSe
nanocrystallites.[63, 64] When these effects are accounted for the model predicts that
the lowest excited state in CdSe QDs is an optically inactive fine structure state or
“Dark” exciton with angular momentum projection +2. The presence of the Dark
exciton explains both the long lifetimes and the redshift of the luminescence as linear

optical transitions into and out of this state are formally spin forbidden.
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To address the issue of whether the luminescence froin Cd3e QDs is surface re-
lated or arises from the radiative recombination of core stotes we systematically
alter the surface of CdSe nanocrystallites with 2 variety of crganic and inorganic
ligands.[135, 136, 66, 67, 137, 138] We then monitor the effect this has on the lumi-
nescence through two experiments; a photoluminescence (PL) and a fluorescence line
narrowing (FLN) experiment. In these experiments we measure the non-resonant and
resonant Stokes shift for a series of surface modified CdSe QDs. The luminescence
results we obtain for QDs passivated by trioctylphosphine oxide, ZnS, 4-picoline, 4-
(trifluoromethyl)thiophenol and tris(2-ethylhexyl)phosphate are in good agreement

with each other and with the predictions of the intrinsic exciton model.

3.2 Experiment

As much of the work relies upon the synthesis and subsequent manipulation
of high quality CdSe nanocrystallites, we describe in some detail our preparation
procedures. We synthesize CdSe QDs according to the method described in ref.
[32]). Briefly, 40 grams of trioctylphosphine oxide (TOPO, 90% Strem) is dried and
degassed under vacuum at 160°C for approximately 4 hours. In a glovebox, 32 mls of
trioctylphosphine (TOP, 95% Fluka) is mixed with 8 mls of a 1M solution of TOPSe.
Once the TOPO has been dried and degassed the reaction flask is backfilled with
N, and the temperature is increased to 330 — 350°C. 400 ml of dimethylcadmium
(CdMe, , Fluka) is then added to the TOP/TOPSe solution in the glovebox and the
mixture is brought out in a 50 ml syringe. When the temperature has stabilized this

solution is injected into the hot, stirring TOPQ resulting in nucleation and growth of



3.2 Experiment 107
the QDs. The growth is typically carried out at > 300°C and is monitored through
the UV /Visible absorption spectra of the dots. When the desired size is reached the

growth is terminated by removing the heat.

The QDs produced in this manner have a wurtzite crystal siructure, are slightly
prolate and have surfaces passivated by TOPO and TOPSe.[32, 33] They differ from
CdSe QDs prepared by many other synthetic methods in that they luminesce strongly
at the band edge (quantum yields ~10-20% at 300 K and 10-90% at 10 K) [96] and

show little deep trap emission.

To cbtain nearly monodisperse samples we follow the growth of the QDs with size
selective precipitation. This procedure, described in ref. [32], involves precipitating
out of solution the largest QDs present in the initial growth mixture. By repeatedly
performing this procedure it is possible to obtain distributions with standard devia-
tions (o) < 5%. In our experiments we used material which had been size selected
at most twice. As a consequence our distributions may be somewhat larger than
5%. This was done to ensure that we had sufficient material to divide the prepara-
tion into four parts. One fraction was kept in its native state (i.e. passivated with
TOPO/TOPSe) and the other three were subjected to surface modification through
ligand exchange withr various organic capping groups. Another size series was also
created, one fraction of which was left in its native state and the other overcoated

with ZnS.
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3.2.1 Surface Exchanged QDs

To modify the surfece of size selected CdSe ()Ds with different organic ligands we
employed the following procedure. 4-Picoline, 4-(trifluoromethyl) thiopkenol and tris
(2-ethylhexyl) phosphate were purchased from Aldrich, Trans World Chemicals and
Fluka respectively. The chemicals were used as received without any further purifi-
cation. For surface modification with 4-picoline, size selected QDs were recovered as
a powder and redispersed in a small volume (typically 5-10I mls) of neat 4-picoline.
After overnight stirring the QDs were precipitated from soluticn by adding an excess
of n-hexane. The resulting suspension was then centrifuged and the recovered pre-
cipitate dispersed in neat 4-picoline (5-10 mls). This solution was left to stir for ~5
hours whereupon the dots were precipitated, redispersed in 4-picoline as above and
left to stir for an additional 5 hours. The QDs were again precipitated from solution
and stored in neat 4-picoline.

To passivate the surface of the QD with 4-(trifluoromethyl)thiophenol, size se-
lected dots were recovered as a powder by drying the QD precipitate under a contin-
uous flow of No. The isolated QDs were brought into a glovebox where they were dis-
solved in 3 mis of CHCl3. An estimated 20 fold molar excess' of 4-(trifluoromethyl)thiophenol
was added to the chloroform solution and the mixture was left to stir for 4 days in a
glovebox. At the end of the exchange reaction, the QDs were recovered as a precipi-
tate by adding an excess of n-hexane to the solution. The dots were then redispersed
in neat 4-(trifluoromethyl)thiophenol for storage.

Passivating the QDs with tris(2-ethylhexyl)phosphate required first exchanging

1The estimate was determined by assuming that all the Cd added to the reaction was consumed
to form a particular sized QD. In fact this value is an upper bound.
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the surface with pyridine. The procedure we used is identical to the method described
for ligand exchange with 4-picoline. Once modified with pyridine, the QDs were
precipitated from solution with hexane. To the moist precipitate we typically added
10 mls of neat tris(2-ethylhexyl)phosphate. The precipitate was redispersed in the
neat phosphate by heating the mixture under N, at 160°C for several hours. The
QDs were then isolated as a precipitate by adding excess methanol and redispersed

in neat phosphate for storage.

3.2.2 ZnS Overcoated QDs

To passivate the surface of size selected QDs with a ZnS overcoat we followed
a procedure similar to those described in refs. [139, 140, 141]. Size selected QDs
dispersed in hexane were added to 5-10 grams of warm TOPO (70°C). The TOPO
had been previously dried and degassed under vacuum at 200°C. Inside a glove-
box equimolar amounts of diethylzinc (DEZn, Fluka) and hexametkyldisilathiane
[(TMS),S, Aldrich) were mixed together with 5 mls of TOP. The amount of zinc and
sulfur precursors added varied from preparation to preparation and was adjusted to
achieve an estimated 2-3 monolayer coverage on the QD surface. Once the solution
had been prepared the temperature of the TOPO solution was increased to 180°C.
The ZnS mixture was then added to the QD solution at a rate of approximately 0.5
ml/min through an addition funnel. Afterwards the temperature of the mixture was
lowered to 100°C and the solution left to stir for several hours. The overcoated QQDs
were later recovered by precipitation with methanol. These overcoated QDs were

characterized using a variety of techniques, including TEM, XPS, small angle x-ray
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scattering (SAXS), wide angle x-ray scattering (wide angle x-ray scattering, WAXS)

and the WDS attachment on a SEM.[14i]

3.2.3 Control Experiments

Various control experiments were conducted to monitor the extent of ligand ex-
change. QDs were prepared in several different ways from the standard preparation
described above. This was done to evaluate the extent of surface passivation by TOPO
and TOPSe. Clusters were prepared with an excess of TOPO over TOP. This involved
excluding TOP in our injection solution. (100 mls of CdMe; and 2 mls of TOPSe were
injected into 10 grams of TOPO in a fashion similar to the standard preparation).
QDs were also prepared exclusively in TOPO by replacing our TOPSe precursor with
bis(trimethylsilyl)selenium, (TMS),Se, and excluding TOP in the injection solution
[400 mls of CdMez, 400 mls of (TMS),Se (prepared according to literature methods)
[142) and 20 mls of Squalane were injected into 40 grams of TOPO at 80°C]. The
low injection temperature was necessary to prevent chaotic growth of the QDs. The
temperature was slowly increased to 300°C and growth of the nanocrystallites was
carried out normally.

In addition to these control experiments, QDs synthesized through the standard
preparation were subjected to ligand exchange with pyridine and thiophenol for use
in NMR experiments. Ligand exchange with pyridine was conducted in the same
manner as described for the exchange with 4-picoline. Surface modification with
thiophenol involved recovering the QDs as a powder, redispersing them in 5 mls of

neat thiophenol and stirring the solution in a glovebox for a day. Both pyridine and
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thiophenol capped nanocrystallites could be recovered as powders by adding an excess

of n-hexane.

3.2.4 Optical Measurements

To make_optical samples from the ZnS overcoated nanocrystallites and their re-
spective TOPO counterparts we isolated the QDs as powders and redispersed them in
a mixture of o-terphenyl in tri-n-butylphosphine (200 mg/ml). The o-terphenyl/tri-n-
butylphosphine mixture makes an optically clear glass at liquid helium temperatures.
Similarly, for the ligand exchanged material, concentrated solutions consisting of the
QDs dispersed in their new capping ligand were added to a known volume of 1-
butanol. Each sample was then loaded between sapphire flats separated by a 0.5 mm
Teflon spacer. The absorbance of all samples was kept below 0.3 at the first absorp-
tion feature to minimize re-absorption of the luminescence. The prepared samples
were attached to the cold finger of a helium vapor flow cryostat for low temperature
optical work.

Our absorption, luminescence and FLN experiments were conducted on the same
optical setup. Light from a 300 W Hg-Xe lamp was passed through each sample and
the transmitted light dispersed through a 0.33 m spectrometer. An optical multichan-
nel analyzer (OMA) was used to detect the light. The photoluminescence spectra of
each sample was obtained by passing light from a 300 W Hg-Xe lamp through a 0.25 m
monochromator and using the output to excite the samples far above the band edge.
Typically the excitation light was kept spectrally broad (~50 nm FWHM) to prevent

any optical size selection of the dots. The resulting luminescence was dispersed and
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detected with the spectrometer/OMA combination.

Fluorescence line narrowed spectra were acquired by exciting the samples on the
red edge of their absorption with the cutput of a Q-switched Nd:YAG /dye laser sys-
tem. In practice, each sample was excited where its low temperature absorbance was
approximately 1/3 the peak value of the first absorption feature. By exciting the
samples on their red edge we selectively excite only the largest QDs present in the
residual size distribution of each sample. This reduces the inhomogeneous broadening
of the luminescence and the resulting emission is spectrally narrow, displaying a well
resolved longitudinal optical (LO) phonon progression. In our experiments the laser
intensity was attenuated to ensure a linear correspondence with the luminescence in-
tensity. The emission was then collected and dispersed using the spectrometer/OMA

‘combination, with the OMA gated to reduce scattered laser light (See Figure 3-1).

3.3 Observations

3.3.1 Characterizing the Surface

During the course of our investigation we made an unexpected observation. In
our ligand exchange experiments we found ourselves unable to completely change the
surface of the QDs. This was confirmed by solution state proton NMR experiments.
The NMR spectra of QDs passivated with thiophenol, 4-(trifluoromethyl)thiophenol,
pyridine and 4-picoline all show residual alkyl protons upfield from the aromatic
resonances characteristic of these ligands. Based on the relative integrated intensities

of the proton peaks we find that 85-90% of the ligands passivating the surface of the
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Figure 3-1: Abbreviated schematic of the experimental apparatus used in optical ex-
periments. White light from a 300 W Hg-Xe arc lamp is used in both absorption
and photoluminescence (PL) experiments. For absorption measurements the light is
brought through a series of irises and passed through the sample into a spectrome-
ter/OMA. For PL experiments, the light is passed through a 0.25 m monochromator.
The output light (= 50 nm FWHM) is used to excite the sample far above the band
edge. The luminescence is detected with the spectrometer/OMA. Light from a 10/50
Hz Nd:YAG is used to pump a dye laser to get tunable frequencies in the FLN ex-
periment. This light is used to excite the sample on the red edge of the absorption.
A gate is used to remove scattered laser light from the FLN spectrum.
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QDs are the newly introduced capping species. The remaining 10-15% are native
capping ligands reflecting the incomplete exchange of the QD surface. Similar results

have been seen by Katari et al. in CdSe nanocrystallites exchanged with pyridine.[74]

To overcome this problem we varied the length and number of times the QDs
were exposed to the new capping species. Samples were heated during the exchange
reactions and in some instances refluxed. In all cases, we found that neither length
nor time had a significant effect on the ligand exchange reactions as 10 to 15% of the

total surface species remained unaltered.

Several control experiments were carried out to determine the reason for the in-
complete exchange reactions. Of interest was the identity of the tightly bound surface
species; whether it was TOPO, TOP, TOPSe or some impurity in our TOPO source
such as phosphinic acid. The first control experiment involved preparing the QDs
using an excess of TOPO. As described in the experimental section this involved ex-
cluding TOP in the injection solution. The nanocrystallites prepared in this manner
were subjected to ligand exchange with thiophenol. The exchange reaction showed
that 91% of the surface species consisted of the newly introduced cap, in agreement
with previous results. A second control experiment involved preparing the QDs ex-
clusively in TOPO. This meant excluding TOP in our injection solution and replacing
ovr TOPSe precursor with (TMS),Se. The exchange reaction of this material with

thiophenol was also incomplete and showed a 95% exchange.

Both experiments suggested that TOPO was specially coordinated to the surface
of the QD but did not exclude the possibility that TOPSe or TOP was also tightly

bound. To eliminate the possibility that the special surface species was an impurity
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from our technical grade TOPO we prepared QDs according to the method described
in ref. [74]. This procedure uses higher purity TOPO (99% Aldrich) and minimizes
the potential contribution from a host of impurities such as phosphinic acid. (See ref.
[143] for a careful investigation of common impurities found in TOPO) The exchange
reaction in this case was also incomplete (86%) and suggested that TOPO, possibly
TOPSe/TOP, remains strongly bound to the surface even in the presence of a large

excess of coordinating ligands.

Several 3P NMR experiments were conducted to give us more insight into the na-
ture of the tightly bound surface species. The proton decoupled *'P NMR of normally
prepared QDs in deuterated chloroform is shown in Figure 3-2 a. Most prominent
in the spectrum is a broad feature centered between 20 to 30 ppm. It appears to
be composed of three peaks and is neighbored by two smaller peaks on either side
of its center. The frequency difference between the center peak and each of the two
neighboring peaks (~3600 Hz) makes it unlikely that they are spinning sidebands.
Another possibility is that the peaks are the result of couplings between phosphorous
and cadmium (or selenium). However, known coupling constants for cadmium or
selenium are much smaller than the values we observe.?[144, 145] T; measurements
confirm that the two neighboring peaks are not coupling/spinning sidebands of the
central feature. (Measured T values are listed in Table 3-1.) As a consequence, these
three peaks along with a small feature centered at -20 ppm indicate the existence of
at least four distinct chemical environments for the 3'P nuclei on the surface of the

QD. Several of these peaks have been seen before in the solid state P NMR of CdSe

2 Jp_se = 500 — 700 Hz, Jp_ca = 40 — 60 Hz
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QDs.[33)

We attribute the broadness of the NMR features to the inhomogeneous distri-
bution of magnetic environments found on the QD surface, not to the equilibrium
between free and bound ligands. Measuring the proton coupled 3P NMR had lit-
tle effect on the observed peak widths. This result in conjunction with structural
studies indicating a disordered or reconstructed surface supports the notion that the
spectral broadness is due to the multiple environments found on the QD surface.

(32, 33, 146, 73]

To help assign the features in the QD 3'P spectra we measured the 3!P NMR of
TOPO, TOP and TOPSe in several deuterated solvents. TOPQO has a peak around
50 ppm in chloroform; TOPSe has a peak at 30 ppm in benzene and TOP has a
resonance at -30 ppm in chloroform. A list of observed peak positions for TOPO,
TOPSe, TOP and normally prepared QDs can be found in Table 3-1. One puzzling
feature of the QD 3P NMR which becomes apparent after comparing the various peak
positions is that a number of phosphorous resonances appear to have shifted upfield
rather than downfield. This is inconsistent with deshielding effects normally observed
when a phosphine oxide is bound to an electrophile. For example, triphenylphosphine
oxide has a resonance at -25 ppm. When placed in the presence of an electrophile
such as formic acid, sulfuric acid or Cd*? the phosphorous resonance moves further
downfield to 37 ppm, 60 ppm and 37-39 ppm respectively.[144, 147] If we assume
that the broad feature between 20 and 30 ppm arises from TOPO/TOPSe bound
to the QD surface, this implies that the surface shields rather than deshields the

phosphorous nuclei moving its resonance to higher energies. Possible explanations
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for this effect may lie in the presence of Se lone pairs on the surface of the QD or in
the high electron density of the nanocrystallite which can screen the 31P nuclei from

external magnetic fields.

The 3'P NMR of TOPO/TOPSe passivated QDs dispersed in deuterated pyridine
(Figure 3-2 b) shows that the broad peak centered at 25 ppm splits into at least two
components -revealing a sharp peak at 22 ppm superimposed on top of a broader peak
centered at 20-25 ppm bordered by two neighboring peaks. The spectrum also shows
that the small feature at -20 ppm diminishes in intensity and is replaced by a sharp
peak at -32 ppm which we interpret as free TOP in solution. If we monitor the sip
NMR with time we observe that the narrow peak at 22 ppm diminishes in intensity
and is followed by the appearance of a sharp peak at 47 ppm. Based on a comparison
to known peak positions we interpret this feature as free TOPO in solution. These
results suggest that an excess of pyridine can successfully displace both TOP and
TOPO from the surface of the QD. We tentatively assign the small feature at -20 ppm
in the QD chloroform spectra as TOP loosely bound to surface selenium atoms and
also assign the narrow feature at 22 ppm in the QD pyridine spectra as TOPO bound
to surface cadmium atoms. The identity of the broad central feature accompanied by

its two neighboring peaks is still unknown at this point.

To furtler clarify the identity of the various phosphorous resonances, we measured
the 3'P NMI" of QDs made exclusively in TOPO. The spectrum is shown in Figure 3-2
c. As with the first chloroform spectra, we observe a brcad feature centered at 20-30
ppm bordered by two neighboring peaks. There are differences between spectrum 3-2

¢ aud 3-2 a. The broad central feature in this case appears to be composed of two
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peaks, not three. In addition, the small peak at -20 ppm is absent. Since no TOP
or TOPSe was introduced at any point in the sample preparation, the appearance
of the exclusive TOPO spectra supports our initial assignment that the peak at -20
ppm in the chloroform spectra is due to TOP bound to surface selenium atoms. The
presence of the broad central feature with symmetric neighbors also suggests that
these peaks are TOPO related and the absence of a third component to the central
feature implies that this contribution arises from TOPSe bound te surface cadmium

atoms.

The 3P NMR of normally prepared QDs which have been repeatedly washed with
pyridine is shown in Figure 3-2 d. It indicates that even after extensive exposure to
a new coordinating solvent there are still native ligands which remain tightlyv bound
to the QD surface. Although the signal to noise is poor we identify the dominant
central peak at 20-30 ppm. If our assignments are correct, the presence of this peak
suggests that there are sites on the QD surface which coordinate strongly to TOPO

and possibly TOPSe.

To give a measure of the amount of TOPO/TOPSe on the surface of the QD
before and after ligand exchange we performed thermal gravimetric analysis (TGA)
measurements in conjunction with quantitative proton NMR measurements. Table
3-2 summarizes our results and indicates that in normally prepared QDs only 30%
of surface cadmium atoms are passivated by TOPO/TOPSe. Exposing the QDs to
an excess of pyridine replaces approximately 2/3 of the initial TOPO/TOPSe ligands
leaving 1/3 of the sites unchanged. At the same time the absolute coverage of surface

cadmium sites appears to increase dramatically, from roughly 30% to 90%. These
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Table 3.1: P NMR data on capping ligands and passivating QDs.

Solvent Chemical shift (ppm T: (s

TOP CDCl; -30
TOPO CDCl3 50
TOPSe CeDs 30 e
Normally prepared QDs CDClg 54 1.9 Broad
25 44 Broad, three peaks
-3 8.7 Broad
-20 6.2 Broad
pyr-ds 47 ‘e Broad
20 cee Broad w. one narrow peak at 22 ppm
-2 . Broad
-32 S Sharp, free TOP
Exclusive TOPO QDs*  CDCls 55 ‘e Broad
34,35 e Broad, two peaks
-4 ‘e Broad
a) b)

70 50 30 10 -10 ppm 70 50 30 10 -10 ppm

c)

VAN, U

d)
Ui b vy i L i u i wa ) SR b M i M L W s s b b
70 50 30 40 -10 ppm 70 S0 30 10 -10 ppm
Figure 3-2: 3'P NMR of (a) normally prepared QDs dispersed in CDCl3, (b) nor-

mally prepared QDs dispersed in pyr-ds, (c) QDs made exclusively in TOPO using
(TMS),Se instead of TOPSe (in CdCl3), (d) pyridine capped QDs (in pyr-ds).
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results are consistent with NMR measurements indicating that 85 to 90% of the
ligands on the surface are the new capping species and that roughly 10 to 15% are
the original TOPO/TOPSe molecules. The amount of unchanged Cd sites can also
be expressed in terms of the amount of residual TOPO left on the surface of the QD
after ligand exchange, 38% (from TGA) compared to 40% from NMR measurements
(see Table 3-2. Note that our analysis assumes TOPO rather than TOPO/TOPSe
passivation for simplicity).

At this point we can only speculate that the unremoved TOPO/TOPSe occupy
special sites related to selenium vacancies on the surface which leave behind empty
voids of exposed cadmium atoms. Bonding by TOPO (TOPSe) could then take
the form of bridging positions over several cadmium atoms which would account for
the stronger bonding strengths observed. Further work is needed to clarify the true

surface morphology of the QDs.

3.3.2 Results from Optical Measurements

Figure 3-3 presents the room temperature absorption and luminescence spec-
tra for QDs passivated with (a) TOPO/TOPSe, (b) ZnS, (c) 4-picoline and (d) 4
(trifluoromethyl) thiophenol. Each graph shows the evolution of QD optical proper-
ties as the size of a particular surface modified nanocrystallite increases from roughly
12 A to 43 A in radius. The solid line represents the absorption spectrum of the
QD and the dotted line is its accompanying band edge emission. Although there do
not appear to be significant differences between the absorption spectra of the surface

modified QDs and their TOPO/TOPSe counterparts there are slight changes which
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occur when the surface is modified. In ‘particula.r, we observe that the absorption
spectra of the surface modified QDs shifts on occasions to either lower or higher ener-
gies. We interpret this shift as a slight increase or decrease in the effectivg size of the
QD.? (The samples in Figures 3-3 ¢ and 3-3 d were prepared using the QDs shown
in Figure 3-3 a. Changes in their size can be seen as differences in the effective radii
presented on the right of each curve.) Another effect of modifying the surface is a
slight broadening of the absorption spectra which we account for as a small increase

of the effective size distribution of the sample.

While the absorption properties of the QDs are only slightly perturbed when the
surface is modified there are significant changes which occur in the luminescence. For
instance, the emission from ligand exchanged samples shows much more deep trap
emission than QDs passivated with TOPO/TOPSe.!? This is seen in Figures 3-3 ¢
and 3-3 d as a rising tail in the band edge luminescence of several samples at low
energies. The band edge quantum yield (QY) of the ligand exchanged nandcrystallites
is also strongly affected by the exchange procedure. It decreases from 10%-15% to
less ‘tha.n 1% at room temperature. We attribute both changes to a loss of passivation
on the surface of the QD which creates new defects and opens up pathways for non-
radiative relaxation. The luminescence of ZnS overcoated QDs, however, shows a
dramatic improvement over QDs passivated with TOPO/TOPSe. There is very little
deep trap emission and the band edge QY of the material increases to 30-45% at

room temperature. This improvement in luminescence efficiency has been previously

9Sizing of the QDs is determined from extensive TEM and SAXS measurements.
10By deep trap emission we refer to the near IR emission. Its exact origin is unknown but may
be related to vacancies or to incomplete passivation of the surface.
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Figure 3-3: Room temperature absorption and luminescence spectra of CdSe QDs
passivated with (a) TOPO/TOPSe, (b) ZnS, (c) 4-Picoline, and (d) 4- (trifluo-
romethyl)thiophenol. The effective radius of each sample is at the right of its spec-
trum. Samples in (a), (c), and (d) were created from the same preparation to minimize
differences in size, shape and internal structure.
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observed and is attributed to the effective passivation of surface states by the newly

deposited semiconductor layer. [139, 140, 141, 148, 149, 150, 151, 152, 153]

Figure 3-4 shows the low temperature (10 K) absorption and luminescence spec-
tra for QDs passivated with (a) TOPO/TOPSe, (b) ZnS, (c) 4-picoline and (d) 4
(trifluoromethyl)thiophenol. There are differences between the room temperature
(RT) and lom.r temperature (LT) data. At 10 K the absorption and emission linewidths
are narrower due to a decrease in their homogenecus linewidths. This results in
a noticeable enhancement of features particularly in the absorption spectra of the
nanocrystallites. The peak positions in both absorption and emission also shift to
higher energies because of the larger band gap at low temperatures (Eg = 1.839 eV,
10 K). In the luminescence the QY improves and is accompanied by a reduction in

the amount of deep trap emission.

The FLN spectra of all samples is shown in Figures 3-5 (a-d). The solid line de-
notes the line narrowed spectra and the dashed line is the laser excitation included
for reference purposes. As described in the experimental section these spectra were
obtained by exciting the samples on the red edge of their absorption at 10 K. The
resulting luminescence shows a well resolved longitudinal optical (LO) phonon pro-
gression and is characteristic of the emission from a narrow subset of QDs present
in the residual size distribution of each sample. At large sizes the peaks are sharp
and well defined. As the size of the sample decreases the linewidths begin to increase.
This trend is paralleled by a similar change in the LO phonon frequency with decreas-
ing size. Figure 3-6 shows data extracted from our FLN spectra. At large sizes the

frequency approaches the buik value of ~210 cm™! and as the size of the QD decreases
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Figure 3-4: Low temperature (10 K) absorption and luminescence spectra of
CdSe QDs passivated with (a) TOPO/TOPSe, (b) ZnS, (c) 4-Picoline, and (d) 4-
(trifluoromethyl)thiophenol. The effective radius of each sample is presented on the
right of its respective spectrum. Samples in (a) and (b) as well as samples in (c)
and (d) originate from the same preparation in order to minimize differences in size,
shape, and internal structure.



3.4 Discussion 125
the LO phonon frequency exhibits a negative dispersion progressing towards a value
close to 177 cm™!. Attempts to fit the experimental dispersion relation with a simple
model for the LO phonon confinement {154, 155, 156, 157, 158, 159] suggest that the
observed mode may not be purely LO in nature but rather a linear cornbination of
LO and transverse optical (TO) modes. Additional work is needed to clarify these

observed char ges in frequency and linewidth.

3.4 Discussion

Previous theoretical work modeling the excited state absorption in CdSe QDs has
successfully described the evolution of the band edge exciton as well as the evolution
of higher excited states with size.[51, 107, 15] The theory, based on the effective mass
approximation takes into account the non-parabolicity, of the conduction band and |
the degeneracy of the valence band. It also medels the QDs with a cubic or zinc blende
crystal structure in light of the small crystal field splitting in CdSe (25 meV). The
electron-hole Coulomb interaction is corrected for in first order perturbation theory by
adding —1.8e?/ea to the energy of S-like electron states and —1.7e?/ea to the energy
of P-like electron states.!![160, 161] Figure 3-7 compares theoretical predictions of
the size dependent band edge exciton energy to experimental values obtained at two
different temperatures (300 K and 10 K). We model the theory following the example
of Refs. [51, 96, 15]. Figure 3-7 shows good quantitative agreement at moderate sizes

but discrepancie.: occur on either large or small size extremes.

M Here e is the charge of the carrier, € is the static dielectric constant, and a is the effective radii
of the QD.
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Figure 3-5: Low temperature (10 K) FLN spectra of CdSe QDs passivated with (a)
TOPO/TOPSe, (b) ZnS, (c) 4-Picoline, and (d) 4-(trifluoromethyl)thiophenol. The
dashed line is the laser excitation included for reference purposes. The effective radius
of each sample is presented on the right of its respective spectrum. Samples in (a), (c),
and (d) originate from the same preparation to minimize differences in size, shape,
and internal structure.
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Figure 3-6: Size dependent LO phonon frequency extracted from the FLN spectra
of surface modified CdSe QDs. Values were determined by taking the difference
in energy between the zero and one phonon lines. (solid triangles) QDs passivated
with TOPO/TOPSe in o-terphenyl/tri-n-butylphosphine, (open squares) QDs pas-
sivated with ZnS in o-terphenyl/tri-n-butylphosphine, (solid circles) QDs passivated
with TOPO/TOPSe in 1-butanol, (open triangles) QDs passivated with 4-picoline,
(open circles) QDs passivated with tris(2-ethylhexyl)phosphate, (solid squares) QDs
passivated with 4-(trifluoromethyl)thiophenol.
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Table 3.2: Quantitative analysis for the ligand coverage in CdSe QDs.

TOPO capped QD Pyr capped QD
(e=184) (a =18.4)
Sample wt. 11.772 mg 10.248 mg
Wt. loss? 2.75 mg 1.015 mg 0.676 mg
(23% loes due to TOPO)  (10% due to pyr)  (6.6% due to TOPO)
Mole lass 5.4 umol of TOPO 12.8 pymol of pyr 1.8 umole of TOPO
CdSe core weight 9.647 mg 8.567 mg
(60.4 pmol) (44.7 pmol)
Estimated moles of surface Cd® 18.6 pmol 16.5 pmol
Surface Cd coverage by TGA” 5.37/18.6 = 0.29 12.8/16.5 = 0.78 1.8/16.5 =0.11
(29% due to TOPO) (78% due to pyr)  (11% due to TOPOQ)
NMR integrated area of TOPO 10.0 3.99
aliphatic protons®
TGA Summary 11/29 = 38% TOPO passivation of initially occupied Cd sites

NMR Summary 3.99/10.0 = 40% TOPO passivation of initially occupied Cd sites
—_— O/ TR0/ T Passivation ol Initlally occupled Ud sites
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Figure 3-7: Comparison between the energy of the band edge absorption at room
temperature/10 K and theory. The solid symbols are points taken from ref. [25] and
the open symbols are values measured in this work. Both sets of experimental results
are taken from QDs passivated with TOPO/TOPSe dispersed in o-terphenyl/tri- n-
butylphosphine. The solid/dashed lines are the theoretical predictions at 10 K and
300 K respectively.
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Although the theory does well in describing the absorption properties of the QDs
it does not, at this stage, explain the redshift of the band edge luminescence and the
long radiative lifetimes observed at loﬁv temperatures. Because the theory considers
a spherically symmetric and cubic QD the band edge exciton (or 1S3/21S, transition)
is 8-fold degenerate. In this highly degenerate situation there is no predicted shift in
the band edge luminescence nor is there an appreciable difference in lifetimés from
bulk values. This has led to speculation that the luminescence from CdSe QDs is

surface related.

However, a careful consideration of symmetry breaking terms in the Hamiltonian
reveals that it is not necessary to explain the luminescence through the use of sur-
face states. Rather, the unusual properties of the band edge luminescence can be
accounted for by the presence of fine structure within the band edge exciton. In a
recent study we have considered effects such as the non-spherical geometry of the
nanocrystallites, the intrinsic hexagonal lattice structure and the electron-hole ex-
change interaction which lift the degeneracy of the band edge exciton.[63, 64)

The hexagonal lattice is important because of its associated crystal field splitting
(25 meV in the bulk) of the 4-fold degenerate hole state (F, = 3/2) into two 2-fold
degenerate states (Fr, = +3/2 and Fhm = £1/2). The non-sphericity of the QD
also breaks the symmetry of the electronic potential, similarly lifting the degeneracy
of the same hole states. Note that the 2-fold degenerate electron state (Fer, = £1/2)
is not split by the shape. We model the non-sphericity by considering the QD to be

an ellipsoid whose ellipticity, 4, is size dependent.!? The splitting of the hole states

12The ellipticity is approximated with the polynomial: x(a) = 0.101 — 0.034a + 3.507 x 10~3a? —
1.177 x 10~4a® + 1.863 x 10~%a% — 1.418 x 10~8a® + 4.197 x 10~!!aS in accordance with extensive
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from the shape asymmetry is calculated in first order perturbation theory. More
details including exact expressions can be found in reference [64]. In nanometer sized
structures the electron-hole exchange interaction is predicted to be strongly enhanced
with respect to the bulk.[86, 162, 120, 163] This occurs because of the increased spatial
overlap of the electron and hole wavefunctions. As the size of the nanocrystallite
decreases the exchange interaction becomes important and along with the crystal

field/shape asymmetry acts to split the 8-fold degenerate band edge exciton.

Figure 3-8 a describes the splitting of the hole states due to the shape asymmetry
and the crystal field. The size dependence is only due to the shape asymmetry as
the crystal field splitting is independent of size. All transitions are optically active
under these circumstances. Figure 3-8 b ignores the crystal field/shape asymmetry
and describes the band edge exciton splitting due to the electron-hole exchange in-
teraction. This is the spherical limit and portrays the case of a spherical QD with
a cubic lattice. In the absence of the intrinsic crystal field and non-sphericity the
exchange interaction splits the band edge exciton into two states, an optically active
3-fold degeneraie exciton with total anjsular momentum N = 1 (solid line) and an
optically passive 5-fold degenerate exciton with angular momentum N = 2 (dashed
line).

When all three symmetry breaking effects are considered jointly the theory pre-
dicts that the band edge exciton consists of five fine structure states. These fine struc-
ture states are labeled by their total angular momentum projection (Np, = Fhm+ Ferm)

along the “c” or unique axis of the nanocrystallite. F.n and Fj, are the angular

TEM and SAXS measurements.
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momentum contributions of the electron and hole respectively and are the sum of
momentum contributions from the enveldpe and Bloch components of each carriers
wavefunction.

There are two states with projection | Ny, | = 1, two states with projection |Ny,| =0
and one state with projection |Npm| = 2. States with projection |Nm| =1 or 2 are
doubly degenerate. Of the five states three are optica.lly active (bright) and two are
optically passive (dark). The energy of the ;Np,| = 2 state is described by [64]

3n A

€y = ——2— - E (31)

where 7 is the exchange contribution and A is the splitting from the intrinsic hexago-
nal lattice and nanocrystal asymmetry. States with projection |N,,| = 1 have energies

[64]

YL = g +./(2n - A)*/4+ 372 (3.2)

The superscripts “U” and “L” refer to upper and lower to distinguish states with the
same angular momentum projection. Similarly, for states with projection |Np| = 0

the energies are [64]

el = g + % +2n (3.3)

Figure 3-8 ¢ shows the evolution of these fine structure states as the size of the
QD progresses from bulk-like sizes to molecular-like species. Optically active states

are denoted in the figure by a solid line and optically inactive states are drawn with
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a dashed line.

At large sizes there are two 4-fold degenerate states. These states are analogous to
the bulk A and B excitons and are split by the intrinsic crystal field of the hexagonal
lattice (Ain:) and the non-spherical geometry of the QDs (A,4). The net splitting is

described by the sum

A(a) ﬂ’ ”’) = Aint + Ash (34)

where 3 is the ratio of light to heavy hole effective masses along the c axis,[126] u is
the ellipticity of the QD [u = ¢/b— 1; ¢(b) is the major (minor) axis of the QD][107, 52]
and a is the effective radius of the nanocrystallite [a = 1/2(b%c)'/3)].

As the size of the QD decreases the electron-hole exchange interaction, which
scales as 1/a3, becomes important in defining the order of the fine structure states.
Figure 3-8 c shows a. plot of fine structure energies against 1/a®. At small sizes the five
states move apart in energy and the lowest excited state is predicted to be optically
inactive.

In Figure 3-8 d the oscillator strengths of the three optically active fine structure
states are shown relative to the oscillator strength of the 0V state. At large sizes the
combined oscillator strength of the £1V and 0V states equals the oscillator strength
of the £1L state. The net transition probability is divided equally among the two
4-fold degenerate states near the origin of Figure 3-8 ¢ which resemble the bulk A
and B excitons.

As the size of the QD decreases the oscillator strength of the 1 state drops off

rapidly and is matched by a concomitant increase in the oscillator strength of the 1Y
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Figure 3-8: (a) Size dependent splitting of the hole states from the nanocrystal shape
asymmetry and the crystal field splitting. Values are determined using expressions
in ref. [27). There are two fourfold degenerate states which resemble the bulk A
and B excitons. Both states are optically active and are labeled by the hole angular
momentum projection along the unique axis of the nanacrystallite. (b) Size dependent
splitting of the exciton states from the electron-hole exchange interaction. Exact
values are determined from expressions in ref. [27). The exchange interaction creates
an optically active 3-fold degenerate exciton with total angular momentum N = 1
(solid line) and a 5-fold degenerate exciton with total angular momentum projection
N = 2 (dashed line). (c) Theoretical prediction of the size dependent band edge
exciton fine structure. States are labeled by their angular momentum projection
along the unique axis of the nanocrystallite. Optically active states are denoted by
solid lines and optically inactive states are drawn with dashed lines. The exciton
ground state is predicted to be a state with angular momentum projection |Np| = 2.
The superscripts “U” and “L” refer to upper and lower to distinguish states with the
same angular momentum projection. (d) Oscillator strengths of the three optically
active fine structure states relative to the oscillator strength of the 0V state. At large
sizes the oscillator strength is divided equally among states with the superscripts U
and L. As the size of the QD decreases the +1% state gives up its oscillator strength
to the +1Y state.
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state. This behavior is understood by examining the role of the exchange interaction
at small sizes. In small QDs most of the fine structure splitting originates from the
exchange interaction (Fig. 3-8 c). The contributions of the intrinsic crystal field and
non-sphericity are small compared to the role of the exchange splitting. In their
absence (the spherical limit) the exchange interaction creates two states, an optically
active 3-fold degenerate state with total angular momentum N =1 and an optically
passive 5-fold degenerate state with total angular momentum N = 2 (Fig. 3-8 b).
The 1% state which arises from the N = 2 exciton when the crystal field splitting
and non-sphericity are introduced is therefore relatively dark or passive at small sizes.
States which arise from the N = 1 exciton make up for this lost oscillator strength
and explains why the oscillator strength of the 1V state increases with decreasing

size.

An important consequence of the theory is that it predicts that the lowest excited
state in CdSe QDs is a dark exciton with angular momentum projection |Np,| = 2.
This explains the long radiative lifetimes as transitions into and out of this state are
formally forbidden in the electric dipole approximation. Transitions involving the
exciton ground staie or “Dark Exciton” require the assistance of phonons which can

carry the excess unit of angular momentum.[118, 63, 64]

The band edge exciton fine structure also accounts for the resonant and non-
resonant Stokes shifts seen in the luminescence. Previous surface models have been
unable to describe the difference between these two shifts and the ability of the
intrinsic exciton model to explain their origin is consequently important. The resonant

Stokes shift for all samples is highly size dependent an ranges from 2 meV at large
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sizes to roughly 20 meV at small sizes. The non-resonant Stokes shift is also size
dependent and ranges from 20 meV at large sizes to over 100 meV at small sizes. A
puzzling feature of these two shifts is the large discrepancy in tﬁeir magnitudes. The
non-resonant Stokes shift is abnormally large based on a comparison to values of the
resonant Stokes shift. This is because, in principle, it should be possible to reproduce

{

the non-resonant Stokes shift by convoluting the FLN or “ ingle” particle spectrum
[116] with the intrinsic size distribution of the sample. However, repeated attempts
to do so have yielded values of the non-resonant Stokes shift which are consistently

smaller than measured experimental values.

We highlight the discrepancy between the magnitude of the resonant and ron-
resonant Stokes shifts with the following graph. Figure 3-9 a shows the low temper-
ature absorption and FLN spectra of 18 A radius QDs. The arrow at the bottom
denotes the laser excitation position in the FLN experiment. The resonant Stokes
shift in this case is 6 meV. If we assume the existence of a single absorbing and single
emitting state, convoluting the FLN spectrum with the intrinsic size distribution of
the sample reproduces the non-resonant luminescence. In Figure 3-9 b we show the
same absorption spectrum and include the non-resonant luminescence (solid line) ob-
tained when we excite far from the band edge. The excitation position is denoted by
the arrow at the bottom of the figure near 2.8 eV. The non-resonant Stokes shift is 74
meV. An attempt to reproduce the non-resonant luminescence by convoluting the line
parrowed spectrum with the intrinsic size distribution of the sample yields the peak
drawn with the dashed line. Although the shape and width of the luminescence are

well represented there is poor agreement between the observed and predicted values of
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the non-resonant Stokes shift (74 meV versus 12 meV). The band edge luminescence
is therefore anomalous because it requires too large a Huang-Rhys S parameter to be
explained by simple electron-phonon coupling.[110]

To describe the resonant Stokes shift in terms of the intrinsic exciton model we
consider the implications of the predicted band edge fine structure. Since the lowest
excited state is optically passive exciting the red edge of the absorption probes the
lowest optically active 1~ exciton of the largest nanocrystallites present in the resid-
ual size distribution of the sample. The transition into this state is followed by rapid
thermal relaxation to the £2% Dark Exciton. Radiative recombination to the ground
state is then achieved by a phonon assisted [63, 52] or a nuclear/paramagnetic spin
flip assisted [63] transition. The resonant Stokes shift is described as the difference
in energy between the +1° and 32~ fine structure states.

Figure 3-10 plots the resonant Stokes shift versus mean size for all samples used
in our ligand exchange experiments. A remarkable achievement of the theory is its
ability to reproduce the size dependent trend of the resonant Stokes shift without
the use of any adjustable parameters. We model the theory using only the following
literature values, ae; = 56 A [15], fuvsr = 0.13 meV 13[164] and 3 = 0.28 [12, 96] where
is the bulk exciton Bohr radius, is the bulk singlet-triplet splitting and 3 is the ratio
of light to heavy hole effective masses. The theory is shown as the solid line in the
figure. There is good quantitative agreement at large sizes but as the size of the QD
decreases the theory begins to increasingly underestimate the resonant Stokes shift.

This discrepancy may be due to the added contribution of acoustic phonons to the

13The luminescence from single CdSe QDs has recently been reported. Our FLN spectra are only
approximations as the true linewidths are much narrower
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Figure 3-9: (a) Low temperature absorption and FLN spectra of 18 A radius QDs.
The resonant Stokes shift is 6 meV. The arrow denotes the laser excitation position.
(b) Low temperature absorption and full luminescence spectra of 18 A radius QDs.
(solid lines) The non-resonant Stokes shift is 74 meV. The arrow near 2.8 eV de-
notes the excitation positicn. The dashed line is the result of convoluting the line
narrowed spectrum with the intrinsic size distribution of the sample. The predicted
non-resonant Stokes shift is 12 meV and is much smaller than the measured value.
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resonant Stokes shift or a breakdown in the effective mass approximation.[114, 115

Figure 3-10 also shows that modifying the surface of the QD has little effect on the
energetics of the band edge luminescence. Samples passivated with TOPO/TOPSe,
4-picoline, 4-(trifluoromethyl)thiophenol, tris(2-ethylhexyl)phosphate and ZnS show
the same resonant Stokes shift for all sizes considered. This can be seen in Figure
3-11 where the resonant Stokes shift is lotted against the laser excitation energy.
We plot the resonant Stokes shift in this manner (i.e. with excitation energy as the
x axis) because of difficulties in determining the exact size that we probe when we
excite on the red edge of the absorption. A slight shift of the laser excitation to
the red or to the blue produces a change in the value of the resonant Stokes shift.
This is consistent with exciting a larger or smaliler sized nanocrystallite present in the

residual size distribution of the sample.

Figure 3-11 shows data taken from the entire size series and includes data from
samples excited at different points on the red edge of their first absorption feature.
The consistency of the resonant Stokes shift for all sizes and for all instances of surface
modification strongly suggests that the band edge luminescence is unrelated to the

surface.

To explain the non-resonant Stokes shift we recall that the model predicts the ex-
istence of three optically active fine structure states (+1%, 1Y and 0Y). When these
three states are weighted with their respective oscillator strengths and are convoluted
with the intrinsic size distribution of the sample the peak of the band edge absorption
occurs at the energetic mean of these three states. Similarly, the energy of the band

edge emission is determined by convoluting the position of the +2L Dark Exciton
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Figure 3-10: Resonant Stokes shift plotted against the mean effective radius of each
sample. The solid line is the prediction of the band edge exciton model which
describes the resonant shift as the difference in energy between the £1% and the
4+9L fine structure states. (solid triangles) QDs passivated with TOPO/TOPSe
in o-terphenyl/tri-n-butylphosphine, (open squares) QDs passivated with ZnS in o-
terphenyl/tri-n-butylphosphine, (solid circles) QDs passivated with TOPO/TOPSe
in 1-butanol, (open triangles) QDs passivated with 4-picoline, (open circles) QDs
passivated with tris(2-ethylhexyl)phosphate, (solid squares) QDs passivated with 4-
(trifluoromethyl)thiophenol.



140 . The Surface

22 L IKI L 1 1 J l T T | T T T T I T T T T ]

C 10 ]

20 | }.6 ;

18 | -

- ]

B S

g 14 | —3
&= . O

7 12 F é =

8 f m ]

S 10} R -

n - O ]

5 8F e g

g C ]

? 6F [ ] .

£ f N ]

e s ® 3

2F J:OM@' .

O E- L [} L 1 I L 1 1 L l 1 1 L L J L L L L _5

1.8 2.0 2.2 2.4 2.6

Laser Excitation Energy (eV)

Figure 3-11: Size dependent resonant Stokes shift plotted against laser excitation
energy. Included are values taken where we have excited the same sample at different
points on the red edge of its first absorption feature. The data suggests that a change
in the value of the resonant Stokes shift which occurs when we move the excitation to
the red or blue arises from exciting larger or smaller sized QDs present in the residual
size distribution of each sample. (solid triangles) QDs passivated with TOPO/TOPSe
in o-terphenyl/tri-n- butylphosphine, (open squares) QDs passivated with ZnS in o-
terphenyl/tri-n- butylphosphine, (solid circles) QDs pessivated with TOPO/TOPSe
in 1-butanol, (open triangles) QDs passivated with 4-picoline, (open circles) QDs
passivated with tris(2- ethylhexyl)phosphate, (solid squares) QDs passivated with
4-(trifluoromethyl)thiophenol.
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with the intrinsic size distribution of the sample. In terms of the model, then, the
non-resonant Stokes shift is described as the difference in energy between the mean
position of these three optically active fine structure states and the net energy of the

42L Dark Exciton. This explains the large magnitude of the non-resonant Stokes

shift.

Two other effects add to the size of the non-resonant Stokes shift. The first
involves the experimentally . .served LO phonons [64] and the second stems from the
size distribution of the sample. To account for the role of phonons in the non-resonant
Stokes shift we phenomenologically model the absorption and emission lineshapes with

the following equations

"no_ 3. 4 (Sa)m o [ — [1/ — (V' + A+ meo)]2
Awv)= ; mZ:O V2l T ( 2% m ) 35)
4 n v — V, _ 2
Ew,v) = nz:a %exp (—[ ( 27;”““)] ) (3.6)

We consider the first five LO phonon replicas associated with each of the three
optically active fine structure states and the first five LO phonon replicas in the
emission. In the above equations v’ represents the position of the zero phonon line,
wro is the bulk LO phonon frequency (~26 meV), A, is the energy offset of the lth
optically active exciton from the +2° Dark Exciton, y,m is the width of the mth
phonon replica in the lth state of the absorption and 7a is the linewidth of the nth

phonon replica in the emission. S, is the absorption (emission) electron-phonon
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coupling constant and is derived from experimental results.!* Including the effect of
phonons moves the predicted energy of the band edge absorption to the blue and
causes a similar ghift in the emission to the red. The net result is a larger value for
the modeled non-resonant Stokes shift.

The second contribution to the non-resonant Stokes shift arises from the intrinsic
size distribution of the sample. Because the excitation probability far from the band
edge is proportional to the density of states, larger nanocrystallites participate more
strongly in the absorption.[64] This implies an increase in the non-resonant Stokes
shift because of preferential absorption into large nanocrystallites. Since the number
of participating states is proportional to the volume of the QD we convolute the size
distribution with a® to obtain the mean energy of the +2% Dark exciton luminescence.
This results in a slight redshift in the modeled emission and increases the predicted
value of the non-resonant Stokes shift.

In Figure 3-12 a we compare the theoretical predictions of the non-resonant Stokes
shift to experimental values obtained at 10 K. The theory is reproduced as the dashed
line which includes the contribution of phonons, a 10% size distribution and assumes
that all emission originates from the £2° state. The +1% state should not be ther-
mally repopulated at this temperature. Although the theory underestimates the
non-resonant Stokes shift for all sizes, it is in reasonable agreement with the date.
The observed discrepancy may stem from a tendency of the model to underestimate
the splitting as well as the oscillator strengths of the various fine structure states.

(See ref. [118] for a recent PLE investigation addressing this issue.)

14The values S, = 0.45 and S, = 0.14 are in good agreement with experimental measurements in
Ref. [118]
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In Figure 3-12 b we compare the theoretical predictions of the non-resonant Stokes
shift to experimental values obtained at room temperature. The theory is shown as a
dashed line and a solid line. The dashed line includes the role of phonons, a 10% size
distribution and assumes that all emission originates from the +2F exciton ground
state (as in Figure 3-12 a). However, since the difference in energy between the +2L
state and higher optically active states (£1%, £1Y, 0Y) never exceeds kT at room
temperature it is possible to thermally repopulate these three states. To model this we
consider a Boltzman population for each available state and weight their contributions
with the relative difference in radiative lifetimes between optically active states and
the exciton ground state. (We assume that radiative recombination from optically
active states is 100 times faster than recombination from the Dark Exciton.) The
solid line represents the simulated emission with the added contributions from the
+1Z, +1V and 0V exciton states. In the figure most of the experimental points fall

near the solid curve, showing good agreement between expeisment and theory.

Both figures also demonstrate the insensitivity of the non-resonant Stokes shift to
the nature of the QD surface. At room temperature all surface modified samples show
essentially the same luminescence behavior. At 10 K the same holds but more scatter
is seen in the measurement of the non-resonant Stokes shift. This may be related to
experimental difficulties in determining the peak of the first absorption feature at low

temperatures as well as to differences in size, shape, structure and local environment

of the QDs.

Although we have been unable to fully exchange the surface of the QDs in our

ligand exchange experiments our results are consistent with emission from states
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Figure 3-12: (a) Values of the non-resonant Stokes shift at 10 K. The dashed line is
the theory. It considers the role of phonons, a 10% size distribution and assumes that
all emission originates from the 2~ Dark Exciton. We consider only emission from
the exciton ground state because at low temperatures the difference in energy between
the +1% and +2 excitons exceeds kT. (b) Values of the non-resonant Stokes shift
measured at room temperature. The dashed/solid lines represent the theory. The
dashed line considers the role of phonons, a 10% size distribution and assumes that
all emission originates from the :2¢ Dark Exciton [as in (a)]. The solid line considers
the role of phonons, a 10% size distribution and assumes thermal population of higher
excited states. We consider a weighted Boltzman population for the +2F, +1%, 41V,
and 0V states. Ar estimate for the relative difference in radiative lifetimes (1/100)
between the Dark Exciton and optically active states is included in the weighting
scheme. In figures (a) and (b) (solid triangles) QDs passivated with TOPO/TOPSe
in o-terphenyl/tri-n-butylphosphine, (open squares) QDs passivated with ZnS in o-
terphenyl/tri-n-butylphosphine, (solid circles) QDs passivated with TOPO/TOPSe
in 1-butanol, (open triangles) QDs passivated with 4-picoline, (open circles) QDs
passivated with tris(2-ethylhexyl)phosphate, (solid squares) QDs passivated with 4-
(trifluoromethyl)thiophenol.
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unrelated to the surface. Both resonant and non-resonant Stokes shifts show no

correlation to the type of ligand passivating the surface of the QD. Results obtained
from ZnS overcoated QDs showing a much higher QY than dots passivated with
TOPO/TOPSe also demonstrate the invariance of the luminescence to the nature of
the passivated surface. In addition, the intrinsic exciton model can quantitatively
account for the luminescence both at room temperature and 10 K. While the optical
properties of the nanocrystallites may still be influenced by the surface primarily
through non-radiative means the unusual properties of the band edge luminescence
appear to be explained by the presence of fine structure within the band edge exciton

and the optically passive exciton ground state.

3.5 Conclusion

We have studied the band edge luminescence of surface modified CdSe QDs. To
address the issue of whether the luminescence is surface related or arises from internal
core states we have modified the surface of CdSe QDs with a variety of organic and
inorganic ligands. Our results demonstrate that changing the surface has little effect
on the energetics of the radiative recombination in these nanocrystallites. For a
particular sized QD we observe little or no change in the values of the resonant and
non-resonant Stokes shift upon altering the surface. The good agreement between
experiment and theory suggests that the band edge luminescence of CdSe QDs can
be quantitatively understood using an intrinsic exciton model and that the role of
the surface in the optical properties of the QDs lies in its defects which create deep

red radiative and non-radiative pathways for recombination of the electron and hole
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upon photo-excitation of the nanocrystallite.



Chapter 4

Magnetic Circular Dichroism

Study of CdSe QDs

In this chapter we study the magnetic circular dichroism (MCD) of exciton states
near the band edge of CdSe nanocrystallites (quantum dots). The experiment probes
the difference between left and right circularly polarized transitions in the presence
of an external magnetic field. Analysis of the MCD signal determines the sign and
magnitude of the exciton g-factor which is shown to be highly sensitive to the energy
band parameters used in the effective mass approximation. The observation of the-
oretically predicted changes in the sign of the exciton g-factor between the first two
transitions is in agreement with recent theory describing the presence of fine structure

underlying the optical transitions of CdSe nanocrystallites.

147
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4.1 Introduction

The recent development of high quality semiconductor nanocrystallites or quan-
tum dots (QDs) has led to a number of studies dealing with the optical properties of
these novel materials. Of interest are unique features which stem from the three di-
mensional confinement of the electron and hole within the QD. This occurs when the
size of the nanocrystallite is comparable to or smaller than the exciton Bohr radius
of the semiconductor. Prominent among these features is the formation of discrete

excitation spectra which blue shifts as the size of the nanocrystallite decreases (1, 2].

The theoretical understanding of the QD optical response is still much debated,
providing ample motivation for direct comparisons between experiment and theory.
Magneto-optical experiments give new information about the electronic properties of
semiconductors and may prove useful in determining the validity of a particular model.
Direct magneto-optical measurements of excited state Zeeman splittings have been
difficult because of the large inhomogeneous broadening which arises from the residual
size distribution that currently occurs in all nanocrystalline systems. To overcome
this limitation, magnetic circular dichroism (MCD) experiments have been conducted
on several QD materials, most notably CuCl and CdSzSe;_, [165, 166, 167, 168,
115]. This differential technique probes the linear absorption of the nanocrystallites
and provides the difference spectrum for left and right circularly polarized Zeeman
transitions. The magnitude and direction of the splitting depends on the exciton
g-factor which, in turn, is determined by the g-factors of its constituent electron and
hole. Knowledge of these values is important for the proper theoretical description of

the band structure and motivates our investigation.
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4.2 Experiment

We study CdSe QDs prepared by the method described in Ref. [32]. The prepara-
tion yields nearly monodisperse (¢ < 5%) wurtzite nanocrystallites which are slightly
prolate and have surfaces passivated by organic ligands. The effective radii of the QDs,
as determined by extensive TEM /small angle x-ray scattering (SAXS) measurements,
range from 10 to 50 A. Figure 4-1 shows the low temperature (10 K) absorbance and
the corresponding 10 Tesla MCD signal for two QD sizes (19 A and 25 A). The MCD
spectrum (AOD = ODg — ODg ') exhibits a characteristic first derivative line shape.
The absorption and MCD spectrum are superimposed to compare the energy at which
the MCD signal crosses zero with the peak of the first transition. In both cases there
is good agreement between the two, suggesting that diamagnetic shifts are negligible

for QDs of this size.

Experiments were conducted at five field strengths: 2, 4, 6, 8, and 10 Tesla. In all
cases the magnitude of the signal scales linearly with magnetic field while the position
of the MCD maximum (minimum) remains constant. A study of the temperature
dependence of the MCD signal was also conducted on both samples. At 10 Tesla
no significant thermal effect was found; a slight redshift of the zero crossing with
increasing temperature is attributed to the temperature dependent bandgap of CdSe.

No changes in intensity or splittings are observed.

Figure 4-2 shows an abbreviated schematic of the experimental setup. The exper-

iment essentially entails bringing white light from a 300 W Xe arc lamp through a

10D is optical density and the subscripts L and R refer to left and right circularly polarized
excitation.
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Figure 4-1: (a) Comparison of the (10 Tesla) MCD signal to the low temperature
absorption of nominally 19 A radius CdSe nanocrystallites. The first optical transition
is labeled 1S3/21S. and the second 253215, [9]- In the MCD experiment, white
light from a 300 W Xe arc lamp is passed through a depolarizer, a Glan Taylor
polarizer and a Fresnel rhomb to produce circularly polarized light. The light is
then brought into the bore of a superconducting magnet. Experiments are conducted
in the Faraday geometry and the signal is generated by altering the input circular
polarization of the excitation light. (b) Comparison of the (10 Tesla) MCD signal to
the low temperature absorption of nominally 25 A radius QDs. In both cases there
is good agreement between the zero crossing of the MCD signal and the peak of the
first absorption feature. Further comparisons at higher energies are difficult due to
overlapping transitions.
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series of optics including a broadband depolarizer, linear polarizer and Fresnel rhomb
into the bore of a superconducting magnet. The sample sits at the center of a vari-
able magnetic field which ranges from 0-10 Tesla.? Transmitted light is brought out of
the magnet through a fiber and passed through a spectrometer/OMA. The difference

spectrum is taken on a PC.

MCD results are fit using a non-linear least squares fitting program. The sig-
nal is modeled as the difference spectrum between left and right circularly polarized
absorption coefficients. The fitting procedure varies the value of the Zeeman split-
ting, keeping all other experimental parameters (amplitude, linewidth and zero field
energy of the absorption bands) fixed as determined in an independent absorption
measurement. The MCD signal can be approximated by the expression:

amcp(c) = 20%;—&)—)\—/——21_1;; exp (—-%20—)2) (4.1)
where C is a constant proportional to the oscillator strength of the state, Ae is the
Zeeman splitting of the levels (proportional to the exciton g-factor and the magnetic
field), eo is the position of the exciton level in zero magnetic field, and o is the exciton

linewidth for a particular size distribution. Figures 4-4 (a) and (b) show best fits to

the experimental data.

2Up to 11 Tesla if quenches don't frighten you.
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Figure 4-2: Abbreviated schematic of the experimental setup. White light from a 300
W Xe arc lamp is brought through a microscope objective into a fiber optic cable.
The light is then passed through a depolarizer, linear polarizer and Fresnel rhomb to
produce circularly polarized light. The light passes through a sample at the center of
a variable magnetic field (0-10 Tesla). Transmitted light is brought out of the fiber
and is dispersed using a spectrometer/OMA. The difference spectrum is taken on a
PC.
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Figure 4-3: Magnetic field dependence of the MCD signal. Shown are results for
the two samples (a) 19 A and (b) 25 AThree fields are plotted to show the linear
dependence of the effect. In both cases the sample temperature is 10K.
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Figure 4-4: (a) Best fit to the 19 A MCD spectrum at 10 Tesla. The fitting routine
varies only the value of the Zeeman splitting keeping all other variables (determined
through an independent absorption measurement) fixed. (b) Best fit to the 25 A
MCD spectrum at 10 Tesla. In all cases the sample temperature is 10 K.
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4.3 Results

Results from the fitting procedure are shown in Figure 4-5. Figures 4-5 (a) and (b)
show the Zeeman splitting of the 153/21S5. and 253,318, states for the 19 A sample.
The 153,218, state Zeeman splitting has a positive slope while that of the 253,215,
state is negative. Similarly, Figs. 4-5 (c) and (d) show the same behavior for the 25 A
sample. The graphs clearly indicate the sign and relative magnitude of the (effective)
exciton g-factors. The 1S3/21S. exciton has a positive g-factor while the 253,15,

g-factor is negative and smaller in magnitude.

4.4 Discussion

For CdSe QDs in the strong confinement regime the influence of an external mag-
netic field can be treated as a molecular Zeeman effect. The Hamiltonian describing

the Zeeman splitting has the form [64]
- 1
Hy = §geuBa'H - ghpBKIH R (4.2)

where g. and g, are the electron and hole g-factors respectively, up is the Bohr
magneton, and K is the hole angular momentum operator (K = 3/2 for the 1S3/,
and 253/, states). In Eq. 4-2 we neglect diamagnetic, H?, terms because the dots
are significantly smaller than the characteristic magnetic length [~ 1154 at 10T).
For electrons in CdSe g = 0.68 [111]. The value of the hole g-factor is calculated
using expressions by Gel’'mont and D’yakonov for a hole localized in a spherically

symmetric potential {112]. Equation Al from [64] gives g» = —1.09 and g, = —0.053
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Figure 4-5: (a) Resulting Zeeman splittings extracted from the fitting procedure for
the 1S53/215, state (a = 19 R). The splittings are linear with magnetic field and exhibit
a positive slope. Lines are a linear fit to the data. (b) Extracted Zeeman splittings
for the 253,318, state (a = 19 A). The splittings exhibit a negative slope indicating a
negative sign for the exciton g-factor. See Ref.[17]. (c) Extracted Zeeman splittings
for the 153/215, state (a = 25 A). The splittings are linear with field and indicate
a positive exciton g-factor. (d) Extracted splittings for the 253/;1S, state (a = 25
A). As with the 19 A sample, the splittings indicate a negative sign for the exciton

g-factor.
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for the 1S53/ and 28537 hole states respectively.

Although the spherical approximation has been successful in modeling the linear
absorption of CdSe QDs [15, 12, 96], it is not consistent with recent experimental
results suggesting the presence of fine structure underlying these optical transitions.
The success of the approximation stems from the much larger spacing of electron and
hole quantum size levels relative to the fine structure splittings resulting from internal
(hexagonal lattice structure) and external (non-sphericity of the crystal shape) asym-
metries as well as the electron hole exchange interaction. Since the Zeeman splittings
are on the same order as the splittings due to fine structure effects, a proper theo-
retical treatment requires that the Hamiltonian (2) be used as a perturbation within

the non-spherical theory [64] which describes this fine structure.

In the spherical approximation any nSs/; hole state is 4-fold degenerate with re-
spect to its angular momentum projection (M = 3/2,1/2,-1/2,~3/2). All nS3;,18.
exciton states are therefore eight fold degenerate since the 1S, electron state is doubly
degenerate with respect to its spin projection s, = +1/2. Recent theory has shown
that the non-spherical shape of the nanocrystals, the intrinsic hexagonal lattice asym-
metry and the electron-hole exchange interaction lift the degeneracy of the n.S3/31.S,
states splitting them into five states which underly each spherical optical transition
(64, 63]. These fine structure states are labeled by their total angular momentum
projection along the hexagonal axis of the nanocrystallites, N = Fy,, + F.,,. There
are two states with angular momentum projection |N| = 1, two states with projection
|N| = 0 and one state with projection |N| = 2. The |N| = 1,2 states are each doubly

degenerate. Three of the five states are optically active (bright) and two (including
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the exciton ground state) are optically passive (dark). This exciton fine structure
is consistent with recent photoluminescence excitation and fluorescence line narrow-
ing experiments done on the (1S53/215.) band edge exciton of CdSe nanocrystallites
[118, 82, 82, 81]. The 25;/21S. exciton fine structure is similar to that of the band

edge transition 1S3/15. [64].

The Zeeman splittings (Ae) of optically active |N| = 1 states are determined by
considering Eq. 4-2 as a first order perturbation to the full Hamiltonian in Ref. [64]
(Eq.14) giving:

Aeﬁ’ll‘ =t P = 2p.BH,giJ'L , (4.3)

where

g{”‘=ge(——i—f—)— h('-?@*f) (4.4)

vViF+d) T\ VfP+d

and f, d are functions related to the electron-hole exchange interaction and to the
hole level splitting arising from the asymmetry of the nanocrystals (see Eq. 21 in
Ref. [64]). The superscripts U (upper) and L (lower) distinguish different states with
the same angular momentum projection. While the optically active N = 0 exciton
state is not split Ly an external magnetic field, Eq. 4-3 shows that the splittings of
the |N| = 1 states are proportional to the projection of the magretic field onto the

crystal hexagonal axis, H.

Figures 4-6 (a), (b) show the size dependence of g 'F for the first two exciton states.
For the 153/218, transition (Fig. 4-6 a) both fine structure g-factors, g{“‘, are positive.
Figure 4-6 b shows the size dependence of gf"l‘ for the 253/21Se fine structure. Here gk

becomes negative while g remains positive. Figures 4-6 (c) and (d) show the relative
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oscillator strengths of the 1S3/71S. (2S3/21S.) fine structure states respectively. In
both cases the relative oscillator strength of the +1% state is larger than that of
the +1Y state at large sizes. As the size of the nanocrystallite decreases the +1”
oscillator strength falls because the electron-hole exchange interaction increases [64].

A difference, however, is that the (253/21S.) 1% oscillator strength decreases more

slowly than in the case of the 153/215, state.

The magnitude of the Zeeman splitting in Eq. 4-3 depends on the angle 6 between
the magnetic field and the crystal hexagonal axis. The probability of optically exciting
each state also depends on this angle (in the Faraday geometry the direction of the
light is parallel to the magnetic field). For 0% excitation of the 0V state the probability
is PY (0%) = NY sin*(8), where NY = 4/3. Similarly, expressions for the £1V' states

are:

PyE(o*) = NPF(1 +cosh)?, (4.5)

PRE (0% = NP1 Fcosh)?, (4.6)

where

(4.7)

vt -1 (2\/f!+3:Ff=|=\/3—d)
173 2V fP+d

The size dependence of the relative excitation probabilities, N{**, are shown in Figs.
4-6 (c), (d). The effective Zeeman splittings for these states are obtained by averaging

their values, weighted by each state’s excitation probability, over all angles 8.

Because of the inhomogeneous broadening of nS3/21S. excitons due to the size

distribution we cannot distinguish individual fine structure contributions to the ex-
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Figure 4-6: (a) Predicted (153/21S,) exciton g-factors for the +1% (dashed) and +1V
(solid) fine structure states as a function of nanocrystal size. Both g-factors remain
positive over the sizes of interest and predict a net positive g-factor for the first optical
transition (dotted line determined from Eq.7). (b) Theoretical (253/21S.) exciton g-
factors for the £1% (dashed) and £1Y (solid) fine structure states as a function of
size. The g-factor of the 1% state rapidly becomes negative while the g-factor of the
+1Y state remains positive. The effective 253218, g-factor, determined from Eq.7,
is shown as the dotted line. (c) Oscillator strengths of the optically active (153/31S,)
fine structure states relative to the F' = 0 state. (d) Relative oscillator strengths of
the (253/218.) fine structure. The +1% state has a larger oscillator strength relative
to the 1Y state over a greater range of sizes than in the 153218, case. This accounts
for the negative g- factor of the 253,515, state. (See Eq. 4-7)
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perimental Zeeman splittings. We compare experiment and theory by summing the
normalized contributions of each N = £1 state and angle averaging to account for the
random orientation of ¢ axis in the sample. The N = 0 state must also be considered
because it contributes to the absorption of circularly polarized light even though it
doesn’t split in the magnetic field. We obtain an effective Zeeman splitting:

NYg{ + Nigf
NY + N{ + N§ /4

Ae = pgH = upHgex (4.8)

where the denominator is the sum of the oscillator strengths of the three optically
active fine structure states. Equation 4-7 allows us to directly compare theoretical
Zeeman splittings to the experimental values shown in Fig. 4-5. Theoretical gxciton
g-factors are plotted as dotted lines in Figs. 4-6 (a),(b).

The observation of an inverted splitting for the second state [Figs. 4-5 (b), (d))
is significant, as such a change is not expected in spherical symmetry. Equation 2
shows that changing the hole g-factor from g5 (1S3/2) = -1.09 to g (2S3/2) = -0.053
does not alter the sign of the Zeeman splitting within a spherical approximation. The
2853218, g-factor is still predicted to be positive. We should expect both 153,215,
and 253,715, states to behave similarly. However, breaking the spherical symmetry
with the introduction of fine structure does allow such an inversion to occur. Equa-
tions 4-4, 4-5 and Fig. 4-6 show the subtle interplay between g-factors and transiticn
probabilities for the various fine structure states which when taken together (Eq. 4-
7) leads to an experimentally observed negative g-factor for the second state. This

stresses the need for a proper theoretical description of excited states.

A comparison of theoretical exciton g-factors to experimental values gives rea-
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sonable agreement between the two. For the 25 A @94 1S53/21S. exciton, theory
predicts geg = 1.479 (1.385) compared to the values g = 1.423 (1.004) determined
experirﬁentally. A further comparison for the 253/2185, state gives geg = -0.114 (-0.08)
versus the experimental values geg = -0.892 (-0.3). The larger discrepancy in g-factors
for the 253,18, exciton may be due to experimental inaccuracies in the measured half
width, o, or oscillator strengths of the 253/21S, transition. It may also arise from a
tendency by the theory to overestimate/underestimate the oscillator strengths of the
various fine structure states. See Ref. [118] for a recent PLE investigation addressing
this issue.

Using Eqs. 4-4 and 4-7 we also extract values for the hole g-factor. Assuming ge
= 0.68, we extract g, = —1.04 (-0.76) for the 25 A (19 A) 153/,18. hole g-factor in
good agreement with theory (g» = —1.09). Similarly, the 253/21S, transition gives
a value of g, = 0.09 for the 19 A sample.® There is a discrepancy, though, in the
extracted g-factor for the (25 A) 253,518, state. Its value (g, = 0.42) is much larger
than predicted (gn = —0.053). This discrepancy may stem from the experimental

and theoretical inaccuracies described above.

4.5 Conclusion

In summary, we have conducted MCD experiments on high quality CdSe QDs.

Values for the effective g-factors of the 1S53/215, and 253,215, excitons have been

3 Analysis of the 19 A 283/21S. Zeeman splitting is less certain due to difficulties in the fitting
procedure. A state not resolved in the absorption spectrum of the sample is seen in the MCD
spectrum. Lack of knowledge about the relative oscillator strength and linewidth of this state
prevents a unique fit for the 283718, state. This accounts for the odd shape of the 253,215, field
dependent splitting. Figure 4-5(b)
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experimentally determined. More importantly, an inverted splitting of the second
exciton has been observed. This qualitative observation is in good agreement “with
recent theory which explains the presence oi fine structure in the absorption and the

long lived emitting state of CdSe nanccrystallites.



Chapter 5

Size Dependent MCD

In this chapter, detailed magnetic circular dichroism (MCD) studies are conducted
on the band edge exciton of nanometer-sized CdSe quantum dots (QDs). The experi-
ment probes the absorption of left and right circularly polarized light in the presence
of an external magnetic field. Analysis of the MCD signal determines the sign and
magnitude of the exciton g factor. We observe a change in the sign of the g factor
between the first two transitions in the linear absorption of the nanocrystallites, con-
sistent with recent theory describing the presence of fine structure in CdSe QDs. More
importantly, the sign of the second transition’s g factor exhibits a characteristic size
dependence. The inverted splitting of the second state and its subsequent reversal at
small sizes is important as it is not predicted by spherical models of the electronic
structure. The fine structure model we use to describe our results has previously

explained the origin of the band edge luminescence in CdSe nanocrystallites.

163
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5.1 Introduction

The use of magnetic fields to probe the electronic structure of materials is an estab-
lished and powerful technique. From early on, it was recognized that magneto-optical
experiments were particularly useful in the study of atomic and molecular systems be-
cause of their sensitivity to internal angular momentum and spin states. The introduc- -
tion of Zeeman splittings and the lifting of spin degeneracies have been instrumental
in determining excited state symmetries, angular momenta and excited state g fac-
tors in atoms and molecules [169, 170, 171]. In the bulk, magnetc-optical experiments
have studied both intraband and interband transitions allowing the determination of

effective g factors for free carriers and excitons [95, 172, 173, 174, 175, 176, 177).

Recently a number of efforts have aimed at studying the magneto-optical prop-
erties of low dimensional systems [178, 179, 180, 181, 182, 183, 184]. Of particular
interest are semiconductor quantum dots (QDs) which are unique systems bridging
the gap between molecular and bulk compounds. These QDs or “artificial atoms”
have sizes ranging from 10 to 100 A in radius and as a consequence exhibit inter-
esting optical/electrical properties (quantum confinement effects). This is a result of
the spatial confinement of excitations when the physical size of the QD is comparable
to or smaller than the bulk exciton Bohr radius. One of the better known quantum
confinement effects is the blueshift of the absorption with decreasing size. This effect
as well as other features due to quantum confinement are described in excellent review

articles by Brus and Alivisatos[1, 2, 3].

Among the various magneto-optical techniques, magnetic circular dichroism (MCD)

experiments have been conducted on several QD systems, most notably CuCl, CdS,Se; _4
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and CdSe [165, 166, 168, 115, 87, 167, 178, 185]. This experiment probes the linear
absorption of the nanocrystallites and provides the difference spectrum for left and
right circularly polarized Zeeman transitions. The magnitude and direction of the
Zeeman splitting depends on the exciton g factor which, in turn, is determined by
the g factors of its constituent eleciron and hole. The MCD or difference technique
is most useful when the individual circularly polarized transitions are obscured by
overlapping states or sample inhomogeneities. This is the case for many QD sys-
tems where current synthetic methods yield samples with residual size distributions
necessitating the use of size selective optical techniques to probe underlying excited

states.

We perform MCD experiments on high quality CdSe QDs with narrow size distri-
butions. The study is interesting because the QD can be thought of as an artificial
atom having discrete, quantized transitions. At the same time it retains characteristic
features of the bulk having enough atoms to describe each carrier through bulk Bloch
wavefunctions. The first three transitions in the linear absorption of the nanocrystal-
lites are labeled 153/21S., 253/21S,, and 1P3/21P.. These symmetry notations for the
electron and hole arise from theoretical descriptions of the QD band structure which
assume spherical boundary conditions within an effective mass model (51, 15, 12].
However, recent experimental and theoretical work have shown the possibility for the
existence of fine structure underlying these transitions {63, 64, 118, 62, 84, 82, 81].
These fine structure states are thought to originate from symmetry breaking pertur-
bations such as those caused by structural asymmetries in the QD and the electron

hole exchange interaction.
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As the theoretical understanding of the QD electronic structure is still debated,
direct magneto-optical measurements on excited state Zeeman splittings may prove
useful in determining the validity of a particular model by providing new information
about the band structure of nanocrystalline materials.

The presence of fine structure has been instrumental in resolving many of the
unusual properties of the nanocrystallites. In thkis respect, while spherical effec-
tive mass models [15, 12] have successfully explained the linear absorption of the
nanocrystallites, the luminescence of CdSe QDs remains controversial and difficult to
interpret because it exhibits unusually long lifetimes (7 ~ lus at 10 K) and a size
dependent redshift.[61, 34] These observations are not explained by such electronic
structure models which predict highly degenerate excited states. The band edge lu-
minescence has therefore been attributed to the radiative recombination of surface
localized carriers.[61, 47, 13] With the introduction of fine structure, a single model
consistently explains many features in both the absorption and luminescence of CdSe
QDs. [64]

Sec. II describes details of the MCD experiment. Sec. III summarizes our results
and Sec.IV outlines the theory which enables us to extract predicted Zeeman splittings

and exciton g factors. Discussion and summary are given in Secs. V and VI.

5.2 Experiment

We study a size series of CdSe QDs prepared by the method described in Ref.[32].
The preparation yields wurtzite nanocrystallites which are slightly prolate and have

surfaces passivatéd by organic ligands, trioctylphosphine oxide (TOPOQO) and tri-
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octylphosphine selenide (TOPSe). The effective radii of the QDs as determined by
extensive TEM/SAXS measurements range from 10 to 50 A. Narrow size distribu-
tions (o < 5%) are obtained through size selective precipitation. More details about

the material and its characterization are found in references [33, 74, 73, 34, 137, 138,

37, 186).

Optical samples are created by recovering the QDs as a powder and redispersing
the material into a 10% (by volume) solution of octane in hexane. The sample is
then drop cast onto a fused silica flat and left to dry overnight. Once the solvent has
evaporated, an optically clear (close packed) thin film of QDs is obtained. Another
quartz flat is added to cover the sample. Typical optical densities range from 1.0 to

1.5 at the peak of the first absorption feature.

In the MCD experiment white light from a 300 W Xe arc lamp is passed through a
depolarizer, Glan Taylor polarizer and a Fresnel rhomb to produce circularly polarized
light. The light is then brought into the bore of a superconducting magnet where the
sample sits at the center of a variable (0-10 Tesla) magnetic field. Experiments are
conducted in the Faraday geometry. Transmitted light is brought out of the magnet
through a fiber optic cable and acquisition of the signal accomplished with a 0.25 m
spectrometer coupled to an optical multichannel analyzer (OMA). The MCD signal
is generated by altering the input circular polarization of the excitation light and
the difference spectrum is obtained through use of a computerized data acquisition

program. The sample temperature is 10 K.

An independent absorption experiment is conducted using the white light from a

300 W Xe arc lamp. The transmitted light is passed through a 0.33 m spectrometer
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coupled to an OMA. As in the MCD experiment, the sample temperature is 10 K in

all cases.

5.3 Results

Figure 5-1 shows the low temperature (10 K) absorption and corresponding 10
Tesla MCD signal for four different QD sizes [radius (a) = 10, 12, 21 and 32 A)]. The
absorption and MCD spectra are superimposed to compare the zero crossing of the
MCD signal. In all cases, there is good agreement between the two, suggesting that

diamagnetic shifts are negligible for QDs of this size.

The MCD experiment is conducted at eight field strengths; 2, 4, 5, 6, 7, 8, 9, and
10 Tesla. Figure 5-2 shows the field dependence of the signal for four sizes in the
series considered. Only results for five fields are shown. In all cases the signal scales
linearly with magnetic field. Higher fields induce larger splittings which in turn create
larger MCD signals. The position of the MCD maximum and minimum also remains

relatively constant.

In a previous study, the temperature dependence of the MCD signal was conducted
on several samples at two different temperatures (10 K and 100 K). No significant
temperature dependence of the signal was observed. We attribute a slight redshift of
the zero crossings to the temperature dependent bandgap of CdSe. Neither intensity

nor splittings change dramatically with temperature.

MCD results are fit using a non-linear least squares fitting program. The signal

is modeled as the difference spectrum between left and right circularly polarized
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Figure 5-1: Absorption and corresponding 10 Tesla MCD signal from (a) 10 A QDs
(b) 12 A QDs (c) 21 A QDs and (d) 32 A QDs. The sample temperature is 10 K in

all cases.
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absorption coefficients (aycp = a~ — at).! The fitting procedure varies the value
of the Zeeman splitting, keeping all other experimental parameters (optical density,
linewidth, and the zero field energy) fixed as determined in an inlependent absorption
measurement. Figure 4-3 shows results of the (10 Tesla) fitting procedure for the
four sizes considered. There is very good agreement between the fit and the data
strongly suggesting that the MCD signal originates from the Zeeman splitting of
states observed in the linear absorption.

Figure 5-4 shows the field dependent results of the fitting procedure for two of the
four sizes. We consider the largest and smallest sizes to illustrate several irteresting
observations in the MCD data. For both sizes we show fitting results for the first
two transitions (153/21S. and 253/;1S,). The fits show that both transitions in the
smallest size have positive g factors (characterized by positive slopes in the graph).
The largest size also exhibits a positive 153/,1S, g factor. However, surprisingly, the
253715, transition has a negative g factor (negative slope).

For all sizes considered, we find that the 153/21S. g factor is positive valued and
fairly constant in magnitude. We also follow the sign of the 253,315, g factor through
the size series and observe that for most sizes, the 253,215, g factor is negative. At
small sizes, in the vicinity of 14 A radius, it suddenly becomes positive. These results
are exciting (and altogether unexpected) because the inverted splitting of the second
state and its subsequent reversal at small sizes are not predicted by existing models

of the QD electronic structure based on spherical effective mass approximations.

l«left” is defined by counterclockwise rotation of the electric vector when facing the oncoming
light. Likewise, “right” refers to clockwise rotation of the electric vector. Other conventions exist
and in one scheme, left (right) refers to counterclockwise (clockwise) rotation of the electric vector
seen when traveling in the same direction as the light.
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Figure 5-3: Best fits to the 10 Tesla MCD signal for (a) 10 A QDs (b) 12 A QDs
(c) 21 A QDs and (d) 32 A QDs. The fitting procedure models the MCD signal as
a derivative lineshape resulting from two Gaussians undergoing a rigid shift. Only
the Zeeman splitting is varied. All other parameters such as the amplitude, linewidth
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Figure 5-4: Fitting results of the MCD experiment at different magnetic fields for
the largest and smallest sizes considered. (a) 10 A QDs (b) 32 A QDs. As before,
only the value of the Zeeman splitting is varied in the fit. All other parameters are
determined in an independent absorption measurement and are kept fixed.
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To explain these results we turn to a recently developed theory which predicts the
presence of fine structure underlying the optical transitions in CdSe QDs. This model
has been used successfully to explain the band edge emission of the nanocrystallites.
It accounts for both the long lifetimes and the resonant/non-resonant Stokes shift
seen in recent emission experiments. The model considers several symmetry breaking
perturbations to the electronic structure such as those arising from structural asym-
metries (CFSE and QD geometry) and the electron-hole exchange interaction. When
these effects are accounted for, the model predicts that underlying the 153/21S, and
253215, transitions are a number of fine structure states. Details of the theory are

described in the next section.

5.4 Theory

5.4.1 The Fine Structure of nS53/,15. Exciton States in CdSe

Quantum Dots

The fine structure of the 153,215, optically active exciton has been considered
in detail in Refs. [63, 64]. Here we briefly summarize the theoretical considerations
necessary for any nSs;;1S. exciton in order to find the fine structure of the 253,515,
transition.

For spherically symmetric CdSe QDs, i.e. finite size spherical crystals having a
cubic lattice structure, the 1S, electron ground state is doubly degenerate with respect
to its spin projection. All nSs/ hole states are also 4-fold degenerate with respect

to their total angular momentum projection, X, (M = 3/2, 1/2, —1/2, and —-3/2)
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(51, 15]. The energies and wavefunctions of these quantum size levels are found in

the parabolic approximation. For electrons they are:

h2 2
Eis = 2777:0.2’
wa) = |2 )50, (5.1

where m, is the electron effective mass, a is the radius of the nanocrystal, Yi,(2) are
spherical harmonics, and |Sa) are Bloch functions of the conduction band; a =T (|)
is the projection of the electron spin, s, = £1/2. For holes in the four-fold degenerate

valence band they can be written:

R (8
E3/2,n(ﬁ)=#§)' ) (5.2)
Yua®) =2 Y R Y (0 20 Yimuy (5.3)
1=0,2 m4p=M

where 3 = myp/mpn is the ratio of the light to heavy hole effective masses, ¢n(0) is

the nth root of the equation:

jO(‘Pn)j2(\/-ﬂ-‘Pn) + j2(‘Pn)j0(\/E n) =0, (5.4)

joa(z) are spherical Bessel functions (the dependence of ¢, on 3 [52] for n=1 and 2

is shown in Fig. 5-5 a), (;n k ,f) are Wigner 3j-symbols, and u, (p = £1/2,+3/2) are
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Bloch functions of the four-fold degenerate valence band I's given in [106):

wp = X+,
usp = (X =)L,
mp = -1[(X+iY)1—2z 1, (5.5)

U_yp = \/—[(X —-iY) 1422 1] .

The radial functions R;,(r) are {101, 52}

Rg'n('f') - A [.2(¢nr)+ Jo(pn) (‘Pn\/BT)] ’

a3/? a tpn\/ﬂ) a
A [, pary  Jolwn) . paVBr ]
a(r) = - , 5.6
Ron(r) a3/? [0( ) Jo(‘Pn\/B) Jo( a ) (5.6)
where the constant A is determined by the normalization condition:
[ drr?(Rau(r) + B3u(m) = 1. (5.7)

In this level of approximation (a spherical approximation), all n.S3/21S. exciton
states are eight-fold degenerate. However this degeneracy can be lifted by structural
asymmetries and the electron-hole exchange interaction. The nanocrystal asymmetry
lifts the hole state degeneracy and splits it into two two-fold degenerate states - a
Kramer’s doublet having momentum projections |M| = 1/2 and 3/2. We consider
two sources for this asymmetry: the intrinsic asymmetry from the hexagonal lattice

structure of CdSe [52] and the nonspherical shape of a prolate narocrystallite [107].

The splitting due to the intrinsic hexagonal lattice structure, Ain: », can be written
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(52):

Aint,n = Acrvn(ﬂ) ) (58)

where A is the crystal field splitting in bulk CdSe (25 meV). The functions v,(6),
expressed in terms of the radial functions Ry, in Ref. [52], are shown in Fig. 5-5 b

for n=1 and 2.

The deviation from sphericity of an elliptically shaped nanocrystal is characterized
Ly the ratio ¢/b = 1+ p of its major to minor axis; g is the ellipticity of the crystal
and is positive (negative) for prolate (oblate) nanocrystals. The splitting arising from

this deviation is given by [107):

Ash,n = 2ﬂun(ﬁ)E3/2,n(ﬂ) ’ (59)

where E3/9 is the nS3/2 hole energy for spherical nanocrystals of radius a = (b%c)'/3
and varies as the inverse square of a. The functions u,(83), expressed in terms of the

radial functions Rgs in Ref. [107], are shown in Fig. 5-5 ¢ for n=1 and 2.
The net splitting of the hole state from structural asymmetries, A,(a, 3, 1), is
then the sum of Eq. 5-8 and Eq. 5-9,

An(a’ﬂ’“) = A.‘Jh,'n + Ai'nt.,n . (510)

Fig. 5-6 a portrays the ground hole state splitting from the shape asymmetry and
the crystal field in the absence of other symmetry breaking effects. We obtain two

fourfold degenerate states with angular momentum projections |M| = 3/2 and 1/2.
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Figure 5-5: (a) The dependence of the hole ground state function ¢,(3) on the light
to heavy hole effective mass ratio, 3, for n = 1 (sclid) and n = 2 (dashed). (b)
the dimensionless function vn(3) associated with the hole level splitting due to the
hexagonal lattice structure; plotted for n = 1 (solid) and n = 2 (dashed). (c) the
dimensionless function u,(8) associated with the hole level splitting due to the crystal
shape asymmetry; plotted for n = 1 (solid) and n = 2 (dashed). (d) the dimensionless
function x, () associated with the exciton splitting due to the electron hole exchange
interaction; plotted for n = 1 {solid) and n = 2 (dashed).



5.4 Theory 179

Both states are optically active and resemble the bulk A and B excitons.

In addition to structural asymmietries, we also consider the electron-hole exchange
interaction which mixes different electron and hole spin states. The exchange inter-

action can be expressed in the following form [64]:
Hezen = —(1/3)hwsT(aex)30(re — th)o - J (5.11)

where o is the electron Pauli spin 1/2 matrix, J is the hole spin 3/2 matrix, and
aex = 56 A is the bulk exciton Bohr radius. In bulk CdSe, this term splits the 4-
fold degenerate exciton ground state into a singlet and a triplet state, separated by
hwst = 0.13 meV [110]. Fig. 5-6 b describes the ground hole state splitting from the
electron-hole exchange interaction acting alone. We obtain two ctates, an optically
active threefold degenerate exciton with total angular momentum N = 1 and an

optically passive fivefold degenerate exciton with angular momentum N = 2.

The hexagonal lattice structure, crystal shape asymmetry, and the electron-hole
exchange interaction all act concertedly to split the original “spherical ” 8-fold de-
generate exciton into five levels. Each level is labeled by its total angular momen-
tum projection along the “c” axis of the nanocrystallite, F' = M + s,. We obtain

one level with F = £2, two with F = %1, and two with F = 0. The wave-

functions of these states are linear combinations of the independent wavefunctions

lIlar,M,n(rea rh) = "oba(re)"/)M,n(rh)'

The energy of the exciton with total angular momentum projection |F| = 2 and



180 | | Size Dependent MCD

Effective Radius (A)
50 20 15 13 12 1 10
60 i T T T L
[ a) *
' ]
40 B -Jw
S 2l |
() [ )
E . j
5 A #2 T
g of ;
A e —
|
20}t -
40 i JRT T W S [ RN SN RN SHND N TP TS VAN SR N WA S SHEY VAN AU SN S S N
60 T T T L) 1
| b) ]
F ]
40 [ /
; N=1 -
S Ll ~ ]
(0]
E [ //
> 5
o / ]
Q
6 O~ ]
i \\\-
+ T~
20 I N=2 __ g
T~
-40 [ FUNED T SHES S N NS WA SN SN NN SN S SN W NN SN T S S N

12 (104 A'3)

Figure 5-6: (a) Effect of crystal field splitting and the shape asymmetry on the band
edge fine structure. Both split the lowest excited state into twe fourfold degenerate
states with angular momentum projections |M| = 3/2 and 1/2 Both states are op-
tically active. (b) Effect of the electron-hole exchange interaction acting alone on
the band edge state. The exchange interaction splits the exciton ground state into
an optically active, threefold degenerate, state with angular momentum projection
N =1 (solid line). It also creates an optically passive, fivefold degenerate, state with
angular momentum projection N = 2 (dashed line).
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its dependence on nanocrystal size is given by:
62'11 = _377"_/2 - An/2 . (5-12)
Its respective wavefunctions are:

\IJ—2,n(rearh) = lI’l,—3/2,n(re,rh)1

\Ilz,n(l‘e,l‘h) = ‘1’1,3/2,n(1‘e,l‘h), (5.13)

where 7, = (@ez/a)*hwsTxn(B), and the dimensionless function x,(8) is written in

terms of the electron and hole radial wavefunctions,

0,2 a ™
(@) = 5 [ drsin? CORE () + Bl (5:14)

The dependence of x, on the parameter 3 for n=1 and 2 is shown in Fig. 5-5 d.

The energies of the two levels with total momentum projection |F| = 1 are given

by

ek = /2 £ /(200 — A)2/4 4+ 372 (5.15)

where the superscripts “U” and “L” refer to upper and lower to distinguish states
with the same angular momenturn projection. The exciton wavefunction for the F' =1

state is

‘I’?_',f'(l‘e, r) = FiICT U1 1/2n(Fe, th) + CT ¥ 3/2,n(Te, 1) ; (5.16)
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and likewise the exciton wavefunction for the F = —1 state is:

\I’g’lljn(re, rh) = :Ficr:r'.:q’T.—3/2,n(re, rh) + C::\Ijl.—l/i’,n(re, rh) . (5'17)

In both cases

X VI +dn £ fn

fn=(-2n,+A,)/2, and d,, = 3n2. The energies of the two F=0 exciton levels have

a size dependence described by:
UL
€0 = /2 + An/2 £ 27, , (5.19)
where the corresponding wavefunctions are:

1 i
UG (Te, 1h) = W(ZF%‘I’T.-l/m(re,rh) + Uy 1/2,n(re, 1)) - (5.20)

Figures 5-7 a and 5-7 ¢ show the size dependence of the exciton fine structure for
the first two transitions in the linear absorption of CdSe nanocrystallites (153/21S,

and 253/2185).

5.4.2 Selection rules and transition oscillator strengths

Optical transition probabilities to different exciton states have previously been
determined for linearly polarized light, assuming independent electron-hole states.
(52, 107) These were later modified to take into account the electron hole exchange

interaction, which mixes electron spin and hole momentum projection states {64]. To
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Figure 5-7: The size dependence of the exciton fine structure for (a) the first excited
state, n = 1, and (b) the second excited state, n == 2. Size dependence of the transition
probabilities into optically active fine structure states for (c) the first excited state,
n = 1 and (d) the second excited state, n = 2. The behavior for both states is
qualitatively similar, with the £1Y and 0V states having most of the oscillator strength
in small QDs.
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describe the MCD experiment we determine, in a similar fashion, the selection rules
for circularly polarized light. These selection rules are determined by the matrix
element operator: expz. The polarization vector, ex = e; % iey, and the momentum
operator, p+ = Pz £ ipy, are taken in the axis perpendicular to the light propagation

direction. In a vector representation this operator can be expressed as:
espr =ep tie'p, (5.21)

where e L ¢, ¢ is a unit vector parallel to the light propagation direction, €’ = (e x c),
and the scalar product: (ee’) = 0 follows from the definition of e¢'. To calculate
individual matrix elements we project the operator onto the hexagonal axis of the

nanocrystallites (z direction) and obtain:
- O L S S
€tPr =€ P =€+ §[€+p— + f—p"r] ’ (522)

where e = e 2 ie’ and €5 = € +ie;. The probability of optically exciting each nth
exciton state with total angular momentum projection F using o* polarized light is
proportional to the square of the matrix element operator e+p; sandwiched between

that state and the vacuum state |0 >= §(r. — rs).

Prn = |(0lcspz |8 ra) . (5.23)

The momentum operator Py acts only on the valence band Bloch functions (see

Eq. 5-5) and the exciton wavefunctions, 7 Fn, are written in the electron-electron
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representation. The electron-hole representation can be transformed to the electron-
electron representation by taking the complex conjugate of the exciton wavefunction
(Eqs. 5-13, 5-16, 5-17 and 5-18) and flipping the spin projections of the hole Bloch

functions (1 and | to | and 1).

For the exciton state with angular momentum projection F' = 0 we obtain

Pow(0*) = |(Olexpzl¥on) = €5 (01p:1 o)1

= (e 4 ?)NSE = Ng:Esin®(0) (5.24)

where N =0, Ng), = 4K, P?/3, P =< S|j,|Z > is the Kane interband matrix ele-
ment, and 4 is the angle between the direction of the exciting light and the hexagonal
axis of the crystal. K is the square of the overlap integral and can be expressed as
[52]:

K, = E
a

/ drrsin(rr/a)Ron(r)| . (5.25)

Its value is independent of the crystal size, a, and depends only on 3. To derive
Eq. 5-23 we use the identity for three orthogonal vectors (e, €', and c): cos?(0e) +
cos?(8.) + cos?(f) = 1, where . and 8, are angles between the crystal hexagonal axis
and the vectors e and €' respectively. £q. 5-24 shows that the transition probability
to the upper (+) F = 0 state is independent of crystal size, and that for the lower
state (-) it equals zero. The lower F' = 0 exciton state is therefore predicted to be

optically passive.
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For nth exciton states with F' = +1 we obtain:

1

Ppia(0®) = [(Olespel Ui) I = Zlef“<0|25+I‘i’?.‘i‘)l2
1
= Zle_ Fie |2NUE = NVL(1 £ cosh)? (5.26)
where NY:L
Nb == K.P* . (5.27)
3 2\/f2 + dn
A similar calculation gives the transition probability of the F' = —1 state:
PRt | (%) = NVE4(1F cos6)? . (5.28)

Equations 5-26 and 5-28 were derived using the orthogonality condition: (e-c) = 0.
Figures 5-7 b and 5-7 d show the size dependence of the fine structure transition

probabilities for the 153,215, and 253215, states.

The behavior of the transition probabilities can be understood by considering the
role of the exchange interaction. At large sizes, the exchange interaction is small
relative to perturbations from the crystal field and shape asymmetry. At small sizes,
however, the exchange interaction dominates, causing the large scale splitting in Fig-
ures 5-7 a and 5-7 b. In the absence of crystal field and shape effects we have the limit
of a fivefold degenerate (optically passive) N = 2 exciton ground state and a threefold
degenerate (optically active) N = 1 state (Figure 5-6 b). Both crystal field splitting
and shape effects act to lift this degeneracy causing the £1% state to emerge from the

N = 2 exciton. Since it originates from a dark state, it also has relatively little oscil-
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lator strength. This explains why the +1% state has little oscillator strength at small
sizes (with the %1V state dominating) and gains oscillator strength with increasing

size.

5.4.3 Splitting of the levels in a magnetic field

In the fine structure model there are three optically active exciton states near
the band edge of CdSe and two optically passive ones. An external magnetic field
splits a1 two fold degenerate states with total angular momentum projection +1 and
+2. Figure 5-8 a gives a qualitative picture for the 1S53/21S, fine structure and shows

states that are accessed by left and right circularly polarized light.

The magnitude of each state’s Zeeman splitting depends on the projection of the
magnetic field onto the crystal hexagonal axis and is different for different nanocrystals
in an ensemble of randomly oriented QDs. The probability of exciting these states also
depends on the nanocrystal orientation with respect to the direction of the exciting
light (Eqs. 5-24, 5-26, 5-28) and distinguishes MCD experiments in quantum wells
[181], from measurements in QDs. An analysis of the MCD signal from an ensemble

of QDs must take into account the orientational distribution of the nanocrystallites.

For nanometer-sized quantum dots the effect of an extzrnal magnetic field, H, can

be described as a molecular Zeeman effect:

-

1
Hy = §geﬂBO'H — graptBKH (5.29)

where g. and g, are the electron and hole g factors respectively, and pp is the Bohr
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Figure 5-8: (a) Qualitative depiction of the MCD experiment on the band edge exciton
fine structure, n = 1. All twofold degenerate states are split into their respective
projections. Transitions involving right circularly polarized light (o) are denoted
by solid lines. Transitions involving left circularly polarized light (c~) are denoted
by dashed lines. (b) Qualitative representation of the absorption of left and right
circularly polarized light. (c) The MCD signal can be modeled by the difference
spectrum of left and right circularly polarized absorptions.
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magneton. For electrons in CdSe g. = 0.68 [111]. Hole g factors for the 1S3/, and
253/, states are calculated using the results of {112, 64], and are gn; = —1.09 and
gn2 = —0.053, respectively. In Eq. 5-29 we neglect diamagnetic, H 2 terms because

the dots are significantly smaller than the magnetic length [~ 115 4 at 10 T).

By considering the magnetic field in Eq. 5-29 as a perturbation, we determine the

Zeeman splitting of the optically active F' = +1 nth state:
e, = et — e = 2upHAI(CE) — (CF)lge ~ [(C2)? + 3(CT)Jann} - (5.30)

This splitting, linear with magnetic field, is proportional to the magnetic field pro-
jection H, on the crystal hexagonal axis. Substituting Eq. 5-18 for C* in Eq. 5-30

we obtain the dependence of the splitting on the nanocrystal radius:
Aem = 2g|l{'|'LnuBH cosf , (5.31)

where the individual exciton g factors are expressed as

i _ e W AaFh (5.32)
9)1),n ge\/m Ghn \/f3+d.n . .

The average Zeeman splitting for a system of randomly oriented nanocrystals can

then be obtained by angle averaging
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There is no splitting of the F' = 0 optically active exciton state.

Figures 5-9 a,b show the size dependence of g({ll,’1 for the n=1 and 2 (nS3/215.) fine
structure states. In Figure 5-9 a both optically active fine structure states underlying
the 153,215, transition have positive g factors. When combined with the respective
oscillator strength of each fine structure state, the effective 153215, g factor (gesy) is
shown by the dashed line. Its value is positive and fairly constant over a large range
of sizes. Figure 5-9 b shows the fine structure g factors of the second state. Here the
+1Y state has a positive g factor while the 1% g factor is negative valued. Again,
the effective 253,15, g factor (gess) is shown by the dashed line. At large sizes, geys
is negative and fairly constant in magnitude. At small sizes, between 10 and 20 A,
it suddenly becomes positive with the crossing occuring somewhere in the vicinity of

15 A radius (15.35 A).

5.4.4 Magnetic Circular Dichroism Signal

Since the field induced splitting of the various exciton levels is much smaller
than the inhomogeneous width of the absorption line it cannot be directly seen in
absorption experiments. However this splitting can be observed in MCD experiments,
where the difference between the absorption coefficients, a®, for right and left circular
polarized light (0%) can be measured with a high degree of accuracy. Assuming a
Gaussian form for the inhomogeneous exciton lineshape, we find that for exciton

states with identical Zeeman shifts the MCD signal takes the form [181]:

amcp(e, €0) = a (e, H)a™ (e, H)
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Figure 5-9: (a) Predicted (1S3/21S.) exciton g-factors for the +1* (dashed) and +1V
(solid) fine structure states as a function of size. For the band edge state, both g-
factors are positive over the full range of sizes. The effective g-factor (dotted line)
observed in the experiment is therefore positive for all sizes. (b) Predicted (2S3/215,)
g-factors for the 1% and +1Y fine structure states. In this case, the £11 g-factor is
negative valued for most sizes but becomes positive at small size. The +1Y g-factor is
positive valued for all sizes. The effective g-factor seen in the experiment is therefore
negative valued for most sizes but becomes positive valued at small sizes.
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e—¢€ 1 (e — €0)?

= 2CAe————— —_— 5.34
£ o exp [ 52 (5.34)
where C is a constant related to the oscillator strength of the state, Ae is the field
dependent Zeeman splitting, o is the inhomogeneous linewidth, and ¢q is the peak
position of the transition in the absence of a magnetic field. Figures 5-5 b and 5-5
c provide a qualitative description of the MCD signal which can be modeled by this

difference of two Gaussian lineshapes.

The MCD signal for a single transition has a characteristic derivative shape with
extrema separated by 2¢. Its intensity is proportional to the Zeeman splitting of
the levels, A¢, and grows linearly with magnetic field. To formally extract absolute
values of the splitting we must normalize the MCD signal which is proportional to
the unknown constant C, to the sum asym = ot + a~. Once normalized, the value

of the Zeeman splitting is directly related to the amplitude of the MCD signal.

Eq. 5-34 can also be used to describe the MCD signal from an ensemble of ran-
domly oriented quantum dots. In this case, Ac represents the average effective split-
ting of the exciton states in a magnetic field. The following reasons apply. The Zee-
man splitting of each fine structure state was shown to depend on the angle between
the magnetic field and the nanocrystal axis (6) (Eq. 5-31). The two polarizations of
the incoming light (0%) also excite both fine structure projections, F = +1, because
of the random orientation of the nanocrystallites. Finally, excitation probabilities for
both fine structure projections depend on the angle between the light direction and

the nanocrystal axis (6 in our experiments, see Egs. 5-26, 5-28).

The absorption coefficient for o* polarized excitation of |F| = 1 exciton states
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has the form:

ak (e — e%L) ~ in (14 Feosf)exp |~ E—crm) crn)” (5.35)
Fn Fn ‘mal o 201 ’ .

where 0 is the angle between the hexagonal axis and the light direction, Nl n is a
constant related to the oscillator strength of the state {Egs. 5-26, 5-28), 01 and €pn
are t