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Abstract

Electronic Spectroscopy and Energy Transfer in Cadmium Selenide Quantum

Dots and Conjugated Oligomers

by

Artjay Javier

The electronic excited state kinetics of CdSe quantum dots (QD) are stud-

ied through optical spectroscopy, by subjecting the quantum dots to different

experimental conditions, as well as coupling them to phenylene-ethynylene

oligomers. CdSe QDs feature a quantum-confined exciton statewhich pursues

a variety of pathways once formed, such as band-edge recombination, charge

separation by trapping at the dot surface, and electronic energy transfer (EnT).

These phenomena are studied using different CdSe sizes, highlighting the ef-

fects of quantum confinement and surface energies on excitondecay.

The size dependence of the exciton lifetime is studied, and correlation of

the radiative lifetime to theoretical expectations are found, as well as evidence

that nonradiative relaxation through crystal vibrations follows the Energy Gap

Law and Marcus Inverted Region kinetics. A detailed analysisof the lifetime

decays using the Maximum Entropy Method (MEM) reveal the presence of

distributed, dual excited states, which are assigned to band-edge recombination

and charged exciton decay. Complementary time-resolved PL allows for direct

measurement of excited state populations, which changes dramatically upon
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addition of an inorganic capping layer to the QD, reflecting the suppression

of surface carrier trapping.A strong excitation power-dependence of the photo-

activated photoluminescence (PL) is correlated to the established observation

of PL intermittency.

Forming a hybrid nanocomposite of CdSe QDs and phenylene-ethynylene

oligomers allows a detailed study of EnT between the organicphase and the in-

organic phase, as well as complex energy migration kineticswithin the organic

phase. The size-dependent, and chain length-dependent EnTis found to arise

from the spectral overlap dependence between the phases. Finally, CdSe QDs

are mixed into phenylene-ethynylene oligomers at dopant-level concentrations

to study the photo-induced phase transformations and subsequent electronic

energy migration. A rudimentary example of using this material for all-optical

memory devices is shown.
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exposure time to light and air at different powers: I(5 W/cm2),
II(13 W/cm2), III(28 W/cm2), IV(114 W/cm2), V(161 W/cm2),
VI(266 W/cm2). b) Inverse time constants for blue shift (closed
circles) and red shifts (open circles) extracted from fitting data
in a). c) The slower inverse blue shift time constants from a). . 83

4.4 a) Bright intervals extracted from residuals similar to Fig. 4.1.
b) Histogram of the bright intervals obtained from a) with an
exponential (solid line) and power law (dashed line) fit. c)
Bright interval time constant (τOn) extracted from exponential
fits to histograms like b) (left axis). Percentage of fluctuating
spectra (right axis). d) Correlation diagram between the bright
interval time (τOn) in c) and the fast brightening time (τb,f ) in
Fig. 4.2B . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 Room temperature absorbance (dashed) and photoluminescence
(solid) spectra for a series of CdSe nanocrystals coated with
TOP/TOPO (diameters given at the right) in toluene. The two
prominent exciton transitions are shown. . . . . . . . . . . . 91

5.2 TOP: Scheme of CdSe-OPE-n assemblies. CdSe nanocrystals,
coated with TOP/TOPO, form amorphous, cross linked assem-
blies by ligand exchange of the phosphine by the thiol moiety
when reacted with OPE-n: oligo-(p-phenylethynylene diben-
zylthiol dipropyl ether) (OPE-n, n= 0, 1, 3) BOTTOM: Lewis
structure of OPE-n molecules. . . . . . . . . . . . . . . . . . 95

4



5.3 Transmission Electron micrography of CdSe-OPE-n nanocrys-
tal assemblies. TOP: TEM of CdSe-OPE-3 assembled struc-
tures. An aggregate of CdSe-OPE is suspended over one a hole
of the carbon grid. BOTTOM: Small Angle Electron Diffrac-
tion (SAED) pattern from TEM. The observed rings indicate
incorporation of wurzite CdSe into the composite without long
range ordering of the CdSe nanocrystals. . . . . . . . . . . . 97

5.4 Photoluminescence spectra of thin films of OPE-n (top row)
and CdSe-OPE-n assemblies at room temperature (λexc = 325nm,∼
1mW ). Columns pertain to OPE-n sizes (n=0, 1, 3) while rows
indicate CdSe NC diameters in nanometers. Arrows indicate
the expected position of nanocrystal luminescence . . . . . . 99

5.5 Concentration-dependent photoluminescence spectra ofOPE-
1 in toluene at room temperature (λexc=325nm,∼1mW). Inset:
Room temperature absorption Spectra of OPE-1 in toluene at
the corresponding PL concentrations. Note that both have been
normalized to the absorption or luminescence of the molecular
species. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.6 Excitation energy diagram for OPE (left) and CdSe (right). The
electronic excitation energies of the singlet states have been es-
timated from the crossing of the absorption and luminescence
curves. The exciton energy for the (1S3/2 − 1Se) has been esti-
mated from the exciton maximum in the absorbance spectrum,
and is shown along with the continuum of gap states. . . . . . 106

5.7 Left: The luminescence of OPE-1-protected Film, the absorp-
tion of CdSe in toluene at 298K and the spectral overlap inte-
gral (filled in) for three representative sizes of CdSe. Top: Plot
of < J > for OPE-1 (closed circles) and OPE-3 (open circles). 112

5.8 Excitation is generated as a molecular exciton which then can
migrate to a dimer, delocalize into an excimer or polaron-pair,
B, or delocalizes/migrates to an aggregate exciton, D. All three
species, molecular exciton, excimer/dimer, and aggregatecan
transfer energy to the nanocrystal (A,C,E). F is the back-transfer
of energy from the nanocrystal to the aggregate. . . . . . . . . 117

5



6.1 Diagram of all possible energy transfer pathways.k2:migration
from single to dimer,kn:migration from dimer to aggregate,
kEnT1:transfer from single to CdSe,kEnT2:transfer from dimer
to CdSe,kBT2:back transfer from CdSe to dimer,kBTn:back
transfer from CdSe to aggregate . . . . . . . . . . . . . . . . 121

6.2 Time-resolved PL decay of OPE-1p in a dilute toluene solution
(dashed line) and as a drop-cast film (solid line). Inset: Tran-
sient PL spectra of OPE-1p film in 2 time regimes (0-100ps
and 2-8ns) and OPE-1p dissolved in toluene. . . . . . . . . . . 127

6.3 Time-resolved PL decay of CdSe QDs of sizes 2.8nm, 4.0nm,
4.6nm and 5.6nm shown in descending order. The correspond-
ing total PL spectra taken from the time-resolved experiment
are shown in the inset . . . . . . . . . . . . . . . . . . . . . . 128

6.4 Time-resolved PL decay of OPE-1/CdSe assemblies contain-
ing CdSe QDs with diameters of 2.8nm and 4.0nm. Insets
show the transient PL spectra for the decays in 2 time regimes
(0-100ps and 2-8ns) . . . . . . . . . . . . . . . . . . . . . . . 130

6.5 Time-resolved PL decay of OPE-1/CdSe assemblies contain-
ing CdSe QDs with diameters of 4.6nm and 5.6nm. Insets show
the transient PL spectra for the decays in 2 time regimes (0-1ns
and 2-140ns) . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.6 Time-resolved decays of OPE-1/CdSe assemblies containing
CdSe(4.6nm) and CdSe(5.6nm) wherein the contribution from
directly pumped QD Pl has been subtracted from the decays.
Solid lines indicate fits to a function containing an exponential
rise and decay . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.7 MEM-NLS analysis of lifetime distributions (from top tobot-
tom) for an OPE-1 drop-cast film, CdSe(2.8nm)/toluene, an as-
sembly of CdSe(2.8nm)-OPE-1, CdSe(4.6nm)/toluene and an
assembly of CdSe(2.8nm)-OPE-1. THe solid lines indicate de-
caying exponential distributions while the dashed line indicates
rising exponential distributions. . . . . . . . . . . . . . . . . . 134

7.1 Differential Scanning Calorimetry data for OPE-1p in thedrop-
cast film form (Bottom) and the single crystal form (Top). Fea-
tures are labelled to indicate the state-state transitions: s-l:
solid-to-liquid, s-s: solid-to-solid, l-s: liquid-to-solid. . . . . . 146
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Chapter 1

Excited States of Semiconductor

Quantum Dots

1.1 Introduction

The field of Nanomaterials[1] represents a diverse effort todevelop, from

a bottom-up perspective, unique materials for a wide variety of technologi-

cal needs. While synthetic chemistry contributes significantly to developing

novel materials in this field, the resulting physics that arise from these mate-

rials represents an important interdisciplinary challenge. The role of physical

chemistry in this field is to investigate these new physical phenomena, using

spectroscopy as the primary tool. Optical nanomaterials are candidates for use

in applications such as solar cells, chemical sensors and information storage. A

functional understanding of the electronic structure is a necessary component

for engineering such devices. This chapter will discuss theaspects that are
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unique to quantum dots that delineate it from the broader category of nanoma-

terials. The focus will be on an accurate model of quantum dotexcited states,

which is the unifying theme of this work. Quantum dots will beintroduced in

two ways in this chapter. The first description will be mostlyqualitative and

will include confinement effects on excited states, size-scaling laws and the

particle-in-a-box model. The second description will be slightly more rigorous

and quantitative

1.2 Electronic Structure of Quantum Dots

1.2.1 Nanomaterial Nomenclature

Some of the most dramatic an intriguing effects of quantum confinement

arise from small chunks of semiconductor material, called “quantum dots” or

“nanocrystals.” Nanocrystals comprises a large category of materials with the

only common feature being that they are crystals that can be measured at the

nanometer scale. Quantum dots form a subset of nanocrystalswherein quan-

tum size effects are the defining feature of this class. While these two terms

can be used interchangeably, the subtle difference is that not all nanocrystals

demonstrate quantum size effects, while all quantum dots do, by definition.

Moreover, nanocrystals define a class within a larger body of“nanomateri-

als.” Nanomaterials is a supercategory containing both amorphous (“nanoparti-

cles”) and crystalline (“nanocrystals”) materials with nanometer-sized dimen-

sions. Within the crystalline category are dimensional sub-categories of “quan-
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tum wells” (2-D films), “quantum wires” (1-D strings) and “quantum dots” (0-

D particles). As an example, a small chunk of semiconductor material of CdSe

with a 2-nm radius is both a quantum dot and a nanocrystal, butas the size

is increased beyond the critical limit (discussed further in this chapter) then

it ceases to be a quantum dot, as quantum size effects become less apparent,

and as it increases beyond the nanometer dimension, it ceases to be called a

nanocrystal. Beyond this size limit, it is not uncommon for these materials to

be called “microcrystals” since they may fall in the micron regime, and be-

yond further beyond this size regime, the material is referred to as “bulk.” (3-D

crystals)

The majority of the work performed is based on CdSe quantum dots within

the size regime of roughly 2nm to 8nm, placing it solidly in the in the quantum

dot category, and which manifest very strong confinement effects. Therefore,

the following descriptions of wavefunction states apply directly only to CdSe,

very weakly apply to II-VI semiconductor variants, have marginally relevant

bearing on semiconductor nanoparticles as a whole, and should not in any way

be applied to metal nanocrystals.

1.2.2 Quantum Confinement

Quantum size effects refer to the non-intuitive changes in physical phe-

nomena associated with a reduction in the size of the physical system beyond a

critical limit. While this limit varies from system to system, it is nearly always

based on the magnitude of the wavefunctions of the quantum system. Quan-

tum confinement[2] is the phenomenon wherein shrinking the boundaries of
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the physical system below the size of the wavefunction causes drastic changes

in the physical properties of the material. Since the wavefunction is the origin

from which quantum effects and subsequently confinement originates from, it

is the most important element to understand.

1.2.3 Electron States

All of the electron states in a quantum dot are derived from a single sub-

set of orbitals and atoms[2]. The interaction of the discrete atomic orbitals

of cadmium with each other in CdSe will eventually lead to the formation of

the conduction band. In the limit of a small number of cadmiumatoms, the

rudimentary conduction band is comprised of the lowest unoccupied molecu-

lar orbitals (LUMO) which are derived from cadmium’s s-orbitals. Cd2+ has

an electron configuration[Kr]5s04d10 so the M.O. configuration of the C.B.

has an orbital angular momentum ofl = 0. Consequently, if a single electron

were placed into the LUMO/C.B., it would have a spin angular momentum of

s = 1/2. The interaction of the electron’s spin-angular momentum(s = 1/2)

and the LUMO angular momentum (l = 0), the so-called spin-orbit coupling

will be J = 1/2 sinceJ = l + s.

It is important to note that electron wave functions will have both principal

and angular momentum quantum numbers that bear some similarity to, but

are not directly related to their atomic cousins. These electron wave functions

are placed in a particle-in-a-box potential well, whereas their atomic variants

are placed into a central potential. The resulting wave functions will haven-

like andl-like characteristics, being both derived from spherical harmonics and
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boundary value limitations. Conventionally these are simply referred to asn

andL.

The naming structure used for quantum dot term symbols is of the form

nLJ and consequently, we can label the all of the electron statesstarting from

lowest energy as1S1/2, 2S1/2, 1P1/2, 2P1/2, .... As a labelling convention for

most semiconductor quantum dots with a non-degenerate conduction band, the

J-term of1/2 is replaced withe to further indicate that this term refers to elec-

tron states rather than hole states. Therefore, for CdSe quantum dots, the nam-

ing convention for electron states appears as1Se, 2Se, 1Pe, 2Pe, ....

1.2.4 Hole States

All of the hole states in a quantum dot are derived in a similarway as the

electron states with the difference being that we start withthe non-metal atom.

The interaction of the discrete atomic orbitals of seleniumwith each other in

CdSe will eventually lead to the formation of the valence band. In the limit of

a small number of selenium atoms, the rudimentary valence band is comprised

of the highest occupied molecular orbitals (HOMO) which arederived from se-

lenium’sp-orbitals.Se2− has an electron configuration[Ar]4s23d104p6 so the

M.O. configuration of the V.B. has an orbital angular momentumof L = 1, 0,

and is therefore doubly degenerate. A hole in the HOMO/V.B.(s = 1/2) will

have an electron configuration that will depend on which subband it is placed

(L = 1orL = 0). As such, the spin-orbit coupling will have two terms, each

one based on a different subband:J = 3/2 for L = 1 andJ = 1/2 for L = 0.

As a result, there will be two sets of hole states, one progression appearing as
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1S1/2, 2S1/2, 1P1/2, 2P1/2, ... and another as1S3/2, 2S3/2, 1P3/2, 2P3/2, .... This

scheme is complicated further by the addition of heavy hole and light hole

splitting in theJ = 3/2 subband, making∆k 6= 0 spectroscopic transitions (or

phonon-enhanced) transitions more complicated, wherek is the wavevector.

The result is that there are very few good quantum numbers in this system and

the spectroscopic transitions can be difficult to assign.

1.2.5 Exciton States

Excitons in quantum dots derive their name from their solid-state counter-

parts[3] with a few minor variations. In the solid-state definition, an exciton is

an electron-hole pair that has localized in a crystal due to the coulombic attrac-

tion between the two partners. This entity travels through the crystal, possesses

a high radiative recombination potential, and can occasionally impede electro-

chemical cell performance. An exciton in a quantum dot does not travel or

migrate due to the size limitations of the actual crystal andhas an even higher

radiative recombination rate due to the resulting strong wavefunction overlap.

While the electrons and holes of an exciton in a solid-state crystal feel only the

periodicity of the lattice and their mutual Coulombic attraction to each other,

electrons and holes in quantum dots feel a very limited lattice periodicity due to

a small crystal as well as a very strong confinement potentialthat exceeds the

Coulombic potential. Whereas the Coulomb potential lowers theenergy of the

system, the confinement potential increases the overall system energy. These

two potential forces are at odds with each other as quantum dot size varies,

with the confinement energy dominating and increasing the system energy in
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small quantum dots and the Coulomb energy becoming the more dominant,

stabilizing force as the dot size approaches bulk-like dimensions. In fact, the

confinement potential is so overwhelming in quantum dots, that their behaviors

can be accurately predicted based on this potential alone. Therefore, the only

useful quantum dot exciton characteristics that are carried from their solid-state

cousins are the lattice parameters and exciton bohr radius[3].

Exciton states are described as combinations between electron and hole

states. The lowest energy exciton state is the “band-edge exciton” (BEE) a

term that has been carried forward from solid-state terminology and represents

the occasionally sharp reflectance transmission near the spectroscopic band-

edge. Just as in the solid-state terminology, the band-edgetransition results

from the bottom of the conduction band to the top of the valence band near

δk = 0, and is referred to as “exciton formation” when light is absorbed and

“exciton recombination” when light is emitted. In the molecular sense, this is

the HOMO-LUMO spectroscopic transition, or the so-called lowest energy ex-

cited states (LEES), and is phenomenologically equivalentto the “absorption”

and “emission” of light. In an empirical sense, the vast majority of photolumi-

nescence spectroscopy is based on the LEES/BEE and thus this state above all

other exciton states will be the focus of our study.

Returning to our definitions of electron and hole states, we can label the

BEE/LEES as1S3/2 − 1Se, which is spectroscopically the strongest transition

observed. The second and third highest excitons are the1S1/2 − 1Se (very

weak) and1P3/2 − 1Pe (strong).
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1.3 The Confinement Potential

1.3.1 Particle-in-a-box Energies

Above all other quantum size effects, the confinement potential is the pri-

mary factor in determining size-dependent behavior in quantum dots. For ac-

tual modelling of quantum dot wave functions, a rigorous particle-in-a-sphere

model is used to obtain accurate energies and wavefunctions. For the pur-

pose of understanding the confinement effect, a particle-in-a-box description

provides all of the important features that delineate it from its atomic and vi-

brational cousins as well as allow us to use easily obtainable solid-state and

quantum constants to model the lowest energy excited state.

Using the particle-in-a-box potential, we make the approximation that the

electron and hole wavefunctions will only exist within the dot boundary, which

we will define as the surface of the quantum dot. The basis for this definition

results from the sharp increase in dielectric constant as the wavefunction moves

outward radially from semiconductor material to organic ligand and eventually

vacuum. In addition, there is a loss of periodicity as the wavefunction departs

the semiconductor material. Therefore, it is natural to associate the width of

our box with the diameter of our particle.

For a 1-D particle-in-a-box, we will use the variablex for length, setting

the origin at the center of the dot, and the parameterR as the dot radius such

that the dot boundaries occur atx = R andx = −R.

Using the particle-in-a-box potential (V) of
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V (|x| < |R|) = Egap (1.1)

V (|x| ≥ |R|) = ∞ (1.2)

Using Schr̈odinger’s equation for this potential, the resulting wavefunctions

are

Ψn(x) =

√

1

R
cos

(nπx

2R

)

(1.3)

with the corresponding energies

En =
n2

~
2π2

8µR2
+ Egap (1.4)

whereµ is the reduced massed of the electron and hole.

Spectroscopically, we will be interested in direct transitions due to exciton

formation or recombination. The most important of these will be the electronic

transition of the band-edge exciton, which will appear as the lowest energy op-

tical transition in the absorbance/transmission spectrumas well as the highest

energy optical transition in the photoluminescence spectrum.

E1 =
~

2π2

8µR2
+ Egap (1.5)

Or, in other words, the confinement energy of a quantum dot band-edge

exciton(EBEE), is the difference between the bulk energy gap and the lowest

energy optical transition.

17



EBEE = E1 − Egap =
~

2π2

8µR2
(1.6)

The importance of this transition in the study of quantum dots cannot be

understated, as it forms the basis from which new nanomaterials are optically

characterized as well as the primary diagnostic tool in assessing dot size in

synthetically prepared batches. Focusing on this transition, we arrive at the

first scaling law for quantum dots:In the strongly confined regime, the band

edge exciton energy is inversely proportional to the squareof the quantum dot

radius.

EBEE ∼
1

R2
(1.7)

Correlated comparisons of structural (T.E.M.) and optical (Absorbance/

Reflectance) studies[4, 1] reveal the theoretical validity and empirical appli-

cations of this law[2].

1.3.2 Oscillator Strength

The oscillator strengths of all the optical transitions in quantum dots will

depend on the spatial overlap of the electron and hole wavefunctions. As the

size of the quantum dot decreases, we will find a proportionalincrease in the

wavefunction overlap. This has led to the implication that oscillator strength

increases with decreasing size for the first exciton. While this is theoretically

true, empirically it has been found that this effect does notcontribute signifi-

cantly to the scaling law found for absorbance transitions of the first exciton.
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In other words, if two batches of quantum dots with differentsizes but pos-

sessing the same number of dots were compared, we would not find a stronger

absorbance signal for the smaller batch, even though the oscillator strength is

significantly stronger for the smaller size. In fact, the opposite case is observed:

the absorbance strength increases with increasing quantumdot size.

To begin understanding the origin of this observation, consider the solid-

state perspective of a unit cell of a quantum dot. That unit cell will have con-

stant defined electronic transition strengths, and defined oscillator strengths

that can be based on the absorption of a single photon of light. As more unit

cells are added to the first, they will increase that absorption rate proportion-

ately with the total number of unit cells. The result is that the absorption prob-

ability of a quantum dot is not only affected by wavefunctionoverlap but also

total mass or particle volume, the latter of which has the most dramatic effect

on the scaling law. The resulting second scaling law for quantum dots is:The

band edge exciton absorbance coefficient scales proportionately with the cube

of the quantum dot radius.Since sphere volume scales with the cube of the

radius, so also will the absorbance rate.

ε(λ) ∼ R3 (1.8)

In our use of the particle-in-a-box description of quantum dots, we have

necessarily left out an important element for assessing theoscillator strengths

of electron and hole transitions having a degenerate energylevel but differing

angular momentum. For example, the particle-in-a-box definition can give us

the oscillator strength for ane = 1 to nh = 1 transition, but cannot give
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information on ale = 1 to lh = 1 transition. If a particle-in-a-sphere definition

were used, the oscillator strength of every transition would have the additional

requirement of angular dependence as manifested by including the spherical

harmonic component to the wavefunctions. Once this angularoverlap has been

included, a complete description of the optical selection rules can be made.

These selection rules are very similar to the hydrogenic atom, since s-shaped,

p-shaped, d-shaped etc... wavefunctions can also be found in quantum dots.

1.4 Carrier Interactions

1.4.1 Coulombic Interaction

The coulombic attraction between the electron and hole within the exciton

can be defined using Coulomb’s law for charged particles

VCoulomb = ±
q1q2

4πε0εR
(1.9)

We can define the electron and hole separation distance to be roughly pro-

portional to the dot radius and the dielectric constant to beproportional to the

bulk dielectric constant, consistent with the so-called effective mass approxi-

mation of quantum dots.

While the Coulomb force plays the primary role in exciton formation in

bulk semiconductors, it plays a secondary role to quantum confinement in

quantum dots. Nevertheless, its effect is more pronounced in the weakly con-

fined size regime and provides the basis of transitioning to the bulk from the
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Figure 1.1. Extinction spectra of CdSe quantum dots coated inHDA of dif-
fereing sizes ranging from 2.0 nm to 8.0 nm (bottom to top) derived from the
size-scaled absorbance spectra.
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the quantum regime in agreement with the correlation principle of quantum

mechanics.

Uniting both the Coulombic effect with the confinement effect, we arrive

at the Brus equation[2], which describes the band-edge energies of strongly

confined quantum dots as a function of dot size.

E =
~

2π2

2µR2
−

1.8

εR
+ Egap (1.10)

which has been used to accurately describe optical transitions in quantum

dots. The “1.8” constant used here arises from1/4πε0 from Eqn. 1.9 being

placed intoeV − Å units.

1.4.2 Exchange Interaction

In addition to the charge-based interaction of the Coulomb effect, there

also exists an exchange-based interaction between the electron and hole. Sim-

ilar to its atomic counterpart (electron-electron exchange), this interaction is

completely quantum mechanical by nature. Moreover, the effect of this ex-

change interaction is incredibly small in comparison to theconfinement or

Coulomb interaction. Regardless, in low temperature experiments of quan-

tum dots, the exchange interaction is pronounced and cannotbe ignored[5, 6].

The resulting inclusion of the exchange interaction results in a splitting of the

exciton states defining a new quantum number (F), and a new selection rule

∆F = ±1 that defines optically allowed (“bright”) and optically forbidden

(“dark”) transitions[7]. Under this description, the lowest energy excited state
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(and thereby the emitting state) is optically forbidden, the so-called dark ex-

citon, because it requires∆F = 2. However, if there is a decent amount of

thermal energy present, this transition becomes allowed due to phonon partici-

pation. Since this is a 3-bodied interaction (electron, hole, phonon) it proceeds

very weakly and only at high phonon density (higher temperatures). Therefore,

at cryogenic temperatures, the lifetime of the band-edge exciton approaches

nearly one microsecond. As the temperature is increased, the selection rule

is broken both due to phonon coupling as well as thermal repopulation of the

optically bright states. The energy gap between the optically bright and dark

states is of the order of∼ 25meV such that at room temperature, there is a

significant population of optically bright excitons.

1.5 Particle-in-a-sphere Model

A much more rigorous approach to examining exciton behaviorin quantum

dots can deliver accurate behavior and energies for a multitude of quantum

dot states. One commonly used model, based on a “particle-in-a-sphere” is

reviewed here, and afterward a SCF (self-consistenst field) method is proposed

in order to show how quantum dot energies and wavefunctions can be obtained

as a function of size and varying quantum numbers.

1.5.1 The Wavefunctions

To study the exciton state we write out the exciton wavefunction(Ψexc) as

a product wavefunction of the electron(Ψe) and hole(Ψh):
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Ψexc = ΨeΨh (1.11)

The effective mass/envelope function approximation (EMA/EFA) is used

for the electron and hole wavefunctions, which will be true for states that are

close to the bulk conduction and valence band edges neark = 0

Ψe(k, r) = µCB(k)ψe(r) (1.12)

Ψh(k, r) = µV B(k)ψh(r) (1.13)

where the bloch wavefunctions of the conduction band(µCB(k)) and va-

lence band(µV B(k)) have been separated from from the electron(ψe(r)) and

hole(ψh(r)) envelope wavefunctions. The envelope wavefunctions can now be

calculated by solving the Schrödinger equation(HΨ = EΨ). For simplicity,

we show here only the spherically symmetric wavefunctions,allowing us to

ignore the angular dependencies ofθ andφ. Therefore, the following treatment

will be accurate for the BEE state1S3/2 − 1Se since it is S-like but will not be

accurate for non-S-like states such as the1PS3/2 − 1Pe.

1.5.2 The Hamiltonian

The Hamiltonian can be written as a sum of the kinetic energy,confinement

potential and coulomb potential:

24



Ĥ = Ĥkin,e + Ĥkin,h + VCoul,e + VCoul,h + Vconf,e + Vconf,h (1.14)

The spherically symmetric kinetic energy terms can be written as:

Ĥkin,e =
1

2me

(

∂

∂r2
e

+
2

re

∂

∂re

+
1

r2
e

∂2

∂r2
e

)

(1.15)

Ĥkin,h =
1

2mh

(

∂

∂r2
h

+
2

rh

∂

∂rh

+
1

r2
h

∂2

∂r2
h

)

(1.16)

In order to obtain numerically calculable values, we choosea sigmoidal

function as this possesses qualities similar to that of a particle-in-a-box and

also allows for “tuning” of the “softness” of the potential barrier

Vconf,e =
V∞,e

1 + e−(r−R)/s
(1.17)

Vconf,h =
V∞,h

1 + e−(r−R)/s
(1.18)

(V∞,e(h)) is the potential outside the quantum dot for the electron (hole),

R is the quantum dot size, ands is the softness factor, whose magnitude is

directly proportional to how rapidly (in terms of length) the confinement po-

tential changes asr approachesR radiating outward from the center of the dot.

In general, it will be desirable to choose very small values of s since this will

most closely resemble a particle-in-a-box potential.
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The electron and hole will Coumbically interact with each other using the

Hartree-Fock approximation. The Coulomb correlation potential for the elec-

tron and hole are:

VCoul(re) = −
1

ε

∫

∞

0

1

|re − rh|
|ψh(rh)|

2r2
hdrh (1.19)

VCoul(rh) = −
1

ε

∫

∞

0

1

|rh − re|
|ψe(re)|

2r2
edre (1.20)

To review, this Hamiltonian has seven parameters(me,mh, ε, R, s, V∞,e, V∞,h)

and 2 variables(re, rh). However, since we are using the effective mass ap-

proximation, we can use the bohr radius in a semiconductor(ab) in terms of

the reduced mass of the electron and hole(µ) to reduce our total parameters

from seven to six.

ab =
ε

µ
= ε

(

1

me

+
1

mh

)

(1.21)

Four important figures are extracted from solving the Schrödinger equation:

Ee, ψe(re), Eh andψh(rh)

1.5.3 SCF Iterations

The following simple HF-SCF method is an example of how energies and

wavefunctions in quantum dots can be numerically calculated using the particle-

in-a-sphere model. At the end of this section, we display a few results of what

a calculation like this can generate.
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In general, the SCF iterations proceed in four repeating steps, and termi-

nate when the energies between two iterations falls below anarbitrary limit

(such as0.2%). The first step is arbitrarily started with the electron by solving

Schr̈odinger’s equation for the electron:

1

2me

(

∂

∂r2
e

+
2

re

∂

∂re

+
1

r2
e

∂2

∂r2
e

)

ψe(re) = Eeψe(re) (1.22)

In the second step, the wavefunctions obtained in the first step are used to

calculate the Coulomb potential for the hole:

VCoul(rh) = −
1

ε

∫

∞

0

1

|rh − re|
|ψe(re)|

2r2
edre (1.23)

In the third step, the Schrödinger Equation is solved for the hole wavefunc-

tion using the hole Coulomb potential calculated in the second step:

1

2mh

(

∂

∂r2
h

+
2

rh

∂

∂rh

+
1

r2
h

∂2

∂r2
h

)

ψh(rh) +
V∞,h

1 + e−(rh−R)/s
ψh(rh)

+VCoul(rh)ψh(rh) = Ehψh(rh)

In the fourth step, we calculate the Coulomb potential of the electron based

on the hole wavefunction obtained in the third step:

VCoul(re) = −
1

ε

∫

∞

0

1

|re − rh|
|ψh(rh)|

2r2
hdrh (1.24)
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The fifth step will be similar to the third step, except that now we will be

calculating a hole potential rather than an electron potential:

1

2me

(

∂

∂r2
e

+
2

re

∂

∂re

+
1

r2
e

∂2

∂r2
e

)

ψe(re) +
V∞,e

1 + e−(re−R)/s
ψe(re)

+VCoul(rh)ψe(re) = Eeψe(re)

The sixth step will identically repeat the second step, wherein a hole poten-

tial will be calculated from the electron wavefunction found in the fifth step.

In general, steps 2-5 will be repeated until the energies obtained after several

iterations changes by an arbitrarily small amount.

1.5.4 Example SCF Calculations

The uncorrelated wavefunctions (accounting for confienement effects only,

and neglecting electron-hole correlation) can be calculated. In Fig. 1.2 we show

the first three spherically symmetric wavefunctions for an arbitrary quantum

dot. The insets reflect the relative radial probability distributions (∼ |ψ(r)|2r2).

The confinement potential produces the desired behavior forthe wave-

functions in the uncorrelated cases: each wavefunction approaches zero at the

boundary,r = R = 50 bohrs, and higher energy wavefunctions(n = 2, 3)

display the expected number of nodes(n − 1). It is instructive to mention

that if we look at the higher energy wavefunctions, we find that the their ra-
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Figure 1.2. Wavefunctions and radial probability distributions (insets) for a
spherical quantum dot with parameters:me = mh = 1, R = 50bohr, s =
1, ε = 1, V = 100, for the speherically symmetricn = 1, 2, 3 states (top to
bottom).
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dial probability distributions display peaks (as seen in insets of Fig. 1.2 are all

equally tall. This deviates from their atomic cousins wherein these peaks were

all of different size, with the highest peak always being theone furthest from

the nuclear center. The reason for this discrepancy arises from the shape of the

potential well. In the particle-in-a-sphere potential, the confinement potential

within the well is uniform, thus giving rise to equally tall peaks. In the hydro-

genic atom, the potential arises through the Coulomb attraction centered at the

nucleus, therefore this non-uniform potential gives rise to non-uniform peaks.

Introducing electron correlation through the Coulomb interaction between

the electron and hole as performed in the recurring steps of the SCF iteration,

allows us to obtain the corrected wavefunctions. An exampleof this iterative

process is show in Fig. 1.3 under 5 iterations. The electron and hole wavefunc-

tions change more dramatically in the first few iterative steps (as expected) and

change very little in the later iterative steps.

Within the first few iterative steps, the energy approaches afixed value, and

the change in energy between iterations quickly drops below1%. In Fig. 1.4

the electron and hole energies are shown as a function of iteration number. As

can be seen from the inset, the relative change in energy between iterations

approaches0%, making 5 iterations more than sufficient.

1.6 Chapter Overview

The chapters have been divided into two parts. Part I deals only with as-

pects studied in chemically-synthesized CdSe quantum dots,while Part II deals
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Figure 1.3. An example SCF iteration for a spherical CdSe quantum dot for the
1S orbitals of the hole (left column) and electron (right column) as the iteration
proceeds from start to finish (top to bottom). Parameters:me = 0.13,mh =
0.4, ε = 10.6, R = 20b, s = 0.25b, Vh = Ve = 100h
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Figure 1.4. A plot of the energies of a spherical CdSe quantum dot as a function
of iteration (correction number) for holes and electrons corresponding to the
wavefunctions in Fig. 1.3.
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with the interaction of CdSe quantum dots with organic molecular wires both

in hybridized and doped forms. Chapter 2 presents a size-dependent study

of CdSe Quantum Dot Lifetimes, wherein radiative and nonradiative recom-

bination rates are shown to follow quantum confinement and lattice distortion

effects, respectively. In Chapter 3, the Maximum Entropy Method is used to ex-

tract lifetime distributions from CdSe quantum dots and a comparison is made

between them and a version wherein they have been coated withan inorganic

passivant, ZnSe. In Chapter 4, CdSe quantum dots are studied under con-

tinuous excitation radiation under hours-long timescalesto show how power-

dependence can affect the complicated kinetic interplay between the band edge

state and other carrier states. The unifying theme in the first four chapters is

the elucidation of intrinsic quantum confinement effects aswell as extrinsic

surface effects through a study of the kinetics.

The remaining chapters deal with a unique combination of CdSequantum

dots and a short-chain organic polymer, where the unifying theme is the en-

ergy transfer and migration between all of the different pseudo-particle species

through. Chapter 5 and 6 study a unique hybrid nanomaterial composed of

CdSe quantum dots, bound tightly to organic molecular wires.Chapter 5 stud-

ies how quantum dot size and oligomer chain-length affect energy transfer and

migration on the steady-state scale, while Chapter 6 elucidates how the differ-

ent species involved contribute to the nanosecond timescale kinetics. Chapter

7 studies a new material wherein CdSe quantum dots have been mixed with the

molecular wire film in dopant amounts. Here, a broader kinetic picture of the

interplay of all the excited states, as well as the potentialapplication for optical
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memory devices is illustrated.

Topically, CdSe photophysics is the unifying theme of this entire work.

Experimentally, time-resolved and energy-resolved photoluminescence is the

unifying method from which all these effects are probed. Conceptually, kinet-

ics is the unifying approach to investigating the CdSe excited states.
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Chapter 2

Time-Resolved Size-Dependent

CdSe Quantum Dot Lifetimes

Reprinted with permission from “Nanosecond Exciton Recombination Dy-

namics in Colloidal CdSe Quantum Dots Under Ambient Conditions” A. Javier,

D. Magana, T. Jennings and G.F. Strouse,Applied Physics Letters, (2003), 83,

1423. Copyright 2003, American Institute of Physics.

2.1 Introduction

The exciton recombination dynamics of semiconductor quantum dots (QDs)

of CdSe[1] have been explored in epitaxial[8] and colloidal systems[9, 10].

Following photo-induced charge separation, carriers cool[11] (< 200fs), re-

lax[12] (1 − 50ps), and recombine at the band-edge[9, 10](1 − 50ns) with

nonexponential decay dynamics at room temperature. An extrinsic effect on
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the BEE can be thought of as occurring due to trapping of a charge carrier fol-

lowing the initial photo-excitation, preventing immediate recombination, but

generating a small intra-dot electric field[13]. Within thelifetime of the trapped

carrier, a second photo-excitation event can occur with subsequent radiative re-

combination occurring from a charged exciton (CE). It is known that carrier

trapping is the primary cause for nonexponentiality in the band edge exciton

(BEE) decay from single dot experiments[10]. Charged excitonphotolumines-

cence in MBE grown quantum dots has been observed and is referred to with

respect to the number of charges and charge type; however, inthis study we

have avoided this nomenclature since we cannot discretely assign the photo-

induced carrier type[14]. A systematic study on a series of nine lyothermally

prepared CdSe samples isolated from the same reaction batch[4] provide evi-

dence that the biexponential decay process can be attributed to the independent

decays of BEE and CE states. Size-dependent radiative recombination for the

BEE and CE follow the cube of the size, as expected from the trends in the

oscillator strengths[15]. In addition, we observe that thenonradiative recom-

bination (knr) for the BEE follows the energy gap law[16] (EGL) while the

CE exhibits lattice perturbations arising from a behavior related to the Marcus

inverted region (MIR), which results in efficient non-radiative coupling to the

perturbed ground state of the charged particle. Such an effect is expected since

the charging of the lattice induces Frölich coupling.
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Figure 2.1. Representative data for the CdSe quantum dot sizesstudied
(λexc = 320nm, 20W,∼ 10ps pulse). a) Transient photoluminescence of a
22Å radius CdSe quantum dot in toluene at room temperature, usinga moving
time average, from bottom to top, from t=6ns, 18ns, 31ns, 39ns, 48ns, 60ns,
72ns, 85ns, 93ns and 106ns. There is a∼ 20meV shift (vertical lines) to higher
energy at longer times. b) Semi-log plot of time-resolved photoluminescence
shown with a bi-exponential fit overlaid (white line) for CdSe22Å radius (up-
per curve) and CdSe26Å radius (lower curve).
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2.2 Experimental Details

The lyothermally prepared CdSe quantum dots possess narrow inhomo-

geneous linewidths(< 200meV ), with observed stokes-shifts consistent with

previous studies[4] (Fig. 2.1a). Time-correlated single photon counting PL

measurements were taken using∼ 420nm excitation energy,∼ 200fs wide

pulses at∼ 1kHz rep. rate, with an average power of∼ 0.02mW , detected

with an MCP-PMT (∼ 20ps response) and TC-SPC card. In all sizes stud-

ied, the luminescence decays were monitored at the peak of the cw-PL spec-

tra. Transient PL measurements were taken using∼ 320nm excitation energy,

∼ 10ps wide pulses at 1MHz rep. Rate, with an average power of∼ 0.02mW ,

detected with a streak camera.

2.3 Fitting and Data Analysis

The time resolved traces (Fig. 2.1b) are fit to biexponentialdecays, con-

sistent with observing two independent but energetically overlapping decays.

This assumption is supported by the∼ 20meV shift in the PL peak at different

observation times (Fig. 2.1a), indicative of two competingemissive states with

different lifetimes. The shift in PL is roughly consistent with the spectral shift

observed in single-dot experiments[14, 17] due to carrier trapping[18], and is

analogous to the quantum confined stark effect[13]. Fits to the data reveal that

the exciton lifetimes in all sizes consist of a fast component (∼ 1−3ns), which

we assign to the CE state, and a slow component(∼ 20 − 30ns), assignable

to the BEE state, that decrease with size (Fig. 2.2c). Time-resolved PL shifts
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Figure 2.2. a) cw-PL quantum yields (in percentage) as a function of CdSe
radius (a). b) fractional contribution of the fast component (ffast) to the pre-
exponentials(Ifast(0)/Itotal(0)) from the biexponential fits to the lifetimes. c)
The lifetimes extracted from the bi-exponential fitting.
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indicate that the CE emits at a lower energy than the BEE, by∼ 20meV . The

pre-exponential fractions of the fast component(Ifast(0)/(Ifast(0) + Islow(0))

in Fig. 2.2b increase with size and the quantum yields[19] monotonically de-

crease with size from 35 to 2 (Fig. 2.2a).

With two non-interacting decays, it is straightforward to calculate the ra-

diative lifetimes for state|i >, (τr,i) using the total quantum yield(Φ) the

observed lifetime(τi), and pre-exponential term(Ii(0)) of state|i > and the

observed lifetime(τj) and pre-exponential(Ij(0)) of the other state|j >,

1

τr,i

=
Φ

τi + (Ij(0)/Ii(0))τj

(2.1)

where the quantum yield for state|i > is a product of the total measured

quantum yield and the fraction of emitted photons coming from |i >, based on

the pre-exponential components and lifetimes. In general,> 90 of the photons

observed are emitted from the BEE state and is the major contributor to the

observed photon yield. The experimental results indicate 1)τr ∼ a3, 2) theτrs’

are very similar between the BEE and CE, and 3)τrs’ are much longer than

predicted by oscillator strengths measured by absorption[15]. The size depen-

dent scaling parameter for the radiative rate data (Fig. 2.3a) fits to a power-law

expression(kr(a) = xan) with n = −2.8 for the CE (n = −3.8 for the BEE).

This correlates with the predicted behavior, since the oscillator strength (f)

in CdSe quantum dots increases linearly with size[15, 20](∼ a), and within

the strong confinement regime the exciton energy(Eex) will roughly scale in-

versely with the square of the size[2](Eex ∼ 1/a−2). Therefore,kr, which is a

product of the energy squared and the oscillator strength[21] (kr ∼ E2
exf), will
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Figure 2.3. Radiative and nonradiative decay rates extracted from correlation
of the quantum yields and the luminescence lifetimes. a) A plot of the radiative
rate components versus the inverse cube of the radius (a), where the lines rep-
resents a∼ a−3 fits. Closed circles correspond to the fast lifetime component
and the open circles, the slow component. a) A plot of the natural logarithm of
the nonradiative rate versus the energy gap (lowest energy absorption feature),
with a linear fit for the slow component (BEE, lower curve) and aquadratic fit,
meant only as a guide to the eye, for the fast component (CE, upper curve).

scale with the cube of the size(kr ∼ 1/a3). The similarity of the magnitude of

theτrs’ (even as a function of size) between the two decay processes strongly

imply that they are related in character but perturbed by an extrinsic process,

such as the presence of a small electric field perturbation. The very long radia-

tive lifetimes observed(∼ 102 − 103ns) are consistent with the confinement

enhanced exciton exchange interaction[22].

The two-state model can be further supported by inspection of the non-

radiative rates(knr,i = 1/τi − 1/τr,i), (Fig. 2.3b). An exponential depen-
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dence of the nonradiative rate for the long lifetime with theeffective bandgap,

ln(knr) ∼ −Egap, (whereE1S3/2−1Se ∼ Egap) is consistent with the EGL[16],

implying that the nonradiative decay channels are dominated by phonon emis-

sion, that the lattice is harmonic over the energy range studied, and in general

follows well-understood photophysics in the weak couplinglimit. The EGL

is an approximation derived from the Franck-Condon overlap of vibrational

wavefunctions between two displaced harmonic oscillators(the excited state

and the ground state) as a function of the energy difference between them.

This correlation is expected for the direct-gap nature of a band-edge exciton

recombination in CdSe, and allows the assignment of the long lifetime decay

to the BEE in the absence of extrinsic effects.

Analysis of the short lifetime suggests it arises from the CE state, and is in-

fluenced by extrinsic surface-related effects. A plot of theshort-lived state’sknr

(Fig. 2.3b) does not follow a completely linear dependence with Egap, reach-

ing a maximum ata ∼ 25Å, followed by a reversal in trend. This observation

can be attributed to a large lattice distortion in the excited state, where vibronic

overlap reaches an eventual maximum inknr. Large excited state distortions

have also been found in single dot studies where fluctuating electric fields can

induce strong exciton-LO phonon coupling[23]. Beyond this maximum,knr

processes result primarily from thermal activation as the system has techni-

cally crossed into the Marcus inverted region (MIR). The connection between

the bell-shaped MIR and linear EGL has only been recently verified[24], but

can be intuitively obtained by examination of the displacement in energy of any

two harmonic oscillators. The lattice distortion, which gives rise to an order of
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magnitude increase inknr in the CE state (Fig. 2.3b), is most likely a result

of Frölich coupling to optical phonons in the system originatingfrom charge

screening by lattice reconstruction. The existence of a donor state that per-

turbs BEE emission has been found in pressure-dependent studies of CdSe[25],

where it has been shown that strong electron-phonon coupling to ligand vibra-

tional states induces a minimum in the Gruneisan parameter at the same quan-

tum dot size(a ∼ 25Å) that a maximum appears in our nonradiative relaxation

rates, supporting the presence of a strongly distorted state.

2.4 Chapter Summary

In conclusion, we have been able to describe the ensemble size-dependent

recombination rates of a large sampling of CdSe QDs, through carrier trapping

at the surface inducing a charging of the dot core which induces subsequent

absorption and emission to occur under this Stark field. We find that an in-

trinsically long, low energy BEE recombination occurs in competition with

an extrinsically short, high energy CE recombination. We show that the ra-

diative lifetimes arise from quantum confinement through the size-dependent

relationship,τr ∼ a3. Although Auger relaxation effects[26] have been ne-

glected, especially Auger photoionization[27], surprisingly, the nonradiative

decays can be analyzed using an energy gap analysis (throughquantum con-

finement) based purely on vibronic overlap, without the needto invoke other

explanations for the data trend. This extrinsic lifetime decay is being probed

further with varying pump rates, since Auger processes scale with carrier con-
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centration. In addition, size effects were neglected in theEGL analysis, and

these are likely to play a role. We conclude that the BEE follows the EGL, sug-

gesting phonon emission to be the dominant process, while the CE follows the

MIR, implying strong lattice distortion presumably due to Frölich coupling.
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Chapter 3

Maximum Entropy Analysis of

CdSe Quantum Dot Lifetimes

3.1 Introduction

CdSe quantum dots[1, 28, 29] (QDs) are ideal semiconductor nanomateri-

als for studying electronic excited state decay processes[5, 30, 8, 31], owing

to their ease of preparation[4], their bandgap lying in the visible range, and

their nanoseconds-long photoluminescence (PL) lifetime decay[32, 31, 10]. At

cryogenic temperatures, they possess a surprisingly long lifetime[6] (∼1µs)

that arises from the electron-hole (e−/h+) exchange splitting of the exciton,

giving rise to a dipole-forbidden transition called the dark exciton[28] and a

dipole-allowed transition called the bright exciton[22].Relaxation into, and

emission from, the lower energy dark exciton produces theµs-long lifetimes

observed at these temperatures. At higher temperatures wherein the Boltzmann
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energy (kBT) is greater than the e−/h+ exchange energy, thermalization results

in population of the bright exciton state[9, 33]. Empirically, there is no drastic

changes in the lifetimes[9] when T>100K, so lifetime studies done at room

temperature can be considered to fall within a high-temperature, bright exci-

ton populated regime. This bright exciton state is expectedto be the primary

contributor to the room-temperature (RT) PL. However, inspection of the RT-

PL reveals that mono-exponential kinetics are not obtainedin monodisperse

samples[34, 32, 10, 31] and that a size distribution argument of 5% still cannot

account for the observed non-exponentiality in ensemble measurements.

Single-dot[35, 36, 37] time-resolved spectroscopic studies[10, 38] in this

high-temperature regime corroborate these findings and have revealed that the

PL lifetime is strongly correlated to the PL intermittency,such that mono-

exponential decays can be obtained for dots which areon more often, and

non-exponential decays are obtained for dots which areoff more often. There-

fore each dot within an ensemble measurement will have its own character-

istic lifetime decay[10], and more importantly each decay event will have its

own individual lifetime[38]. These studies highlight the role of Auger photo-

ionization (API) in the excited state behavior[10] which isthe origin of the

intermittency[39, 27, 40], and is a strong contributor to the lifetime decay.

Since API results in carriers trapping outside of the QD at lower energy trap

centers, such as those found in surface states[41], this implies that surface qual-

ity plays a dominant role in the PL lifetime characteristics. In essence, the ex-

cited state is coupled to a distribution of trap states, which will cause a strong

distortion in its lifetime behavior. It follows that a distribution of trap centers
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results in a distribution of trapping rates for the charge carriers, and ultimately

a distribution in the observed lifetime decays[10, 42].

The currently accepted model for the PL lifetime decay in CdSeQDs is a 3-

state model that characterizes the non-exponential lifetime as asingle, strongly

distributed lifetime decayarising from the recombination of the electron and

hole at the semiconductor band-edge, often referred to as the band-edge exci-

ton (BEE) returning the system to its crystal ground state (CGS). In the 3-state

model, carrier trapping events produce a distributed charged dot state (CS) that

is assumed to be non-emissive[39], inducing distributed non-exponential de-

cay behavior by coupling to the emissive BEE state. The intrinsic radiative and

non-radiative rate constants of the BEE are assumed to be unaffected by carrier

traps. However, extrinsic nonradiative trapping rates shorten the observed life-

time. Because the charge carrier has the opportunity to trap at a variety of dif-

ferent sites, the ensemble result is that a distribution of mono-exponential de-

cays are observed, corresponding to each specific trapping event with a differ-

ent lifetime. The averaging of these lifetime decays produces a non-exponential

decay. The extraction of this distribution can be performedusing several dif-

ferent methods, the simplest being an inverse Laplace transformation[10]. The

peak of the lifetime distribution is related to the intrinsic radiative and non-

radiative rates while the width of the distribution is related to the number of

carrier traps present, which are known to fluctuate depending on the local en-

vironment. Therefore this 3-state model consists of two discrete states (BEE

and CGS) and one distributed state involving a charge trapping event wherein

the QD core is charge imbalanced, called the charged dot state (CS).
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An alternative 4-state model exists, which incorporates anemissive charged

excitonic state[43, 32, 44]. This model encompasses the 3-state model ele-

ments but continues with events that occur while the dot is charged. If the

time that the carrier spends in the trap is relatively long, or if the radiation den-

sity is high enough, a second absorption of a photon can occur[45] from the

CS[32], thus forming a charged exciton (CE). This entity is a doubly excited

particle wherein an exciton is formed in the CdSe core and is influenced by the

Stark field generated by the trapped charge (on the surface) and its opposite

partner (which remains in the core) as well as Coulomb correlation effects[46].

This CE state has been observed and is shown to distort the spectral profile

of ensemble QD measurements[32]. Laser power and surface quality are the

primary factors that determine the influence of the CE[44]. This CE state is

emissive[32] and can obstruct measurement of the single-photon lifetimes con-

siderably by complicating the lifetime decay traces.

Of greater interest to the field is the development of a self-consistent model

to explain the enhanced quantum efficiency observed upon theaddition of a

thick ZnS shell to the surface of a CdSe core[47]. These core-shell structures

exhibit increased quantum efficiency that has been ascribedto removal of sur-

face trap centers, which should lead to distributed but nearly mono-exponential

decay kinetics arising from the decay of the exciton at the band-edge. De-

veloping a self-consistent model to describe the decay kinetics for core and

core-shell QDs is critical for developing a full understanding of the importance

of trapping to explain the wildly variant quantum efficiencies and lifetimes in

these materials.
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It is desirable, then, to seek a method in which these decays can be ana-

lyzed without the prior assumption of a kinetic model, as this will be the most

rigorous and unbiased approach. In this way, the kinetic model is not a pa-

rameter added to obtain the lifetime, but in factis the solution of the lifetime

data. While simple inverse Laplace transformations have been used to extract

this data[10], they are prone to instrumental artifacts[48] such as baseline dis-

tortion and so a more rigorous method that can be applied to all CdSe QD

lifetimes is needed.

In this chapter, we show how transient PL data can be analyzedwith a

powerful fitting method, called the Maximum Entropy Method (MEM), that

ultimately allows unambiguous assignment of two distinct excitonic states in

CdSe QDs at room temperature. MEM-NLS can provide a detailed picture

of the excited state decay processes in materials that have multiple decay pro-

cesses complicated by a distribution arising from size, shape and trap densities.

The analytical power of MEM lies in itsa priori determination of lifetime dis-

tributions through the use of the most conservative estimate.

We first describe our method of acquiring the transient PL, then describe

the problem of examining complex kinetic behavior, followed by a short dis-

cussion of the solution to this problem offered by the MEM method. We then

examine the resulting lifetime distributions from our MEM analysis for CdSe

and CdSe/ZnS QDs, wherein we are able to explain our observations in the

context of a 4-state model. We find that the addition of an inorganic capping

layer to CdSe QDs primarily results in the enhancement of Auger nonradia-

tive processes that quench the charged exciton PL. Finally,our correlations to
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single-dot lifetime studies in the literature reveals thatthe inclusion of photo-

induced charging within the excited state behavior provides a complete model

for explaining CdSe QD lifetimes in a room-temperature, solvent-dispersed

environment.

3.2 Experiment and Analysis

3.2.1 Sample Preparation, Instrumentation and Analysis Soft-

ware

CdSe quantum dots were prepared by colloidal techniques[4].In some

cases they were overcoated with a layer of ZnS [34, 49]. The QDs used in

this study consisted of two preparations of CdSe, with radii (a) of 22Å, one of

which was further overcoated with a ZnS shell consisting of 3.8 monolayers,

estimated from precursor ratios.

Time-resolved spectra were gathered on CdSe QDs dissolved intoluene by

10ps duration pulses at 320 nm (3.875 eV) at a 1 MHz repetitionrate obtained

by frequency-doubling the output of a synchronously-pumped, cavity-dumped

R6G dye laser. Final spot size at the focal point was 50µm. After dispersion

of the emitted light through a 1/4-m Chromex monochromater, detection was

achieved with a Hamamatsu streak scope. In Fig. 3.1 we show a typical streak

image taken of one of our samples, a CdSe QD dispersed in toluene. As can be

seen, use of a streak camera as a detection method allows for the collection and

analysis of not only the time-resolved decays, but the transient PL. Lifetimes
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Figure 3.1. Streak image taken of a CdSe QD(a=22Å) where cw-PL spectra
can be taken by binning pixels vertically (a) or Time-resolved decays can be
taken by binning pixels horizontally (b). The excitation pulse is also shown in
(b)

were extracted by binning the pixels vertically (Fig. 3.1b)across the desired

wavelength range while transient PL spectra are obtained bybinning the pixels

horizontally (Fig. 3.1a).

All MEM-NLS fits were performed with MemExp v2.0, developed by P.J.

Steinbach[50, 51], using realistic parameters for this particular data set. In par-

ticular, rising distributions (negative exponentials) were neglected in this data

set. Extrapolated processes were also eliminated such as those that occur at

times comparable to the excitation pulse (∼ 10ps) or larger than the empirical
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time window (∼ 200ns). Traditional nonlinear least squares fitting was per-

formed withMathematica 4.2. Transient PL data was analyzed by fitting the

PL to single Gaussian functions,[I(E0)e
−(E−E0)2/∆E], which allowed facile

extraction of the peak characteristics such as height(I(E0)), position(E0), and

width(∆E).

3.2.2 The Problem of Assessing Lifetime Distributions

Complicated decay processes can make choosing the appropriate kinetic

model based solely on inspection of the raw data very misleading. As an ex-

ample, we show in Fig. 3.2 how lifetime data for CdSe(a=22Å) in toluene at

room temperature can be fit to 3 distinct lifetime functions.The two most pop-

ular models to which CdSe lifetime data are fit are shown, namely a discrete

dual decay model and a distributed decay model.

The bi-exponential decay(DBi(t)) consists of the fractional contribution

(x∈0≤x≤1) of two lifetimes (τ1,τ2),

DBi(t) = xe−t/τ1 + (1 − x)e−t/τ2 (3.1)

The stretched exponential decay consists of the William-Watts lifetime

(τWW ) and the stretching parameter (β),

DWW (t) = e−(t/τWW )β

(3.2)

However, as can be seen in Fig. 3.2, both the bi-exponential fit (dual de-
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Figure 3.2. Comparison of 3 different fitting techniques for PL lifetime data
for CdSe(a=22Å)-TOP(O) dissolved in toluene. a) PL decay traces are fit to
a bi-exponential, a stretched exponential (β=0.67) and a distribution function
given by the MEM-NLS algorithm. b) An expanded view of the tail of the
decay trace in shown in a). c) the residuals for the fits given in a).
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cay model), and the stretched exponential fit (distributed decay model) deviate

significantly from the data set in the tail region, which is a critical region in

assessing fit quality. This suggests that these distributions alone do not accu-

rately reflect the obviously complicated decay kinetics, and consequently do

not reflect the underlying physics that influences the decays. Formally the dis-

crete nature of the biexponential process follows the sum oftwo Dirac delta

functions when written in terms of its distribution,

fBi(τ, x, τ1, τ2) = xδ(τ − τ1) + (1 − x)δ(τ − τ2) (3.3)

such that the distribution is infinitely thin and defined onlyatτ1 andτ2. The

stretched exponential, also called a William-Watts exponential, is described by

a slightly more complicated expression[52]:

fWW (τ ′, β) =

(

−1

π

)

τ ′

∞
∑

k=0

(−1)k

k!
sin(πβk)

Γ(βk + 1)

τ ′βk+1
(3.4)

whereτ ′=τWW /τ . This lifetime distribution function can be evaluated with

differing stretching parameter values(β), as shown in Fig. 3.3. A higherβ

value corresponds to a tighter distribution which has a morediscrete appear-

ance, while a lowerβ value corresponds to a wider distribution. In addition,

the peak of the distribution deviates more strongly (towardlonger lifetimes)

from the extractedτWW as β decreases and eventually approaches a truely

random distribution(β → 0). Whereas discrete exponentials such as the bi-

exponential represent state-to-state transitions with well-defined, quantized en-

ergies, distributed kinetics reflect systems with closely spaced continuum-like
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Figure 3.3. The William-Watts distribution function(fWW (τ, β), evaluated at
different values of the stretching parameter (β)

energy levels wherein there is a dominant transition process coupled to a con-

tinuum of states. As the stretching parameter approaches its maximum value,

(β → 1) it can be inferred through the Fermi Golden Rule[21], that thesystem

transitions from continuum-like energy level spacing to discrete-like energy

level spacings. The procurement of accurate lifetime distributions therefore

strongly impacts our understanding of the energy level structure in CdSe QDs.

The discrete and distributed fits to CdSe QD lifetimes that have been used

(Eq. 3.1 and Eq. 3.3) represent only the limiting cases of thetrue lifetime distri-

bution(f(τ)), which is convoluted with it’s own time-dependent decay(e−t/τ ).

In principle, this relationship can be written simply as a convolution integral in

the time domain as
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D(t) =

∫

∞

0

f(τ)e−t/τdτ (3.5)

Therefore it is mathematically possible to arrive at(f(τ)) through decon-

volution of this integral[53]. Such an approach would allowthe extraction of

the true lifetime distribution prior to the simplification that leads to Eq. 3.1 and

Eq. 3.2. When examining very complicated kinetics, Eq. 3.1 and Eq. 3.2 fail

to accurately reflect phenomena such asbothdistributed and discrete processes

that compete with one another.

3.2.3 The Solution Offered by the Maximum Entropy Method

When performing mathematical transformations on data, families of re-

lated solutions are generated[53, 54] that are inherently influenced by variables

such as systematic noise. The presence of systematic artifacts can significantly

reduce the apparent resolution and data quality, obscuringthe underlying pro-

cesses being investigated. The development of mathematical algorithms to deal

with this inherent complication between data collection and its subsequent data

analysis has led to several different noise-filtering techniques. MEM is one

such technique that has found wide application in many diverse fields, ranging

from telescopic image filtering in astronomy[55] and deconvolution of compli-

cated enzyme kinetics in biophysics[56, 51]. Despite its current wide applica-

bility, MEM has entered into the realm of basic exponential analysis only as

recently[57, 53] as 1999, and as of this writing, less than 400 articles utilize

this method in their data analysis, only 15% of which deal with the analysis of
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kinetic data. An even smaller fraction of this 15% use MEM to analyze fluores-

cence decay data. The majority of the articles composing this 15% have been

released only in the past few years. The use MEM has thereforebeen spreading

rapidly in the field of analysis of lifetime data, and to the authors’ knowledge,

this article represents the first account of its applicationto any nanoscale sys-

tem.

The core principle of MEM is that in a system of many variables, some

of those variables will be strongly dependent on the behavior of others, such

as systematic experimental errors. As such, one can find strong correlation

between such parameters and this influences the overall entropy of the solu-

tion that incorporates those variables. In this case, entropy, refer to the lack

of intrinsic patterns and order found in a multi-variable system wherein some

variables may be nonlinearly correlated to each other. These correlated vari-

ables may represent undesirable artifacts in the data set, like systematic errors,

and may be eliminated by examining the entropy of the solution. It follows

that if one were to find the solution with the maximum entropy,and thus the

solution with the least amount of systematic noise, one would arrive at a so-

lution that more accurately reflects the underlying physical mechanisms being

studied.

We apply a rigorous fitting method to CdSe QD lifetime decay data that

allows for the domain transformation of time (t) decay traces into lifetime(τ )

distributions. The MEM[50, 51] is utilized to extract a physically meaningful

model to describe excited state decay processes observed inCdSe QDs and

allows for a complete, model-free analysis of the lifetime decay characteristics.

57



Exclusive use of pure Nonlinear Least Squares (NLS) fitting algorithms, such

asLevenberg-Marquadt[48], in examining excited state lifetimes requires the

assumption of a model, where both discrete and distributed kinetics have been

previously assumed to fit the data. A MEM fit to lifetime data does not require

a model, but in factsuggeststhe model.

In an approach similar to Eq. 3.5, the logarithmic distribution of lifetimes,

f(log τ), can be determined by fitting empirical decay trace, to the convolution

function,

D(t) =

∫

∞

−∞

f(log τ)e−t/τd log τ (3.6)

The reliance on numerical matrix-inversion to perform thisroutine nec-

essarily generates a large set of satisfactory inverse matrices with no explicit

criterion for selection. MEM analysis produces the maximally noncommit-

tal matrix, or the solution that produces the least correlation between parame-

ters, which in principle represents the most conservative guess. However, the

MEM fit quality is often poor and artifact ridden[51, 53], therefore a robust

bootstrapped hybrid MEM-NLS (Maximum Entropy Method/Nonlinear Least

Squares) routine using Newton-Raphson optimization is employed[50, 51].

MEM-NLS relies on the maximization of a quality parameter(Q), which is

determined by a weighted linear combination of the entropy(S) of the data

and the normalized sum of the squares of the residuals (χ 2),

Q ≡ S − λχ2 (3.7)
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whereλ is a balancing factor. As can be seen, Q is maximized when S

is maximized andχ is minimized. Therefore this hybrid method seeks the

solution with the minimum scalar deviation from the data (given by NLS) and

the maximally uncorrelated vector deviation (given by MEM). The entropy of

the data is related to the true distribution function of the data set(fj) and the

iteratively better prior data fits(Fj) summed over the indexj.

S ∼
∑

j

fj − Fj − fj ln

(

fj

Fj

)

(3.8)

The entropy is maximized when its derivative approaches zero (dS
df

→ 0),

and as a result the fitted prior distribution approaches the true distribution,

(F → fj).

3.3 Results

3.3.1 CdSe Quantum Dots: Bare Core

In Fig. 3.2 and Fig. 3.4 we show the fit to a stretched exponential[52](Eq. 3.2),

producingτ = 11.8ns andβ = 0.67. A bi-exponential fit (Eq. 3.1), is also

shown, withτ1 = 4.0ns, τ2 = 24.0ns andx = 0.43. For comparison, the

MEM-NLS determined fit of the data set is also shown, which produces two

identifiable peaks in the lifetime distribution shown in Fig. 3.4 withτ1 = 2.7ns,

τ2 = 19.2ns, with the fractional peak area for the short lifetime,x = 0.29.

As can be seen from the fit quality and the residuals in Fig. 3.2a and 3.2b,
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Figure 3.4. A comparison of the 3 distributions used in Fig. 3.2 for CdSe(a =
22Å) taken at all PL energies observed. The biexponential distribution(fBi(τ))
is shown as the black bars, the stretched distribution(fWW (τ)) is shown as the
dashed line and the MEM-NLS distribution is shown by the solid line.

there is little discernible difference in the time domain using these fitting rou-

tines, although at longer times there is a divergence of boththe bi-exponential

and stretched exponential fits from the data points, while the MEM-NLS fit

follows the data set at longer times more faithfully, as seenin Fig. 3.2c This fi-

delity is made possible by adjustment of the lifetime distribution appropriately,

an option not available for the other two predefined distributions. In Fig. 3.4,

the three methods are compared in the lifetime domain, wherewe can clearly

see that the MEM-NLS fit has extracted two distinct, but distributed lifetimes.

Surprisingly, there is good agreement in terms of lifetime positions and rel-

ative height between the bi-exponential discrete kineticsand the MEM-NLS
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distribution. It is also clear that the stretched exponential fit reproduces the

position of the dominant long-timescale process, but failsat the actual life-

time distribution since it is unable to account for the short-timescale process

that is clearly evident from the MEM-NLS distribution. In addition the value

of the stretching term obtained,β=0.67, is inconsistent with what a 5% size

distribution should yield,β ∼0.95. This observation is reflected in Fig. 3.2c

where both MEM-NLS and the stretched exponential have similar residuals,

with the only variance being lower residual fluctuations at shorter time periods

for MEM-NLS, which is consistent with MEM-NLS sensing a second, short

timescale process and adjusting the distribution correspondingly.

Further support for a dual emissive state model is found in the spectrally-

resolved temporal decays, as shown in Fig. 3.5 where the decay is sampled at

different spectral regions of the observed PL which shows only two processes

in the decay, whose contributions are wavelength-dependent.

The spectrally integrated lifetime distributions shown inFig. 3.5b, reveal

two distinct lifetime populations, whose relative populations are strongly de-

pendent on the observation window. In fact, at lower energies, the long life-

time BEE component contributes more than the short lifetime CEcomponent.

Therefore, the decay traces shown in Fig. 3.5a result almostpurely from the

spectral dependence of the relative contribution to the intensity of these two

states. When combined with the transient PL shift, this provides unambiguous

evidence of a 4-state model for the excited state decay processes in CdSe where

two states with nearly the same energy but drastically different lifetimes exist

in CdSe QDs, rather than a distribution of single excited states as suggested by
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Figure 3.5. Transient PL data for CdSe(a=22 Å) analyzed in terms of PL en-
ergies centered at I(2.07eV), II(2.12eV), III(2.18eV), IV(2.23eV), V(2.30eV).
a) shows the normalized decay traces for these energies. b) shows the time-
averaged PL, where the shaded areas show the regions being probed in this
figure. c) shows the MEM-NLS fits for I,II,III,IV and V.

the 3-state model.

3.3.2 CdSe/ZnS Quantum Dots: Core-Shell

The quantum efficiency of core-shell CdSe/ZnS dots is known toincrease

by as much as a factor of 3 after addition of the ZnS shell[47].It has long been

speculated that the increase in quantum efficiency arises from changes in trap

population. Therefore one predicts that the CE will be eliminated with ZnS

passivation due to trap removal, providing a fundamental model to explain the

observed enhancement in quantum efficiency. In the ZnS-capped CdSe, the
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Figure 3.6. The MEM-NLS distribution function for CdSe QD (a=22 Å) (dot-
ted line) and after it was capped with a ZnS layer (solid line). Inset: CdSe/ZnS
QD (a=22 Å) lifetime decay trace. The 2 sharp drops in intensity at 60nsand
80ns observed are artifacts originating from damaged channels in the MCP

ZnS shell has a dramatic effect both on the lifetime distribution, as seen in

Fig. 3.6, where we show a CdSe QD prior to and after capping witha ZnS

layer. The most dramatic effect observed is the complete disappearance of the

short lifetime component. There is also a slight shorteningof the lifetime of

the the long component after capping as can be seen in Fig. 3.6as a shift of

the peak to shorter lifetimes. As can be seen in the inset of Fig. 3.6 that with

the disappearance of the short timescale process, the ensemble decay profile

can be described as a single distribution associated with the BEE. This result

is consistent with what is found for single-dot lifetime measurements wherein

a distributed exponential decay is found in ZnS-capped CdSe[10, 38].
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The PL decay can also be monitored as a function of PL energy, in a similar

way as Fig. 3.5. In Fig. 3.7a we show the PL decay traces binnedover 3 differ-

ent PL energy ranges, as indicated in the time-averaged PL inFig. 3.7b. Upon

capping, the PL decay traces do not deviate as dramatically as a function of

PL energy when compared to the bare core decay traces of Fig. 3.5a. This sug-

gests that the PL manifold observed primarily derives from asingle state decay.

The MEM-NLS fits are shown in Fig. 3.7c for each of these regions, where we

clearly observe a single strong dominant decay process thatremains at the same

lifetime throughout the energies probed. In Fig. 3.7c-III,we observe the pres-

ence of a shorter, weaker lifetime whose position and shape match the short

lifetime component observed in the bare core QDs of Fig. 3.5c. This feature

appears only in the higher energies of the PL manifold, analogous to the higher

energy regions of the the bare core PL of Fig. 3.5c. Thereforeit is very likely

that the short-lived states observed in CdSe and CdSe/ZnS are in fact the same

state, though it is significantly repressed in CdSe/ZnS. In fact, without tran-

sient PL the extremely weak presence of the short component could not have

been identified in CdSe/ZnS, as the energy integrated scans have averaged out

its contribution (Fig. 3.6) since it contributes a vanishingly small proportion to

the total PL. In addition there is no shift in the peak of the lifetime distribu-

tion across different energies, exactly as would be expected if the decay profile

originated from a single state. We note that a broadening of the distribution

of this single lifetime state exists at lower energies, and can be explained as

resulting from ensemble-averaged spectral diffusion. Since the PL energy of

individual QDs change due to local fluctuations in its environment[37], it fol-

lows that the lifetime should follow an identical trend. Therefore the use of
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Figure 3.7. Transient PL data for CdSe/ZnS(a=22 Å) analyzed in terms of
PL energies centered at I(2.17eV), II(2.24eV) and III(2.33eV). a) shows the
normalized decay traces for these energies. b) shows the time-averaged PL,
where the shaded areas show the regions being probed in this figure. c) shows
the MEM-NLS fits for I,II,III and the dotted line is a guide to the eye, centered
on the peak of I.

transient PL spectroscopy artificially selects the subpopulation prone to a high

degree of spectral diffusion by examining this low energy PLarea. These low-

energy decay events possess stronger charge fluctuation, and therefore a wider

distribution of lifetimes.
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3.4 Discussion

3.4.1 A 4-state model

A self-consistent model can be developed based on the MEM-NLS analysis

to describe the observed lifetime decays of the resultant behavior differences

for core and core-shell QDs. Our results can be discussed using the framework

of carrier trapping and subsequent dot-charging as being the primary factors

that affect the lifetime decays. A schematic describing this model is shown in

Fig. 3.8. Absorption of a resonant photon promotes the QD from its electronic

crystal ground state (CGS) to its band-edge excitonic (BEE) state, forming an

e−/h+ pair within the QD. The presence of defects in surface statescauses

carriers to localize in these traps, thus separating the exciton. Because not all

surface traps are the same, there will be both structural variance (between dots)

as well as local environmental effects (between trapping events). This variance

will form a distribution of trap sites in energy, and ultimately a distribution of

trapping rates, resulting in the widths of the MEM-NLS distributions (orβ in a

stretched exponential analogy). Formally the distribution of states in which the

charge is trapped can be called a charged dot state (CS). Because the BEE state

is intimately coupled, through carrier trapping, to the strongly distributed CS

state, its behavior will also take on distributed characteristics. These distributed

kinetics, in fact, manifest themselves as non-Poissonian intermittency[41] and

in distributed excited state lifetime decays.

However, the second phenomenon that can occur is a secondaryabsorption

of a resonant photon by the QD[45], not necessarily during the lifetime of

66



Figure 3.8. Summarized model for CdSe excited states. Shown are the Crys-
tal Ground State (CGS), the Band Edge Exciton State (BEE), the Charged
State (CS) wherein the exciton is split as a charge carrier becomes trapped
outside the dot, and the Charged Exciton (CE) which forms due tosecondary
light absorption by the CS. Solid lines represent radiative transitions such as
absorption and spontaneous emission (kr,BEE,kr,CE) from each state. Dotted
lines indicate possible nonradiative paths for different states and include carrier
trapping(ktrap), Auger-processes, (kAuger) and intrinsic BEE decays (knr,BEE).
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the BEE excited state, but during the persistence time of the trapped charge

carrier, which can last for tens of seconds[45]. If this occurs, a second e−/h+

pair forms within the QD, producing 3 carriers within the core and a trapped

carrier on the outside[45]. Therefore each CS state will be discreetly coupled

to a path-specific CE state. The strong distribution in the CS state causes the

CE state to also be strongly distributed regardless of the discrete nature of the

electronic transition. This explains the similar wide distribution found in the

short-lived state in Fig. 3.4 and 3.6.

Several strong factors are predicted to affect the kineticsof this 4-state

system. The most important of these factors is the trapping of a charge carrier.

The single-photon cycling between the CGS and BEE will be strongly affected

by this trapping rate, and is the only path that gives rise to the CS and CE state.

Therefore controlling the trap density as postulated for core-shell QDs is very

important in tuning the kinetics of these QDs.

One possible explanation for the loss of the short componentas observed

in Fig. 3.6 for the core-shell materials upon capping is due to enhanced pas-

sivation of surface trapping sites, effectively inhibiting the formation of the

CS state by reducing the trapping rate of the charge carriers.However, if this

were the case, then one would expect that the short componentwould disappear

and the long component’s distribution would sharpen, sincethe width of this

distribution is directly related to the distribution of trap states. Consequently,

mono-exponential kinetics would be observed in the lifetime decay. In fact, this

is not what we observe. Clearly, the long-lived component remains distributed

(Fig. 3.6) and the decay remains non-exponential(Fig. 3.6 inset). Therefore an
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alternative explanation is required that accounts for boththe disappearance in

the short-lived lifetime and the presence of a distributed long lifetime. It is

likely that the CS state forms efficiently even with the capping layer present

due to the imperfect lattice matching at the interface, explaining the continued

width of the BEE state distribution broadening. However the lack of emis-

sion from the CE state implies that there exists strong nonradiative coupling

that rapidly quenches the PL completely. This nonradiativecoupling is likely

to occur from Auger-like relaxation processes (kAuger), which are expected to

dominate due to the multiple charges occupying the QD interior when in the

CE state (Fig. 3.8). However, the deactivation of the CE state proceeds by both

radiative and non-radiative means, and it is possible to induce this CE state to

begin emitting again by acceleration of the radiative recombination velocity.

This has already been done using metal surfaces to enhance the radiative cou-

pling, and in fact charged PL is observed in these experiments[43]. Therefore,

capping of the CdSe core with an inorganic shell does not remove trap centers,

but instead induces stronger Auger relaxation of the CE stateback to the CS.

This can be physically accounted for when one considers the higher bandgap

shell inducing stronger confinement and therefore strongercharge interaction

and overlap, leading to accelerated multi-charge processes such as Auger. The

shortening of the BEE lifetime coincident with an increase inthe quantum

yield could also mean a shortening of the radiative lifetime. Stronger spatial

confinement of the exciton by the presence of the ZnS capping layer improves

the overlap of the electron and hole wavefunction, resulting in a faster recombi-

nation and a shortening of the BEE lifetime. This enhanced radiative coupling

could partially account for the improved quantum efficiencyupon capping.
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The shortening of the observed lifetime upon capping (fromτ=26.0 to

τ=17.4) is less than 35%. This change in shortening of the BEE lifetime does

not account for the nearly 50% increase in the PL quantum efficiency. There-

fore, the rise in quantum efficiency must come about not only through im-

provement of radiative recombination (kr,BEE), but hindrance of non-radiative

factors in the BEE state. While changes in the intrinsic nonradiative relaxation

(knr,BEE) will occur upon capping[8], it is likely that modification of extrin-

sic nonradiative pathways (such as surface defects) will bemost dramatically

observed. Although our data suggests that the BEE remains coupled to a distri-

bution of trap states even upon capping, it is likely that thethe overall number

of carrier traps has been reduced, as would be expected by such a drastic change

in the surface structure. Such an explanation would accountfor our observation

of improved quantum efficiency and yet still explain the broadening in the BEE

state emission. Kinetically, this is shown in Fig. 3.8 wherein ktrap is reduced

upon addition of the ZnS shell.

3.4.2 Comparison to Single-Dot Studies

Our studies indicate (using MEM-NLS analysis) that these ensemble solution-

phase CdSe QDs clearly reveal 3 distinct phenomena, some of which have been

observed in their single-dot counterparts: i) there are twodistinct lifetimes that

compose the decay of the observed photoluminescence, ii) the two lifetimes

are distribution-like and not purely discrete decays, iii)there is a shift to higher

energies in the transient PL, iv) addition of a capping shelleliminates the short

timescale component completely. The presence of two distinct but distributed
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states is found unambigously using MEM-NLS. The transient PL and the spec-

tral dependence of the MEM-NLS distribution (Fig. 3.5) together indicate that

the two distributions observed result from two emissive excited states.

MEM-NLS analysis has never been used in the study of the lifetime decays

in single-dot measurements, however simple inverse Laplace transformations[10]

and suggest the presence of a single but very distributed state on CdSe/ZnS

QDs. This is in agreement with our findings since MEM-NLS analysis extracts

a single lifetime distribution for core-shell particles (Fig. 3.6). In fact, the rela-

tive lifetimes and distributions that are obtained fall roughly in-line with those

in single-dot experiments. For example, Bawendi[38] and coworkers find a

τWW =25.0ns and Mews[10] and coworkers find a<τ>=20.2ns for the subpop-

ulaiton of brightly-emitting dots. This compares very wellto our findings of

τ2=20ns. This observation provides two points of interest: i)the lifetime decays

measured in ensemble solution-phase measurements and single-dot measure-

ments are directly correlated for core-shell CdSe/ZnS QDs and ii) because the

ensemble measurement matches the fraction of bright dots very closely, this

suggests that the PL characteristics are largely dominatedby the long-lived

BEE decay as it constitutes> 90% of the observed PL, as found in our previ-

ous study on uncapped CdSe QDs[32]. As yet, no single-dot lifetime measure-

ments have been done on the bare, uncapped CdSe core. The lowerquantum

efficiency and poor stability of bare core CdSe QDs makes them undesirable

candidates for these experiments. As such there is no directcomparison in the

literature, and our observation of this second short-livedlifetime decay through

MEM-NLS analysis is therefore unprecedented.
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In addition, the proposed 4-state model agrees with experimental data on

CdSe/ZnS on a metal surface[43]. The presence of a metal surface on the

QD enhances the otherwise non-emissive charged exciton state (CS) (theoff

state) to emit at∆E=10-22meV lower than the uncharged (BEE) state. Single-

electron injection[58] into CdSe/ZnS QWs produces charged exciton emission

at ∆E=8-12meV. This agrees very well with our observation of a shift to the

blue in our ensemble PL measurements of CdSe where∆E=9meV. This blue

shift is explained as resulting from the competing emissions from the redder

shorter-lived CE state PL and the bluer long-lived BEE state PL. Combining

our observations with those from these surface-enhanced studies we see that

the capping layer suppresses the short-lived lifetime while the presence of a

strong oscillating field reverses this process by enhancingthe radiative rate.

Therefore the results of these single-dot experiments are in agreement with the

MEM-NLS ensemble treatment.

Recent observations of totally nonemissive QDs[59] within an ensemble

have been shown to affect ensemble PL quantum efficiencies[60]. However,

even from the emissive dots observed, there exists an intrinsic quantum effi-

ciency that is consequently reflected in the lifetime. The nonemissive dots are

not expected to contribute to the observed PL characteristics, and therefore the

ensemble lifetimes measured come directly from the emissive QDs.
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3.5 Chapter Summary

In summary, we have applied MEM-NLS to transient PL spectroscopy to

resolve several important features in CdSe QD photophysics and to provide

an example of how a rigorous approach to the PL lifetime data can be used

to confirm the existence of dual emissive state behavior. We report the first

unambiguous observation of this second PL lifetime which exists only in un-

capped CdSe QDs. The addition of the capping shell eliminatesthis second

lifetime. Our ensemble data compares very well to single-dot lifetime data,

and using those studies as a basis for explaining our observations, we come to

several conclusions regarding the effect of the capping shell and the identity

of the observed lifetimes. The long-lived lifetime component from our studies

clearly matches (<10% error) the lifetime observed in single-dot experiments,

allowing us to identify this state as the BEE state. Since no lifetimes stud-

ies have been performed on the uncapped variety in single-dot experiments,

we report the first observation of this second, short-lived component. Weak

PL is observed from this state due to its short lifetime and low quantum effi-

ciency. Although it can be eliminated by a capping shell by increasing Auger

processes (our results) it can also be re-activated in this form (Bawendi and

coworkers[43]) by radiative rate enhancement from a metallic surface. Consis-

tent with this body of literature, we can identify this short-lived state formally

as a charged exciton state, in analogy to observations in both QD and QW

excited state processes described previously in the literature.

We are currently undertaking a full characterization of CdSeand CdSe/ZnS

QDs using MEM-NLS at varying sizes, capping layer thicknesses, tempera-
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tures and applied photo-excitation power in an effort to investigate the trends

in the charging of the exciton state and its relaxation processes.
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Chapter 4

Photoluminescence Activation and

Intermittency

Reprinted fromChemical Physics Letters, 391, A. Javier, G.F. Strouse,

“Activated and Intermittent Photoluminescence in Thin CdSeQuantum Dot

Films”, 391, Copyright (2004), with permission from Elsevier.

4.1 Introduction

Photo-activated photoluminescence in CdSe quantum dots [28] (QD) has

received significant interest by material scientists [61, 31, 62, 63, 64]. The

mechanism for this process can be explained by a light and gasmediated equi-

librium between a band-edge exciton (BEE) and a charged state(CS) control-

ling carrier trapping and de-trapping at the dot surface. The power-dependent

change in the kinetics of photo-induced brightening and darkening in thin QD
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films is revealed to arise from the complementary nature of these processes.

In addition, statistically significant fluctuations [41] accompany the photolu-

minescence(PL) as intermittent drops in intensity, which leads to the postulate

that these are discrete blinking [37, 36] events. The blinking is found to be

strongly correlated to the ensemble PL behavior, highlighting the importance

of Auger processes on ensemble QD PL properties on the order of hundreds

seconds.

4.2 Experimental Details

Thin films (ca.<100nm thick) of lyothermally-prepared CdSe QDs [4] (ra-

dius∼25Å) were prepared by single-drop spin casting onto sapphire optical

flats, and warmed to remove excess solvent. Ar+ (λexc=488.0nm, 0.01-2mW)

cw-laser-induced PL was collected (laser spot size∼15µm) using front-face

geometry and subsequently dispersed, after laser light rejection with a holo-

graphic notch filter, onto a1/2-m monochromater using a CCD for detection.

The PL was then collected (in air, at room temperature) using10ms exposure

times at 5s intervals with 1000 spectral acquisitions per run. All film PL spectra

fit well to a gaussian function,I(E)/I(E0)=exp[-(E-E0)
2/∆E], reflecting the

dominance of the size distribution over the homogenous linewidth, allowing

facile extraction of PL peak height,I(E0), spectral position,E0, and spectral

width ∆E.
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4.3 Power-dependence of Carrier Processes

4.3.1 Internal Nonradiative Quenching

Rapid charge carrier trapping at surface sites can follow photo-excitation,

leaving the oppositely charged carrier in the dot core, thereby producing a

charged state. Subsequent exciton formation within this dot produces a charged

exciton (CE), whose emission is Stark-shifted [13] (toward lower energy) from

the BEE. Nonradiative decay through three-bodied Auger processes at the dot

core induce poor quantum efficiency [45] and short lifetimes[10, 32] for the

CE. At equilibrium, the BEE and CS populations are mediated by the influx

of continuous excitation radiation [36] through steady generation of charge

carriers. The persistence time of the CS can be lengthened through electron-

hole energy transfer to the surface trapped carrier via an Auger recombination,

inducing the dot to remain darker longer and increasing the frequency of in-

termittency [65]. Therefore, excitation power plays a key role, through carrier

generation [66], in stabilizing CS populations. The ensemble result is that there

is a build-up of the darker CS dots, producing an overall darkening effect as the

BEE population is depleted to increase the CS population. Fluorescence inter-

mittency [65] and spectral diffusion [37] can be regarded asstatistical sampling

of the equilibrium populations of the BEE, CE and CS states at thesingle dot

level.
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4.3.2 Photobrightening

Since the charging of a QD and the lengthening of the CS persistence time

is excitation power-dependent, it is expected that a correlation can be found

between PL intermittency (carrier trapping) and photo-activation (trapped car-

rier release). One such activation mechanism involves the interaction of the

surface charge with ambient gas adsorbates [67], particularly Lewis electron

donors [68, 69] inducing recombination by pushing the surface trapped elec-

tron back into the core to recombine with its opposite partner (brightening).

Thus, the gas, through Langmuir isotherm physisorption [70] activates an oth-

erwise inhibited PL to increase the observed photon flux. However, reactive gas

adsorbates also induce permanent photochemical surface degradation [61, 71],

leading to an overall PL quenching. The time-monitored photoluminescence

PL will strongly reflect kinetics that increase and decreasethe observed PL.

4.4 Charge Carrier Kinetics

4.4.1 Curve Fitting Procedure

The solution-phase (n-hexane) extinction spectrum and a representative

film PL immediately after light exposure are shown in the inset of Fig. 4.1.

As seen in Fig. 4.1, there is an increase in the PL intensity (brightening) which

is followed by a subsequent decrease (darkening) at longer times. This behav-

ior has been observed reproducibly [61] and varies between different sample

preparations. Globally, the kinetics can be described as a series of competi-
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Figure 4.1. Normalized peak intensity of CdSe(a ∼25Å) thin film PL under
exposure to laser light (λexc=488.0nm) and air at room temperature. White
dotted line represents a multi-exponential fit with residuals fit shown at the
bottom. Inset: Thin film PL and solution-phase extinction spectrum. White
line represents a gaussian fit.
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tive first order processes that result in the experimental observation of a net

increase and decrease in the PL intensity with time under continuous illumina-

tion, d[QD*]/dt = [QD*]/ τ , where[QD*] represents the fraction of emitting

QDs in the ensemble. To fit the complex kinetics in an assumption-free manner,

sums of exponentials were used as trial functions for the differential rate equa-

tion and involve two PL brightening processes (I∞ (1-exp[-t/τ b])) and one PL

decay process (I0 exp[-t/τ d]), allowing for the extraction of the darkening (τ d)

and brightening (τ b) time constants for each run. The residuals for this fitting

procedure for one of the acquisition runs are given at the bottom of Fig. 4.1,

wherein there is only a very small systematic pattern present, accompanied by

sharp (single point) intensity fluctuations discussed later as being due to the

darkening of a single dot or set of dots within the ensemble.

4.4.2 Power-dependence for a Single Size

The PL intensity response of the film is shown for six different power den-

sities in Fig. 4.2A, where we see a strong power dependence ofthe two dif-

ferent brightening rates and the darkening rate. At the lowest power density

used, 5 W/cm2 (I), only a darkening is observed. As the power is increased

to 13 W/cm2 (II), there is an increased darkening as seen from the changein

the slope of the trace at early times, and the appearance of brightening, on-

setting at t∼4000s. A second brightening process is distinctly observable at

earlier times for powers between 28-114 W/cm2 (III, IV) which is the main

contributor to the previously observed PL brightening increase in CdSe thin

films [61]. At 160 W/cm2 (V), darkening is no longer observable, and bright-
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Figure 4.2. a) Normalized peak PL intensity of thin CdSe (a ∼25Å) film
tracked over exposure time to light and air at different powers: I(5 W/cm2),
II(13 W/cm2), III(28 W/cm2), IV(114 W/cm2), V(161 W/cm2), VI(266
W/cm2). b) Inverse brightening times (closed circles) and inversedecay times
(open circles) extracted from fitting data in a). c) The slower inverse brighten-
ing time from a). Error bars appear on all the points in (b) and(c), though not
are all seen since some are comparable to the magnitude of themarker size.
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ening dominates. There is an apparent competition between the darkening rate

(1/τ d) and the faster of the two brightening rates (1/τ b,f ) such that both rates

increase with increasing power, as seen in Fig. 4.2B. The slowbrightening

rate (1/τ b,s, Fig. 4.2C) follows a weak linear dependence, implying that this

rate is first-order in excitation power. This behavior follows a simple kinetic

model whereby then photons absorbed give rise to2n charge carriers that

subsequently interact with surface traps to activate a proportional amount of

luminescence. However, the fast brightening rate (1/τ b,f ) seems to saturate

at∼0.014s−1 with increasing power, suggesting a steady state or equilibrium

process for the PL arises at higher photon density. Using a trap-filling model,

this can be attributed to saturation through passivation ofavailable trap sites

or through depletion of the CS population. That is, the brightening rate ap-

proaches a fixed value because the trap site density or CS population becomes

the rate-limiting factor in the kinetics.

The darkening rate (1/τ d) is also nonlinear in power, producing upward

curvature with power as opposed to the fast brightening rate, showing down-

ward curvature, as seen in Fig. 4.2B. The dependence of the darkening rate can

be fit to the sum of linear and quadratic terms in power, and so it is likely that

the physical origin of the linear term is related to the number of carriers avail-

able, and this quenching is due to irreversible photochemistry with gas adsor-

bates [61]. However, there is some reversibility in the darkening behavior that

is independent of the presence of any gas [36], and accounts for the origin of the

nonlinear darkening rate. This darkening rate increases with carrier density in

the QD, leading to many-bodied carrier interactions, such as Auger processes,
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Figure 4.3. a) Peak energy of PL of thin CdSe (a ∼25Å) film tracked over
exposure time to light and air at different powers: I(5 W/cm2), II(13 W/cm2),
III(28 W/cm2), IV(114 W/cm2), V(161 W/cm2), VI(266 W/cm2). b) Inverse
time constants for blue shift (closed circles) and red shifts (open circles) ex-
tracted from fitting data in a). c) The slower inverse blue shift time constants
from a).

which become an important part of the kinetics and are manifested in the dark-

ening rates. Auger processes quench the PL, and since they scale nonlinearly

with the number of carriers, they are strongly power-dependent. While Auger

photoionization [13] depends on the number of surface trapsavailable and sat-

uration is expected (analogous with the fast brightening rate), it is not nec-

essarily surprising that saturation is absent since Auger electron-hole energy

transfer [26] can induce heating of conduction or valence band core-localized

charge carriers and are independent of any surface effect, such as traps.

Fig. 4.3 shows the PL peak energy for the same powers used in Fig. 4.2,
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where it can be seen that the spectral acquisition runs in Fig. 4.3A show a re-

versal in energy shift for nearly every run in Fig. 4.3A for t<200s, and that the

reversal directions are different for different powers. These spectral shifts are

treated like intensity changes of Fig. 4.2 by fitting with sums of exponentials,

resulting in the time constants found in Fig. 4.3C and Fig. 4.3D, which are re-

markably similar to the trends found in Fig. 4.2B and 4.2C. This suggests that

the intensity shifts and spectral shifts are correlated, asexpected if the redder

PL arises from CE dots. Fig. 4.3B shows a nonlinear response ofthe blue-

shifts and the red shifts, with the blue shift showing downward power curvature

(similar to the fast brightening rate), and the red shift showing upward power

curvature (similar to the darkening rate). In addition, theslow blue-shift that

is dominant at longer times and the slow brightening rate areboth linear with

power, implying that these are correlated. Thus, fast brightening is correlated

with a blue-shift in the spectrum, which is due to the shift inthe equilibrium

from theredderCS dots to thebluer BEE dots. On the other hand, darkening

is always correlated with a red-shift in the spectrum, due toa shift from the

brighter BEE dots to thedarkerCS dots. Finally, permanent photodegradation

induces blue-shifts also [61], and is linked to the slow brightening and slow

blue shifting rates, implying complementarity.

The invocation of Auger processes to explain the brightening and darkening

kinetics appears plausible upon analysis of the intensity fluctuations embedded

in nearly all of the spectral acquisition runs. The times when the dot remained

dark could not be observed, which is possibly due to the disparity between the

dark interval times and the exposure time. Although this is clearly not a single-
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Figure 4.4. a) Bright intervals extracted from residuals similar to Fig. 4.1. b)
Histogram of the bright intervals obtained from a) with an exponential (solid
line) and power law (dashed line) fit. c) Bright interval time constant (τOn)
extracted from exponential fits to histograms like b) (left axis). Percentage
of fluctuating spectra (right axis). d) Correlation diagram between the bright
interval time (τOn) in c) and the fast brightening time (τb,f ) in Fig. 4.2B
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dot experiment, these sharp drops in intensity are always present each time and

become more frequent with increasing power. Occasionally,an intensity drop

that is∼2 times greater than the intensity fluctuations is observed and can be

assigned to a process involving two dots switching off coincidentally during

the collection interval. The residuals of a brightening trace, similar to Fig. 4.1,

are processed to extract the intervals between these sharp drops in intensity and

plotted as a function of scan number in Fig. 4.4A, where it canbe seen that there

is clearly no time-dependent trend. However, once a histogram is constructed

with these intervals, as shown in Fig. 4.2B, a pattern clearlyemerges, which can

be fit to an exponential,exp[-t/τ on]. A power-law fit,t−t/τon is also shown in

Fig. 4.4A. From Fig. 4.4A, it is clear that the exponential fitagrees noticeably

better with the data than the power-law fit. Bothτ on and the relative number

of fluctuation events (%Off) increase with increasing power (Fig. 4.4B), which

is consistent with what is observed in the single-dot literature, as being due

to Auger photoionization [37]. However, we can see that at higher powers,

both saturate, mirroring the fast brightening rate, suggesting that charging and

brightening are related processes.

Support for this relationship is found through correlationbetween the fast

brightening rate (τ b,f ) and the bright interval time (τ on), as shown in Fig. 4.4D.

Such a correlation is expected since both the brightening rate and the bright

interval time are related to the detrapping of charge carriers at surface trap

sites. The bright interval time and brightening times show positive correlation,

further proof that these two effects are not competitive butcomplementary, and

possibly even sequential.
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4.5 Chapter Summary

In summary, we propose a model that begins with the initial nonresonant

laser excitation from the QD crystal ground state (CGS), followed by fast car-

rier surface trapping resulting in a CS state, darkening the dot and shifting its

emission toward lower energy. An equilibrium exists between the CS and BEE

states, controlled by the pump power. The presence of that charge causes an

otherwise non-interacting gas adsorbate to interact with the trap site, through

attractive surface potential created by the carrier most likely due to the devel-

opment of an excited state dipole [72] inducing either electrostatic charge sol-

vation, or interaction of molecular orbitals. While the latter interaction leads

to a photochemical reaction, the former possibility leads to the displacement

of the surface-trapped charge by the gas adsorbate by pushing trapped charge

density back into the dot core, producing a rapid brightening process. This

is supported by the pump power increasing the brightening rate by produc-

ing more CS, effectively driving the equilibrium back to the BEE. In addition,

darkening (through Auger processes) also increases with pump power due to

stabilization of the CS persistence time, and is further supported by the increase

of the PL intermittency. A second, slow and weakly power-dependent bright-

ening process is observed which is likely related to the trapstate passivation

by gas adsorbates of the BEE population while the linearly power-dependent

and slow darkening is due to the irreversible photo-oxidation of the CdSe QD

surface. The changes in the PL intensity are correlated withthe shifts in the

peak energy, in strong support of the above model and stronger verification

that we observe two excited state populations: abrighter, bluer exciton state
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(BEE) and adarker, redder exciton state(CE). Finally, since brightening is pos-

itively correlated to intermittency, there is compelling evidence that a charged

dot forms, then detraps, allowing us to conclude that photo-brightening and

photo-induced charging are complementary processes.
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Chapter 5

Electronic Energy Transfer in a

Semiconductor Nanocrystal -

Molecular Wire Assembly

Reproduced with permission from “Energy Transport in CdSe Nanocrys-

tals Assembled with Molecular Wires.” A. Javier, C.S. Yun, J.Sorena, G.F.

Strouse.Journal of Physical Chemistry, B, (2003), 107, 435-442. Copyright

2003, American Chemical Society

5.1 Introduction

The physics of energy transfer[73] for organic[21, 74] and inorganic mater-

ials[75], as well as inorganic-organic hybrids[76], has been an intensive area

of investigation for several decades. Recently, it has become an active area
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in quantum confined systems[28] for both pure[77, 78] and applied[79] re-

search, and the interaction of the electronic transitions in these dimensionally-

confined hybrid systems[80, 81] has been pursued both theoretically[82] and

experimentally[83, 84]. The phenomenon of quantum confinement of the Wan-

nier-Mott exciton in CdSe below its Bohr radius[85] (aB ∼ 5nm in CdSe) and

the Frenkel exciton in the organic system below its Frenkel radius (aF ∼ 3nm

for conjugatedπ-systems[86, 87]) results in size-dependent electronic prop-

erties for nanometer-sized semiconductors and conjugatedorganic molecules.

Specifically, the absorption and luminescence characteristics of nanocrystals in

the strongly confined regime is size dependent, as shown in Figure 5.1. This

allows for a unique opportunity to tune the energies of electronic transitions

in both systems, and therefore the magnitude of the interaction of electronic

transitions within a composite system.

Direct Energy Transfer in Hybrid Systems

Energy transfer between the inorganic and organic components can be de-

scribed both in terms of phase-coherent strong coupling andphase-incoherent

weak coupling through the dipole-dipole interaction theoretically[88] recent

experimental results suggest nanocrystalline materials and organic-inorganic

hybrids are best described in the weak coupling regime[83].This allows the

application of F̈orster theory[74], which typically is used at the limit of “lo-

calized oscillators” as a result of the electric dipole approximation. The use of

Förster theory allows the quantum efficiency of energy transfer to be related to

the spectral overlap integral,< J >, a quantity that accounts for the resonant
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Figure 5.1. Room temperature absorbance (dashed) and photoluminescence
(solid) spectra for a series of CdSe nanocrystals coated withTOP/TOPO (di-
ameters given at the right) in toluene. The two prominent exciton transitions
are shown.
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coupling of the pseudo-continuous electronic transitionsof the energy donor

and the energy acceptor.

A caveat of the F̈orster theory approximation is that the magnitude of the

coupling will be inversely proportional to the sixth power of the donor-acceptor

separation distance, although in the tightly bound composite system where the

exciton is largely delocalized over the donor or acceptor volume, the distance

will effectively be invariant for a given oligomer length, giving rise to a rate of

energy transfer, and consequently a efficiency of energy transfer, dependent on

the magnitude of< J >. The application of the weak coupling model arises

due to the dissimilarity in the wavefunctions of the molecular orbitals in or-

ganic systems and band-like orbitals in nanocrystals that prevents traditional

strong interactions. However, strong interactions arising from exciton delocal-

ization within the organic system due to aggregate formation may influence the

pathway for energy transfer within these composites.

Energy Migration in Hybrid Systems

Theπ-stacking of organic systems can lead to aggregates[89] that result in

a variety of new pseudo-particles that are not present in theisolated system.

As these units are brought closer into contact, a critical stacking distance is

surpassed(< 0.7nm) that induces drastic changes in the electronic structure of

the organic system[90, 91]. Interaction of two monomer units can result in low-

order exciton delocalization into simple dimers, excimersor polaron-pairs[92],

while the participation of many monomer units can result in high-order exci-

ton delocalization, or aggregate excitons. The new electronic transitions that
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arise also participate in energy transport processes and must be included in a

complete description of the total energy transfer mechanism. Therefore the

pathways of energy transfer in composite systems will be strongly influenced

by the packing interactions of the conjugated organic system and their respec-

tive populations within that system, as these interactionsgive rise to the species

mentioned above. In the present study, we investigate nanocrystal composites

where the photo-excited molecular wire donates energy to the nanocrystal in

the form of an electronic excitation. The resonant energy transfer interaction

which couples the energy donor (the molecular wire) to the energy acceptor

(the nanocrystal) can be tuned in these assemblies by tuningboth the length of

conjugation in the molecular wire and the nanocrystal size.Moreover, dimers

and aggregate excitons are present in these assemblies suggesting that these

species interact with the nanocrystal exciton.

5.2 Experimental Methods

5.2.1 Synthesis of the CdSe Nanocrystals and the Organic

Molecular Wires

The series of oligo-p-(phenylene-ethynylene)n-dibenzylthiols (n=0,1,3) (O-

PE-n) was synthesized by a modification of literature methods[93, 94]. In brief,

benzylic thiol formation was achieved by the radical benzylic bromination of 4-

iodotoulene followed by nucleophilic substitution with potassium thioacetate.

Deprotection of the thiols was done in a basic methanolic solution, purification
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by column chromatography and isolation underN2, in order to prevent oxi-

dation of the terminal thiol. CdSe nanocrystals between 2.8 nm and 8.0 nm

were synthesized as TOP/TOPO passivated nanocrystals by standard lyother-

mal methodology[95]. Excess TOP/TOPO was removed by repetitive (3x) dis-

solution of the particles in toluene and precipitation by addition of MeOH.

5.2.2 Sample Preparation for Optical Experiments

CdSe-OPE films were prepared under Ar by slow addition of a 2 mL toluene

solution of 0.05M OPE-n to 5 mL of a 0.1 mg/mL CdSe NC in toluene at room

temperature. The reaction was allowed to react 24 hours under Ar, producing a

solid, which was washed repeatedly with toluene to remove excess CdSe NCs

and OPE, then suspended by sonication in fresh toluene for film deposition.

Control experiments were conducted on OPE-n protected with terminal acetyl

groups on the thiols. CdSe-OPE thin films were prepared by dropcasting the

suspended material in toluene onto 25.4 mm wide, 0.5mm thickcircular sap-

phire flats. CdSe and thioacetate protected OPE-n films were prepared by drop

casting a mixture of CdSe and OPE-n in a minimum volume of toluene onto a

sapphire flat.
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Figure 5.2. TOP: Scheme of CdSe-OPE-n assemblies. CdSe nanocrystals,
coated with TOP/TOPO, form amorphous, cross linked assemblies by ligand
exchange of the phosphine by the thiol moiety when reacted with OPE-n:
oligo-(p-phenylethynylene dibenzylthiol dipropyl ether) (OPE-n, n= 0, 1, 3)
BOTTOM: Lewis structure of OPE-n molecules.
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5.3 Physical Characterization of CdSe/OPE-1 struc-

tures

5.3.1 Electron Microscopy

Transmission electron microscopy (TEM) analysis was performed on 400

mesh Cu grids coated with a∼ 5nm layer of holey carbon (SPI). Images were

obtained on a JEOL 2000 or JEOL 2010 microscope operated at 200 kV in

bright field mode.

5.3.2 Optical Spectroscopy

Emission measurements were conducted on samples drop-castonto sap-

phire substrates oriented either at 45◦ or front-face excitation using a continu-

ous wave Omnichrome HeCd laser (λexc = 325nm,∼ 1mW ) with a UV filter

to reject stray plasma or a 75W Hg lamp with a 313nm bandpass filter. The

luminescence data was collected with an F/1 optic and dispersed on a CVI In-

struments Digikrom 240 monochromater (150 g/mm, 10 m slit width) coupled

to a SBIG CCD Model ST-6. The laser line or lamp profile was removedby a

UV filter.
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Figure 5.3. Transmission Electron micrography of CdSe-OPE-n nanocrystal
assemblies. TOP: TEM of CdSe-OPE-3 assembled structures. Anaggregate
of CdSe-OPE is suspended over one a hole of the carbon grid. BOTTOM:
Small Angle Electron Diffraction (SAED) pattern from TEM. The observed
rings indicate incorporation of wurzite CdSe into the composite without long
range ordering of the CdSe nanocrystals.
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5.4 Results of Optical Studies

5.4.1 Scaffolding of the CdSe Nanocrystals

Slow introduction of OPE-n (n = 0,1,3) to a solution of CdSe in toluene at

RT produces a solid monolith (Figure 5.2). TEM analysis of the CdSe(4.5nm)-

OPE-1 monolith show closely packed CdSe nanocrystals (Figure 5.3) lacking

orientational order based on SAED ring patterns (Figure 5.3, inset). Similar

observations are found for composites formed with OPE-0 andOPE-3. The

phenylethynylene core of the organic oligomer which has been used for molec-

ular wire applications[96, 97] was chosen for both its rigidity and low conduc-

tivity, the latter of which enhances energy transfer phenomena by impeding the

competing phenomenon of electron conduction. The placement of a methylene

group between the thiol and the phenyl rings serves to interrupt the conjugation

preventing photochemical redox processes at the nanocrystal surface by raising

the oxidation potential of the thiol. The assembled monolith cannot be redis-

persed in solvent following precipitation. Optical absorption in these materials

suggests that the composite is composed of> 100 : 1 mole ratio of oligomer

to CdSe. Unfortunately, complications arising from light scattering in these so-

lutions limit the accuracy of determination of the mole ratios using absorption

measurements.
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Figure 5.4. Photoluminescence spectra of thin �lms of OPE-n(top row) and
CdSe-OPE-n assemblies at room temperature (¸ exc = 325nm; » 1mW ).
Columns pertain to OPE-n sizes (n=0, 1, 3) while rows indicateCdSe NC di-
ameters in nanometers. Arrows indicate the expected position of nanocrystal
luminescence
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5.4.2 Photoluminescence Spectra

The PL spectra of OPE-n and OPE-n/CdSe composites when excited at

325nm is shown in Figure 5.4. There is an overall trend in the reduction of

the presence of the OPE-n luminescence relative to the nanocrystal band-edge

luminescence as the nanocrystal size is increased (from topto bottom) and

the oligomer chain length is decreased (from right to left).In fact, for the

CdSe-OPE-0, nanocrystal emission is exclusively observed for all assemblies

containing CdSe. For sizes below CdSe(4.9nm)-OPE-1, a contribution of the

PL from both the nanocrystal and OPE-1 is observed. For the CdSe-OPE-

3 sample, contributions from both CdSe and OPE-3 are observedfor all the

CdSe-OPE-3 samples studied with strong aggregate contributions observable

at 570 and 603nm. No signi�cant contributions from deep trapluminescence

from CdSe is observed in the composite structures. In general, there appears

to be an improvement in the signal/noise ratio in assemblieswith increasing

nanocrystal size, implying that the PL quantum yield for these are greater.

Exact measurements of quantum yields have not been explicitly measured.

The change in the relative contributions of the PL of the two components is

a function of nanomaterial size and OPE-n length. The total PL manifold can

be assigned by inspection of the concentration dependent absorbance and PL

of OPE-1 (Figure 5.5), and the size dependent emission of thenanomaterial.

Upon closer inspection of the PL manifold, changes in OPE-n PL are observed

which appear to depend upon nanocrystal size.
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Figure 5.5. Concentration-dependent photoluminescence spectra of OPE-1 in
toluene at room temperature (λexc=325nm,∼1mW). Inset: Room temperature
absorption Spectra of OPE-1 in toluene at the correspondingPL concentrations.
Note that both have been normalized to the absorption or luminescence of the
molecular species.
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Interchain Transitions of the Molecular Wire

These observations can be understood when considering the effects of in-

terchain interactions that form dimers and aggregate interactions of OPE-n. At

very low concentrations(10−7M − 10−12M), the luminescence spectrum of

OPE-1 arises almost exclusively from the molecular exciton, consisting of the

S1 → S0 transition and its vibronic progression (A, B). A low energy band at

535 nm is assignable to a phosphorescentT1 → S0 (F), giving a singlet-triplet

energy differenceEST ∼ 1eV , which is consistent with typical exchange ener-

gies in organic systems. Its strength relative to the singlet fluorescence implies

significant mixing of singlet and triplet states, possibly due to increased spin-

orbit coupling from the sulfurs in the thiols. As the concentration is progres-

sively increased, contributions from dimers begin to appear as new bands in the

PL that are shifted to the red (C, D, E) along with a corresponding new band

in the absorbance at 390nm (J) that is red-shifted from the absorbance of the

monomer OPE-n (I). Spectral subtraction of the lowest concentration PL spec-

trum from the higher concentration PL spectra reveals an emission manifold

that is structured. This implies that as the concentration is increased, a new

species with distinct vibronic structure (C, D, E) is formed with the coinci-

dent decrease in the contribution from the isolated OPE-n. The presence of the

new absorbance band (J) with increasing concentration implies a ground-state

dimer is being formed, but since it is not directly being photo-excited, the lumi-

nescence must come from the migration of the energy of the molecular exciton

to these dimer states via energy migration. PL excitation spectra of the new

bands in the PL overlay very well on the absorbance, especially band J, indi-
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cating that these dimer states are the source of the new luminescence. Changes

in the relative intensities of these bands in the absorbancespectra with respect

to concentration suggest aggregate formation arising from-stacking effects be-

tween OPE-n molecules. When OPE-n is cast as a film, contributions from

higher order aggregates arise at lower energy as seen in Figure 5.5 (G, H). It

can also be seen from the PL that the bands originating from the molecular

species are no longer present, suggesting in the film the observed PL arises pri-

marily from dimeric species and aggregate bands. The presence of the OPE-n

molecular species in the absorbance of the film, suggest facile exciton migra-

tion to the dimers and aggregates following excitation of the OPE-n molecule.

No noticeable band structure evident in the film absorbance accounts for the

new aggregate peaks (G, H) found in the luminescence. Similar aggregate

spectra arise in PPE, the polymeric variant of the oligomer being studied[98].

These results suggest that exciton states exist in this system that can be de-

scribed as being delocalized over a larger volume due to interchain interactions

and therefore may serve as low energy emissive traps. The actual interaction

involves cofacial alignment of planarπ-systems[99, 91] which causes a split-

ting of the molecular orbitals, resulting in a symmetry-forbidden lowest energy

excited state recombination. Electron-phonon coupling[100] or misalignment

relaxes the selection rule, allowing radiative decay of thelower state which re-

sults in a red-shift in the luminescence. Aggregate states can be described as

an extension of this model to larger numbers of participating units, causing the

energy splitting to be much greater, and therefore to be morered-shifted, just

as we observe in the OPE-1 film. The acetyl protected OPE-n also displays

new luminescence features when cast into a film. The spectraldifferences be-
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tween the protected and unprotected versions can be explained as a sensitivity

of aggregate states to their packing arrangement, which in other studies has

been found to strongly depend on many factors, even film preparation45.

Interchain Transitions within the Hybrid assembly

As stated earlier, when OPE-n is assembled with CdSe, we observe changes

in the OPE-n PL spectrum that are dependent on CdSe size. We cangroup these

changes into three observations, i) the aggregate bands (G,H) appear in these

assemblies regardless of the CdSe size used, ii) the dimer bands (C, D, E) of

OPE-n appear in the smallest CdSe sizes (2.8nm, 3.6nm), but are not present

in the intermediate and larger sizes, iii) the OPE-n molecular luminescence

(A, B) appears in the intermediate CdSe sizes only (4.5nm,5.5nm) and not in

larger or smaller sizes. Another noticeable result is that the triplet band is not

present in the larger nanocrystal sizes (5.0nm in OPE-1), implying that this

OPE-n excited state is also coupled to the nanocrystal. These effects are all

indicative of a complicated mechanism involving the interactions of individual

OPE-n excitations with the size-dependent electronic transition energies of the

nanocrystal. In order to understand how OPE-n interacts with these changes,

we employ the simplest model involving the interaction of the OPE-n molec-

ular exciton with the nanocrystal, and apply the simplest mechanism, F̈orster

energy transfer. We will later use this model to provide someinsight into the

interaction between dimer states and aggregate states withthe nanocrystal.
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5.5 Size-dependent energy transfer

5.5.1 The F̈orster Model

The Relevance of the F̈orster Model

Electronic energy transfer in these materials originates from a transition

dipole-dipole interaction between the many discrete transitions of the organic

oligomer, OPE-n and its aggregates to the discrete and continuum-like states

of the nanomaterial. The nature of the interaction can be described in terms of

a strong or weak coupling regime between the donor and acceptor states3. The

amorphous nature of the inorganic-organic hybrid structure for CdSe-OPE-n

structures with respect to nanocrystal orientational order (Figure 5.3, inset),

the inhomogeneous distribution of CdSe sizes resulting in non-identical poten-

tial wells, the lack of periodicity, and the resulting dissimilar discrete transition

energies between the CdSe and OPE-n eliminates the strong coupling regime.

In the weak coupling limit, the resonant energy is irreversibly transferred from

the donor to the acceptor due to the lower lying acceptor electronic transition

acting as an energy trap. Assuming vibrational relaxation occurs faster than

energy transfer (a result of being in the weak limit) the energy transfer mecha-

nism can be described as a combination of coulombic (Förster mechanism) and

exchange (Dexter mechanism) interactions. The strength ofthe exchange in-

teraction drops off exponentially with respect to the donor-acceptor separation

distance, and is only a major contributor to the total energytransfer if all other

resonant transitions are forbidden. Therefore, in this case, the energy trans-
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Figure 5.6. Excitation energy diagram for OPE (left) and CdSe(right). The
electronic excitation energies of the singlet states have been estimated from the
crossing of the absorption and luminescence curves. The exciton energy for the
(1S3/2−1Se) has been estimated from the exciton maximum in the absorbance
spectrum, and is shown along with the continuum of gap states.
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fer should be well described in a limiting condition as a coulombic interaction

between the electronic system of the donor and the electronic system of the

acceptor. Observation of the aggregate states in the spectrum confirm the facile

relaxation to the lowest organic levels prior to energy transfer, supporting the

weak coupling approximation. Within this mechanistic framework, two com-

petitive models exist that describe energy transport, Förster’s model involving

localized dipole oscillators and an exciton diffusion model. It is likely that the

Förster model is the more applicable model due to the short lifetimes of CdSe

trapping the excitation more efficiently and the lack of verylong-range crys-

talline domains, effectively reducing exciton mobility. Atime-resolved study

on a system similar to ours suggests exciton diffusion may play a role in de-

scribing the energy transfer mechanism[83], this may be dueto contributions

arising from aggregates, as discussed later.

Applying the Förster Model

In the CdSe-OPE-n system, with a fixed donor-acceptor distance, the very

strong oscillator strengths of the OPE-n and CdSe transitions indicate that the

energy transfer process is dominated by the strength of the resonant coupling

energy, quantified as the spectral overlap integral< J >.

< J >=

∫

∞

0

FD(λ)λ4εA(λ)dλ (5.1)

whereFD is the normalized fluorescence intensity of the donor, andεA

is the molar extinction coefficient of the acceptor. According to F̈orster’s
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theory[101], the rate of energy transfer(kEnT ) is:

kEnT =
9000ln(10)

128π5

κ2ΦD

η4NAr6τD

< J >=
A

τD

< J > (5.2)

wherer is the distance between the donor and acceptor dipoles,ΦD andτD

are the native quantum yield and lifetime of the donor respectively, κ is the

relative orientation of the donor and acceptor dipoles,η is the refractive index

of the medium,NA is Avogadro’s number. We estimate the orientation factor

κ2 = 2/3, consistent with an isotropic orientation of transition dipoles within

the assembly, which is reasonable considering the disorderin nanocrystal ori-

entation observed in the SAED spectrum in Figure 5.3. For theCdSe-OPE-n

system, we have grouped invariant terms for a given organic donor into A,

leavingkEnT to be directly proportional to< J >. The quantum efficiency of

energy transfer(ΦEnT ), an experimental observable, can be expressed as a ra-

tio of the rate of energy transfer(kEnT ) to the sum of the rates of all processes

that deactivate the excited state(
∑

ki):

ΦEnT =
kEnT
∑

ki

(5.3)

The quantum efficiency of energy transfer(ΦEnT ) in terms of< J > in

these hybrid nanocomposites can then be expressed by substitution of (2) into

(3):

ΦEnT =
< J(R) >

< J(R) > +A−1
(5.4)

This allows the rate(kEnT ) and efficiency(ΦEnT ) of energy transfer to be
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interpreted entirely by analysis of the spectral overlap integral, which, holding

all else constant, is entirely dependent upon CdSe size (R).

Size-dependence of the Overlap Integral

This occurs because< J > is a complicated function of the nanocrystal

size. For example, if we consider only the1S3/2 − 1Se transition, we find that

the magnitude of the extinction coefficient in CdSe is proportional to the vol-

ume(∼ R3)[102] and that the energy of the transition is proportional to the

inverse square of the radius(∼ R−2)[85]. The higher order transitions also

follow a similar trend though their oscillator strength is not as large[7].< J >

increases with increasing nanocrystal size due to the greater overlap ofεA with

FD, and consequently, the rate of energy transfer also increases. Figure 5.6

shows the OPE-n molecular exciton energies relative to the lowest energy CdSe

discrete (1S3/2 − 1Se, solid line) and other higher order and continuous tran-

sitions (gray bar) with different CdSe sizes. The OPE-n molecular exciton

is always resonant with some CdSe electronic transition, butthe dimer states

progressively increase in their overlap with CdSe as the sizeincreases, which

would in turn lead to greater energy transfer from those states. As the CdSe

size is increased above 3nm, the nanocrystal exciton (1S3/2 − 1Se) becomes

resonant with the OPE-n dimer exciton, and energy transfer is predicted to be

more efficient. As the CdSe size is increased further, the1S3/2−1Se nanocrys-

tal exciton is no longer resonant, but OPE-n dimer states remains resonant with

other higher energy excitons, as well as a higher density of continuum states,

contributing to a general increase in the energy transfer asa function of size.
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A similar effect occurs for the aggregate states, but at muchlarger CdSe

sizes. Plots of the spectral overlap integral< J > more clearly illustrate this,

as shown in Figure 5.7. Inspection of the calculated value of< J > using

the OPE-n protected film luminescence with different nanocrystal extinction

spectra (Figure 5.7) reveals that the smallest CdSe sizes show an overlap of

the blue edge of OPE-n with the red edge of CdSe(2.5nm). As the CdSe size

is increased, the decrease in the CdSe bandgap causes all of the transitions to

shift toward the red, overlapping with more OPE-n states, until in the largest

size of CdSe (CdSe(6.5) also seen in Figure 5.7) the entire OPE-n lumines-

cence is resonant with either discrete transitions in CdSe orthe continuum of

bandgap states. This allows the trend in the magnitude of therelative emission

in Figure 5.4 to be analyzed by consideration of the size-dependent change in

the spectral overlap integral between the OPE-n and the CdSe nanomaterials.

For a given family in Figure 5.4, the QD/oligomer concentrations were kept

constant, however, the exact concentrations in the final assemblies are diffi-

cult to assess. As the spectral overlap increases, an increase in quenching of

the OPE-n PL is expected with a corresponding increase in thenanocrystal

PL contribution. F̈orster theory therefore predicts a relative increase in thera-

tio of CdSe band-edge luminescence to OPE-n luminescence with increasing

nanocrystal size (moving vertically downward in Figure 5.4) and decreasing

OPE-n chain length (moving horizontally to the left in Figure 5.4).

There are many factors that change dramatically as one moveshorizontally

in Figure 5.4, including the separation distance and the excited state lifetime.

Although F̈orster’s theory has an exact distance dependence, it is onlyexplicit
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for distances that are greater than the donor and acceptor dimensions. That

is, both the nanocrystal and OPE-n excitons are delocalizedacross their vol-

umes and are at very close proximity, effectively blurring the exact separation

distance. At the relatively short donor-acceptor distances used in these as-

semblies, the distance dependence of the energy transfer isnot expected to be

significant. The simple F̈orster model discussed above describes an average

interaction between OPE-n and CdSe. This model, however, does not account

for the difference in the luminescence intensity ratios between CdSe-OPE-1

and CdSe-OPE-3, nor does it account for the change in the OPE-nmanifold

as the nanocrystal size is increased.< J > values between different OPE-n

ligands with the same nanocrystal size are very similar, which suggests that

another mechanism is responsible for the noticeable changein luminescence

when switching organic systems that is unrelated to the resonant interaction

between OPE-n and CdSe. This may be attributed to a number of different

factors including luminescence lifetime, changes in extinction coefficient and

especially differences in packing environments on the nanocrystal surface, all

of which may contribute to the resulting luminescence.

Part of the answer lies in the aggregate species that are present as a result

of OPE-n interactions with itself. It should be stressed that the calculations

for < J > are made with the solid-state luminescence spectra of the OPE-n,

which has contributions from aggregates whose populationswill differ in the

assemblies. In the CdSe-OPE-n assemblies, the aggregate populations will be

disturbed by the nanocrystal presence due to changes in the packing interac-

tions. This results in a distortion of the OPE-n luminescence data due to the
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Figure 5.7. Left: The luminescence of OPE-1-protected Film, the absorption
of CdSe in toluene at 298K and the spectral overlap integral (filled in) for three
representative sizes of CdSe. Top: Plot of< J > for OPE-1 (closed circles)
and OPE-3 (open circles).

differences in orientation or different micro-environments of the OPE-n, which

lead to changes in the energy transfer.

5.5.2 Higher Order Transitions

Aggregate and Dimer Bands

The spectral changes that accompany the quenching in these assemblies are

suggestive of aggregate and dimer participation in the energy transfer. While

these assemblies are generally amorphous with respect to nanocrystal place-
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ment, the presence of local dimers and aggregate conformations within the as-

semblies can be inferred from inspection of the PL spectra. Luminescence from

higher order structures is clearly visible in the PL spectraof the assemblies in

nearly every size nanocrystal and may cause some distortionto the nanocrys-

tal band-edge luminescence in the higher sizes due to overlap, which is highly

suggestive that aggregate formation of OPE-n occurs on the nanocrystal sur-

face. Comparison of the PL data for the CdSe-OPE-n composite (Figure 5.4),

with the PL (Figure 5.5) for OPE-n shows an apparent distortion in the remnant

OPE-n luminescence that causes the spectrum for the OPE-n toshift toward the

”blue,” as is clearly seen in CdSe(4.8)-OPE-1 and CdSe(4.9 and5,7)-OPE-3.

Closer inspection reveals that there is no shift, rather thisoccurs due to changes

in the intensities of the OPE-n luminescence manifold composed of molecular,

dimer and aggregate excitons. The apparent shift can be interpreted as prefer-

ential quenching of the lower energy dimer-like transitions preferentially in the

composite. These lower energy transitions (C, D, E) disappear with increas-

ing nanocrystal size, and quench faster than the molecular PL (A, B), thereby

causing the overall OPE-n luminescence to appear as though it were shifting

toward the blue. This observation implies two possibilities: that the interaction

between this delocalized dimeric excitation and the nanocrystal excitonic states

are stronger than the molecular excitation coupled to the same excitonic states,

or that increasing nanocrystal size induces less association among OPE-n lig-

ands. The latter case is unlikely since larger nanocrystal sizes have larger stable

crystal facets and should increase the occurrence of domains of dimer species

and aggregate domains at the expense of the molecular species. We would in

this case observe a reduction in the molecular luminescencewith a correspond-
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ing increase in the dimer and aggregate luminescence. We observe, however,

the opposite effect - the molecular luminescence grows in and the aggregate lu-

minescence is apparently unaffected, but the dimeric luminescence decreases.

In fact, aggregate bands appear quite prominently in the smallest nanocrystal

sizes, implying that even at these small facet sizes, an aggregate domain can

form stably. This leaves the former case, that there must exist a strong inter-

action between the discrete nanocrystal exciton states andthe dimer state of

OPE-n.

Higher Order Nanocrystal Excited States

This is not a surprising result since the rate of energy transfer in Förster the-

ory is based upon the strength of resonant transition dipoles, and the nanocrys-

tal oscillator strength is carried predominantly by the1P3/2 − 1Pe and1S3/2 −

1Se, which happen to be resonant with the OPE-n dimers over the participat-

ing nanocrystal sizes. For example, with CdSe roughly in the 4.5 to 5.5nm

range, the1P3/2 − 1Pe overlaps extremely well(∼ 450 − 500nm) with the

dimer luminescence(∼ 435 − 500nm). It is possible that the2S3/2 − 1Se

transition also plays a role in the quenching since this transition is also reso-

nant with the dimer states, however it is expected to be due toits resonance

with the dimer states rather than its oscillator strength, which is expected to

be quite low[39]. The variance of this phenomenon between similar sizes

of CdSe, such as CdSe(4.5)-OPE-3 and CdSe(4.8)-OPE-3 is due to the size-

dependent changes in the discrete transition energies of the nanocrystal. We

stress that the coupling to the continuum of bandgap transitions would not
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have the same effect as these increase monotonically towardhigher energies

and would therefore favor the quenching of higher energy transitions such as

the isolated molecular luminescence, which is the oppositeof what we observe.

Moreover, this effect is not seen in the lowest energy organic system lumines-

cence, the aggregate excitons, since these are the lowest energy states of the

composite system.

5.5.3 Energy Migration

The occurrence of dimers and aggregates within the assemblies complicates

the simple F̈orster model of energy transfer. Figure 5.8 is a schematic ofthe

possible pathways for the electronic energy to pursue within the assembly. The

excitation originates from the optical pumping of either the OPE-n ligand or

the nanocrystal, with the former being the preferential path. Vibrational relax-

ation occurs first (consistent with a weak coupling model), at which point the

excitation can either transfer to the nanocrystal by the Förster mechanism, or

become delocalized among different adjacent OPE-n ligands(the former is the

preferred path). Low order delocalization can occur to a small number of adja-

cent OPE-n ligands (dimers) or high order delocalization can occur to a large

number of OPE-n ligands (aggregates). These low-order delocalized states can

be the dimers mentioned above, excimers or polaron pairs[103], formed due to

photo-induced electron transfer to a cofacial molecule, which effectively de-

localizes the exciton, or resonant energy transfer to dimeror aggregate states.

We have little information indicating which is predominantly observed. Low

order delocalized states can transfer their energy to the nanocrystal, while the
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aggregate excitations need not. This occurs because the aggregate bands are

found lower in energy than the nanocrystal exciton states and as a result are the

lowest excitation energy states in several of these assemblies. Due to the low

cross section for aggregates in the inorganic-organic composites, the number of

aggregate excitons (traps) is difficult to determine directly in these materials.

However, the population of aggregate states should increase with increasing

chain length and nanocrystal size due to more efficient packing on a nanocrys-

tal facet[104].

Although the concentration of aggregates is small, theory infers very fast

(picosecond) F̈orster energy transfer from a semiconductor nanocrystal toan

organic matrix[105]. In a variety of the assemblies present, particularly those

with small nanocrystal size and large OPE-n chain length, a back-transfer event

is plausible (Figure 5.8, path F). In this case, an excitation originates from

either a direct photoexcitation of the nanocrystal or an excitation transferred

from a molecular or low-order excitation. This excitation then transfers from

the nanocrystal to the aggregate exciton, whereby the aggregate exciton anni-

hilates. This leads to the aggregate exciton as the lowest energy trap for these

composite materials, but since nanocrystal disruption of long-range ordering

among OPE-n ligands produces a very small population of aggregates, these

aggregate states can be thought of as low energy trap centers[106]. A plausible

case exists where the aggregate exciton migrates from aggregate domain to ag-

gregate domain, but this event is unlikely since the aggregate domains in these

assemblies are expected to be well separated.
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Figure 5.8. Excitation is generated as a molecular exciton which then can mi-
grate to a dimer, delocalize into an excimer or polaron-pair, B, or delocal-
izes/migrates to an aggregate exciton, D. All three species, molecular exciton,
excimer/dimer, and aggregate can transfer energy to the nanocrystal (A,C,E).
F is the back-transfer of energy from the nanocrystal to the aggregate.
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5.5.4 Chapter Summary

Continuous-wave PL studies show that the phenomenon of quantum con-

finement can be exploited to control energy transfer in inorganic-organic com-

posites by the tuning of resonant interactions, which presumably occur through

weak electromagnetic coupling. We show that there is a strong absorption of

photon energy by OPE-n followed by a rapid energy injection to CdSe resulting

in strong nanocrystal luminescence, the rate of which can becontrolled by ad-

justing the nanocrystal size, which in turn adjusts the resonant interaction of the

two. Calculations for this resonant interaction manifestedin the spectral over-

lap integral,< J >, further verifies this. Moreover, the preferential quenching

of different polymer configurations implies a strong dependence of the energy

transfer on the delocalization of the OPE-n exciton, and that discrete quantum

confined nanocrystal states interact with the delocalized excitation. The next

chapter is devoted to the time-resolved studies that explore this interaction of

delocalized OPE-n exctions and nanocrystal excitons further.
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Chapter 6

Time-resolved Size-dependent

Energy Transfer in Quantum

Dot/Molecular Wire Assemblies

6.1 Introduction

The emergent properties of hybrid inorganic-organic nanomaterials for opto-

electronic technologies are dictated by the energetics andorbital interactions

of the two systems. Specifically, in the case where the organic and inor-

ganic components are electronically or electromagnetically coupled, probing

the time-dependent excited state lifetime measurements can provide important

insight into the correlated physics of this hybrid material. In a previous chap-

ter, we showed how resonant interactions between an organicoligomer and

CdSe QDs was strongly dependent on CdSe size and oligomer chainlength
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due to enhanced spectral overlap[107]. In this chapter, we demonstrate how

time-resolved studies can reveal a more detailed view of theenergy transfer

and migration inherent in this hybrid material.

The material being studied is a tightly bound hybrid assembly that forms

into large (millimeter-wide) hybrid composites, consisting of oligo-phenylene-

ethynylene (OPE-1) units that are coupled through sulfhydryl linkages directly

to the CdSe quantum dot surface[107]. The OPE-1 is the interconnecting ma-

terial that holds the CdSe QDs in place, in a “brick and mortar”motif. The re-

placement of different CdSe sizes allows for a systematic study on how CdSe

size (and consequently exciton energy) plays a role in the flow of electronic

energy in this hybrid system. While it is beneficial to consider the two com-

ponents as possessing only two excited states that participate in the kinetics, it

is known that hybrid excited states arising fromπ-stacking[99, 91, 90] within

the solid-state organic matrix form easily and participatein the energy transfer

process.π-stacked dimer states, aggregate states, and polaron pairsare some

of the known excited states that dominate organic oligomer and polymer solid-

state matrices.

Previously, we studied the effects of the CdSe size-dependence and the

OPE-n chain length dependence on the excited state properties and energy mi-

gration, which has allowed us to choose a model subset from those studies to

focus on the energy transfer kinetics. A key feature of the chain length and

sizes we have chosen is that the dominant energy transfer process will occur

from the OPE-1 dimer state to the CdSe exciton. This is achieved primarily

through control of the resonance spectral overlap of the OPE-1 dimer state and
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Figure 6.1. Diagram of all possible energy transfer pathways. k2:migration
from single to dimer,kn:migration from dimer to aggregate,kEnT1:transfer
from single to CdSe,kEnT2:transfer from dimer to CdSe,kBT2:back transfer
from CdSe to dimer,kBTn:back transfer from CdSe to aggregate

the first CdSe exciton. This greatly simplifies the possible migration pathways,

allowing us to use simple kinetic expressions.

6.1.1 Energy Migration Pathways

Fig. 6.1 shows all the possible pathways for the migration ofthe excitation

energy in the system we are studying. From these pathways, wenow highlight

the important or dominant processes. The diagram includes migration among

OPE-1 excited state species as well as back-transfer pathways between CdSe

and OPE-1. The excitation begins at the OPE-1 monomer since this excited
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state is resonant with the excitation source and is more abundant than CdSe.

OPE1
hν
→OPE1∗ (6.1)

Energy transfer directly from the OPE-1 excited state directly to the CdSe

is an unfavorable process since no strong overlap exists between the OPE1

energy and the lowest energy excitons of CdSe. The excitationthen migrates

to a resonant dimer state,(OPE−1)2, the ground state of which is expected to

be the dominant species in the assembly due to the close packing interactions.

OPE1∗ + (OPE1)2
k2→OPE1 + (OPE1)∗2 (6.2)

The dominant energy transfer process in this system then results from the

dimer state to the CdSe due to the strongest overlap with the CdSe exciton.

(OPE1)∗2 + CdSe
kEnT→ (OPE1)2 + CdSe∗ (6.3)

However, this strong resonance can also lead to back-transfer from CdSe to

the dimer state.

(OPE1)2 + CdSe∗
kBT→ (OPE1)∗2 + CdSe (6.4)

The excitation eventually leads to many oligomer aggregatestates, which

are the lowest energy species in the system. In the system we are dealing with,

this process should be of only minor importance.
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Focusing on the primary energy transfer process in Eq. 6.3 with an asso-

ciated back-transfer in Eq. 6.4, we can write out the differential equations for

this completely as

d[(OPE1)∗2]

dt
= −

(

1

τ(OPE1)∗
2

+ kEnT

)

[(OPE1)∗2] + kBT [CdSe∗] (6.5)

d[CdSe∗]

dt
= −

(

1

τCdSe∗
+ kBT

)

[CdSe∗] + kEnT [(OPE1)∗2] (6.6)

This system corresponds to two coupled first-order homogeneous differ-

ential equations. We choose the following assumptions to beour boundary

conditions for: at the moment of excitation(t = 0), the excited(OPE1)2

population will be[(OPE1)∗2]0 and the excited CdSe population will be zero.

The solution[48] for this is, and for our system, the donor and acceptor

decays can be written as:

[(OPE1)∗2](t) = [(OPE1)∗2]0

(

X − 1/τ2

1/τ1 − 1/τ2

e−t/τ2 −
X − 1/τ1

1/τ1 − 1/τ2

e−t/τ1

)

(6.7)

[CdSe∗](t) =
[(OPE1)∗2]0kEnT

1/τ1 − 1/τ2

(

e−t/τ2 − e−t/τ1
)

(6.8)

where

1

τ1

=
1

2

[

(X + Y ) +
√

(X − Y )2 + 4kEnTkBT

]

(6.9)
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1

τ2

=
1

2

[

(X + Y ) −
√

(X − Y )2 + 4kEnT kBT

]

(6.10)

and X = 1/τ(OPE1)∗
2

+ kEnT and Y = 1/τCdSe∗ + kBT . τ(OPE1)∗
2

and

τCdSe∗ are the native donor and acceptor lifetimes, respectively.In general, we

expect to observe a bi-exponential lifetime decay for the(OPE1)∗2 species and

a rising exponential coupled with a decaying exponential decay forCdSe∗. As

seen from Eq. 6.9, the lifetimes obtained are nonlinear combinations of the

decay times as well as the energy transfer and back-transferrates.

In the limiting case where energy transfer is irreversible and no back trans-

fer can occur such thatkBT = 0, 1/τ1 = 1/τ(OPE1)∗
2
+ kEnT andτ2 = τCdSe∗.

It turns out that this approximation allows us to write a condition that directly

assesses if back-transfer is involved. This condition arises from examining

the equality,1/τ1 = 1/τ(OPE1)∗
2

+ kEnT , whereinτ1 and τ(OPE1)∗
2

are di-

rectly measured. In order to obtain a non-negative value forthe energy trans-

fer rate,τ1 cannot be larger than,τ(OPE1)∗
2
. Therefore, back-transfer occurs if

τ(OPE1)∗
2

< τ1.

In addition, the exciton decay of the CdSe QD has been shown to be very

complicated and can be strongly influenced by the QD surface.While CdSe

possesses an intrinsic native lifetime (∼ 20ns under ambient conditions), photo-

induced charging often leads to non-exponential decays stemming from charged

photoluminescence.

As our results and interpretation show, the electronic excitation energy in

this hybrid system relies on a resonance condition that is strongly dependent
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on the CdSe QD size. Over the CdSe sizes studied, it is the energetic reso-

nance between the CdSe exciton and the OPE-1 dimer-like excited state that

strongly dominates the decay kinetics of the final assembly.When this reso-

nance condition is enhanced, energy flows rapidly from the organic oligomer

matrix to the CdSe QD. In addition, significant back-transferalso occurs, pro-

ducing an average repopulation time in the range of a few nanoseconds. Given

the strong resonance, and the significantly longer acceptorlifetimes compared

to the donor, this back-transfer is expected, due primarilyto a thermally stim-

ulated repopulation of donor states.

6.2 Experiment

OPE-1 and CdSe QDs coated with TOP/TOPO (tri-octyl phosphine/tri-

octyl phosphine oxide) were synthesized using literature methods. The for-

mation of the CdSe-OPE-1 assembly was achieved by slow addition of CdSe

to a solution of OPE-1, which was then allowed to assemble overnight before

the resultant solid precipitate was washed to remove excessOPE-1. The as-

sembly, which was hundreds of microns wide, was then deposited onto quartz

substrates for lifetime measurements. Control experiment preparations con-

sisted of CdSe in nM concentrations dissolved in n-hexane or toluene and a

thiol-protected form of OPE-1 (called OPE-1p) in a chloroform or toluene so-

lution or as a thickly deposited solid.

The lifetime measurements were performed using a Hamamatsustreak cam-

era coupled to a CCD for detection and a Nd:YAG-pumped R6G dye laser fre-
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quency doubled line (315nm, 10 ps, 1MHz). The advantage of using a streak

camera for time-resolved measurements is that it allows us to track the evolu-

tion of the PL spectra over the course of the decay. To alleviate the uncertainties

in interpreting our data, we use a hybrid Maximum Entropy Method (MEM) to

procure the unbiased assignment of lifetime distribution from the PL decay.

6.3 Results

In order to understand the interaction between OPE-1 and CdSe, it is im-

portant to understand the time-dependent decay of OPE-1 in the solid state.

Fig. 6.2 shows the decay profile of OPE-1p in a dilute chloroform solution and

cast as a solid film. OPE-1p in solution has a lifetime of 1.4ns, however, cast-

ing OPE-1p in a solid converts the exponential lifetime intononexponential

kinetics.

Examining the PL profile (Fig. 6.2 inset) between these two states also

reveals a strong overall red-shift in the PL by∼ 0.3eV arising from solid-state

packing effects. Over the course of the evolution of the film PL, we also note

changes in the spectral profile, such that the blue edge of thePL band decreases

faster than the red edge of the PL band, as shown in Fig. 6.2(inset), indicative

of multiple-excited states.

Fig. 6.3 shows the PL and time-resolved decays of the CdSe QDs used in

this study in a dilute toluene solution. With increasing size, the exciton PL band

shifts to lower energy and decreases in PL quantum efficiency. The lifetimes

of all the sizes studied persist for tens of nanoseconds and exhibit complex
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Figure 6.2. Time-resolved PL decay of OPE-1p in a dilute toluene solution
(dashed line) and as a drop-cast film (solid line). Inset: Transient PL spectra of
OPE-1p film in 2 time regimes (0-100ps and 2-8ns) and OPE-1p dissolved in
toluene.
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Figure 6.3. Time-resolved PL decay of CdSe QDs of sizes 2.8nm,4.0nm,
4.6nm and 5.6nm shown in descending order. The corresponding total PL spec-
tra taken from the time-resolved experiment are shown in theinset

decay kinetics. In addition, there is a noticeable reduction in the lifetime of the

largest CdSe size studied (5.6nm), though the overall decay still remains on the

scale of several nanoseconds. The nonexponential nature ofthe CdSe decays

are a strong function of surface quality, and may contributeto extrinsic short

timescale processes. It is generally accepted that the longtimescale kinetics

reflect single-excitation band-edge exciton decays.

Fig. 6.4 and 6.5 shows the PL and time-resolved decays of the assembles

created with OPE-1 and CdSe of varying sizes. As can be seen in Fig. 6.4,

the observed lifetime decays are on the order of a few nanoseconds and bear

more resemblance to the OPE-1p component rather than the CdSecomponent.
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Therefore, the decay kinetics of both assemblies containing small CdSe sizes

are strongly dominated by the organic matrix. Photon energyis absorbed pri-

marily by the organic counterpart and decays within this component with no

energy transfer communication occurring between the two phases. More ev-

idence of this lack of communication is present in the transient PL, wherein

the spectra (Fig. 6.4 inset) closely resembles the OPE-1 filmspectra over the

course of the entire decay. A small variation in the transient PL is found

in CdSe(4.0nm) shows that the short-lived OPE-1p component decays faster,

which may be indicative of a weak size-dependent effect. In both cases, there

seems to be little evidence of CdSe PL, which would have manifested itself as

significantly longer lifetimes in the time-resolved decaysor sharp overlapping

peaks in the transient PL.

Fig. 6.5 shows the time-resolved decays and transient PL forthe assemblies

of the two largest CdSe sizes we studied. The spectral range was limited to

the region where CdSe of the appropriate size was known to emit. The decay

observed is more complicated than the smaller CdSe sizes and an abrupt change

in the decay time at short timescales is observed. In addition, the decay time

magnitude is tenfold longer than the assemblies containingsmaller QD sizes

and the transient PL (shown in the insets) shows more QD PL than OPE-1 PL.

Given these observations in both the time-resolved decay and the transient PL,

it is evident that the inorganic QD component dominates the decay kinetics

when large CdSe sizes are used.

This abrupt change in slope at short timescales is likely to be due to a re-

population of the CdSe emitting state that overlaps with normal CdSe decay. To
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Figure 6.4. Time-resolved PL decay of OPE-1/CdSe assembliescontaining
CdSe QDs with diameters of 2.8nm and 4.0nm. Insets show the transient PL
spectra for the decays in 2 time regimes (0-100ps and 2-8ns)
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Figure 6.5. Time-resolved PL decay of OPE-1/CdSe assembliescontaining
CdSe QDs with diameters of 4.6nm and 5.6nm. Insets show the transient PL
spectra for the decays in 2 time regimes (0-1ns and 2-140ns)
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Figure 6.6. Time-resolved decays of OPE-1/CdSe assemblies containing
CdSe(4.6nm) and CdSe(5.6nm) wherein the contribution from directly pumped
QD Pl has been subtracted from the decays. Solid lines indicate fits to a func-
tion containing an exponential rise and decay

examine this phenomenon, the native CdSe decay times were subtracted from

the assembly decays. We can clearly see the rollover in the CdSe decay time

in Fig. 6.6, which represents the population of unexcited QDs which received

energy from the OPE-1 matrix. Between the two curves it is evident that the

larger QD assembly has a faster population time than the smaller QD assembly,

as well as a faster decay time than the smaller assembly.

The kinetics in Fig. 6.6 fit very well to the sum of a single decaying and

a single rising exponential,f(t) = xexp−t/τ1 − (1 − x)exp−t/τ2. The rising

exponential decay lifetime is 8.5ns in the assembly containing CdSe(4.6nm)

and 3.5ns in the one having CdSe(5.6nm). In both cases, the pre-exponential
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factors were nearly identical (x ∼ 0.5). The decay times, which are expected

to be influenced more heavily by the native lifetime of the CdSeacceptor in-

stead of energy transfer, have dropped from 13.6ns to 9.9ns as the CdSe size is

increased from 4.6nm to 5.6nm. This is an expected result as the native lifetime

of CdSe decreases with increasing size.

As an additional tool for examining the kinetics, the lifetime distributions

were extracted from the decay kinetics using a hybrid Maximum Entropy Method

/ Nonlinear Least Squares method. Fig. 6.7 shows the lifetime distribution for

some of the samples studied. The lifetimes from the assemblies of two different

sizes as well as the individual components are shown. This fitting procedure

accounts for both rising and decaying exponential kinetics.

6.4 Discussion

Comparing this limiting case to our data, we see that the rise time we ob-

serve should correlate directly toτ1. However, the rise time that we obtain

empirically is longer than the lifetime of the OPE-1 donor, which cannot be

true if this limiting case of this kinetic model were true. Therefore, the only

way for the rise time to be longer than the donor decay time is if back-transfer

is introduced (kBT 6= 0)

The addition of a back-transfer rate produces no simple solution to the ki-

netic equation. The observed rise time therefore represents components result-

ing from the donor decay time that is accelerated by the transfer of population

via energy transfer to the acceptor and impeded by the back transfer of popu-
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Figure 6.7. MEM-NLS analysis of lifetime distributions (from top to bot-
tom) for an OPE-1 drop-cast film, CdSe(2.8nm)/toluene, an assembly of
CdSe(2.8nm)-OPE-1, CdSe(4.6nm)/toluene and an assembly of CdSe(2.8nm)-
OPE-1. THe solid lines indicate decaying exponential distributions while the
dashed line indicates rising exponential distributions.
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lation from the acceptor to the donor. This complicated kinetic result obscures

the quantitative energy transfer rate, although qualitative conclusions can still

be made regarding trends in the kinetics with regard to the differences in CdSe

size.

Taking into account the relative PL contribution of the acceptor/ donor

(CdSe/ OPE1) over the entire time decay, we note that assemblies contain-

ing larger CdSe sizes (above roughly 4nm) favor a strong CdSe PLover OPE1

PL. In fact, we have obtained a null result with 2.8nm CdSe wherein CdSe not

only fails to affect the kinetics, but fails even at producing detectable PL. As a

result, direct excitation followed by resulting PL of CdSe does not appear to be

a favored pathway. Therefore that leaves energy transfer asthe primary mech-

anism through which CdSe is excited. The electronic energy absorbed by the

OPE-1 matrix is slowly transferred to CdSe, resulting primarily in the effect of

a rise time in the CdSe PL decay kinetics. However, this rise rate is artificially

slowed down by the back-transfer rate.

Comparison of this result to the MEM-NLS data shows that the rising life-

time obtained in the above fitting matches the rising distribution in the MEM-

NLS Fit. A MEM-NLS fit could not be performed for the CdSe(5.6nm) QD,

since there were too few data points within the temporal region of the rise to

extract the rising time accurately. As can be seen from Fig. 6.7, the decay dis-

tributions of the OPE-1 matrix are very short (< 2ns) and possess 2 distinct

distributions that result from the complex nature of their decay in the solid

state. The change in the transient PL decay for OPE-1 is linked to these two

distributions and we can assign the shorter lifetime to the blue edge of the emis-
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sion band and the longer lifetime distribution to the red edge of the emission

manifold. These kinetics arise most likely from the formation of distinctπ-

stacked excited state dimers. These dimer-like transitions are red-shifted from

the native molecular PL.

CdSe possesses two distinct lifetime distributions,(> 2ns) that do not

vary greatly as a function of size, as can be seen in both the transient decay,

Fig. 6.3, and the MEM-NLS fits, Fig. 6.7. However, the assemblies containing

differing CdSe sizes produces drastically different lifetime distributions. In

the case of smaller CdSe(2.8nm), the OPE-1 lifetimes are obtained, although

at different ratios than the film counterpart, with very little evidence of the

longer CdSe lifetimes. This is strongly indicative of a case where OPE-1p is

the primary absorbing and emitting species, and no energy transfer occurs to

the nanomaterial. The change in the lifetime distribution is most likely due to a

different OPE-1 packing morphology, induced by binding to the CdSe surface.

In the case of larger CdSe(4.6nm), the assembled structure displays not

only decay pathways, but also rising exponential kinetics.As shown in Fig. 6.7,

two decaying (solid lines) and one rising (dashed line) exponentials are ob-

tained. While the decaying exponentials seem to be derived from components

from the native OPE-1 and CdSe lifetimes, the rising exponential lifetime is

found only in this assembly, and only for larger CdSe sizes. This rising ex-

ponential lifetime more than likely occurs due primarily toan energy transfer

process from the OPE-1 component to the CdSe component, and isrepresenta-

tive of the repopulation rate of the energy acceptor.

While the effect of CdSe size is readily apparent from the MEM-NLS anal-
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ysis, which shows that the threshold for energy transfer to proceed is in the

neighborhood of 4.0-4.6nm, it is also worthwhile to assess if energy transfer is

accelerated beyond this threshold. Since MEM-NLS could notextract the life-

time distributions from CdSe(5.6nm), we compare the time decays of 4.6nm

and 5.6nm with the direct-pump CdSe PL subtracted from it. Whatremains is

the kinetics of the unexcited CdSe population that becomes repopulated due to

energy transfer from the OPE-1 matrix and which consequently decays as PL

from CdSe. The kinetics obtained are shown in Fig. 6.6, which have been fit to

a rising and decaying exponential for quantitative results. Examining Fig. 6.6,

we see that the rise rate of the larger CdSe(5.6nm) is greater than the smaller

CdSe(4.6nm) as evidenced qualitatively in the steeper positive slope and quan-

titatively in the the shorter rise time of 3.5ns vs. 8.5ns. The difference in the

decay times obtained is strongly influenced by the differences in the native

size-dependent CdSe decays, shown in Fi.g 6.3, wherein CdSe(5.6nm) has a

naturally shorter decay process than the smaller CdSe sizes.

Although in Fig. 6.6 we have used temporal subtraction of thenative CdSe

lifetime to simplify our analysis, we cannot attribute thisto purely directly-

pumped PL. The reasoning behind this is that when one considers the entire

study as a whole, the control experiments indicate that CdSe exciton energy and

kinetics changes gradually and systematically as a function of size. Absorption

cross-sections also follow this trend, and no large jump is expected between

CdSe(4.0nm) and CdSe(4.6nm). In contrast, the kinetics of thelarger assem-

blies indicate a combination of decays that originate spectrally from CdSe QDs,

but have components that show rapid (on the order of the excitation pulse) and
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slow (energy transfer with back transfer, as explained above) excitations. While

the rapid excitation can be argued to result from directly pumped PL, this is in-

consistent when one considers that assemblies containing slightly smaller CdSe

do not show any directly-pumped PL. An explanation that is more consistent

with the data is that a second, faster size-dependent energytransfer process oc-

curs from the OPE-1p matrix to the CdSe component. This fast energy transfer

process would be comparable in time to the pulse distortion (<1ns), and would

stem from the participation of molecular OPE-1 in the energytransfer process

to CdSe.

6.5 Chapter Summary

Performing transient PL studies on OPE-1/CdSe assemblies has allowed

us to elucidate some of the complex processes that lead to energy transfer and

migration as they pertain to CdSe size. The large sensitivityin the kinetics of

this assembly on CdSe size makes this a model material for the study of the

flow of electronic energy in multi-phase hybrid systems containing a quantum-

confined component.
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Chapter 7

Photothermal Melting and Energy

Migration of Quantum-Dot-doped

Organic Oligomer Films

Reproduced with permission from “Photothermal Melting and Energy Mi-

gration in Conjugated Oligomer Films with CdSe Quantum Dots,”A. Javier,

R.W. Meulenberg, C.S. Yun, G.F. Strouse,Journal of Physical Chemistry, B.,

(2005), 109, 6999-7006. Copyright 2003, American Chemical Society

7.1 Introduction

The combination of the rapid processability of conducting polymers[98,

108, 109, 89] with the tunability of semiconductor quantum dots[4, 110, 1]

makes the hybridization[111, 102, 83] of these two materials a potential can-
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didate for device-oriented designs[81, 112, 113], most notably electro-optical

memory. Such unconventional design approaches can ideallylead to hybrid

systems that benefit from the strengths of both materials, without suffering

from the weaknesses of the precursors. The challenges in this field entail

overcoming the strong electrical and optical induced charging[32, 114] of the

quantum dots which reduces the quantum yield and therefore the overall per-

formance of the material. Such a challenge can be overcome byemploying

alternate means of addressing and manipulating the quantumdot such as using

resonant dipolar coupling.

In a previous publication[107] we explored the intimate interaction be-

tween a phenylene-ethynylene oligomer and CdSe quantum dots, wherein we

were able to observe strong size dependent electronic energy transfer that con-

ferred a high degree of interaction between the two systems.The guiding

principle in this system was that control of energetically resonant interactions

are tunable through quantum dot size. The intimate conjugation between the

two systems produced a rigidly bound monolith, whose optical characteris-

tics remained extremely stable. In this manuscript, we report on the study

of the unbound variant of this hybrid system, wherein thermodynamic tran-

sitions within the oligomeric domains becomes the primary factor for tuning

the electronic properties[115]. This system involves a matrix of amorphous

oligomer to which quantum dots have been doped in very small quantities

(< 1%). Bulk thermodynamic transitions from the oligomer matrix (energy

transfer donor) are thus optically detected using the dopant (energy transfer ac-

ceptor) PL. Specifically, the films are initially formed in a thermodynamically
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metastable phase or glassy state. Direct heating of the film in this amorphous

metastable state melts the structure which is followed by a non-reversible tran-

sition to a more thermodynamically stable, crystalline phase. The dopants in-

troduced into this matrix do not affect the overall conformation, but act only

as optical reporters of the phase transition. Indirect heating by optical means

can be achieved and is exploited for using this material in a read-write manner.

This demonstration not only underscores the importance of this material as a

new optical material, but highlights its potential use as a medium for optically

addressable and readable memory.

Electronic energy transfer[73, 116], a nonradiative process where elec-

tronic energy is transferred from an electronically excited energy donor to an

acceptor moiety, is a phenomenon found in condensed phase materials ranging

from biological entities to doped semiconductor crystals[75, 117]. In the latter

case, typically the host matrix acts as the energy donor, andthe dopant material

acts as the energy acceptor. Optical or electrical excitation of the host material

can result in efficient dopant photoluminescence as the host’s pseudo-particles

(excitons, phonons etc..) act as conduits in the transfer ofthat energy. While

this case generally represents coherent energy transfer, it is important to recog-

nize that in amorphous films, energy transfer still occurs via resonant energy

migration[118] wherein the energy moves from domain to domain within the

host in a random-walk pattern until it reaches the energy acceptor[119]. The

rate of this energy diffusion will be strongly dependent on the general confor-

mation and local domain interactions of the host material[120], as well as the

electronic energy topography.
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Quantum confinement produces size-dependent electron and hole energy

levels for CdSe in a size regime between∼1-10nm. The resulting size-dependent

trend in the exciton energy provides a remarkable tunability for this material to

be exploited in both applied and pure science endeavors. In particular, CdSe

can be emplloyed both as an energy trap[77] for the migratingexcitation in a

host-guest system, and as an optical reporter for when the excitation has arrived

at the CdSe quantum dot. Were this material to undergo a structural phase tran-

sition, the energy diffusion rate would be strongly affected and therefore the

dopant photoluminescence may be strongly enhanced or quenched. This sug-

gests tracking changes in energy transfer through a reporter entity can provide

insight into changes in the host lattice conformation. Although a significant

number of studies have been performed using CdSe as the dopantin conju-

gated polymer matrices, to the authors’ knowledge, this manuscript reports the

first attempt at the use of CdSe QDs as dopants in an oligomer matrix.

While poly-phenylene-ethynylene (PPE) and poly-phenylene-vinylene (PPV)

systems have been well-characterized[98, 121], significantly less is known

about their oligomeric[122] variants, OPE and OPV. In particular, both the-

oretical and experimental studies have indicated that the photophysics of con-

jugated polymers change drastically in the limit of low repeat units, namely

oligomers[99]. These short conjugated systems represent the crossover regime

between solid-state phenomena[103] and molecular-like excited states. In fact,

exciton lengths are not reached until roughly 30Å(in the region of more than

5-8 repeat units)[87] in the oligomeric assemblies. In addition, due to the low

repeat units, intra-chain transport[123] (parallel to thelong axis) is not as dom-
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inant and inter-chain energy migration (perpendicular to the long axis) can be

strongly favored in these systems. For example, in anthracene matrices, energy

migration proceeds by inter-ring transfer with triplet exciton diffusion lengths

exceeding10µm[124]. Ordered PPE films[120] have shown diffusion lengths

of up to 10nm. Thermodynamically, since each oligomer has only a few repeat

units, their solid state phases are much less thermodynamically stable than their

polymeric counterparts owing to fewer inter-chain interactions (co-facial ring

stacking and side chain associations) that confer stability[125, 123, 126]. This

produces a competition between kinetically favored and thermodynamically

favored solid-state phases, wherein kinetically favored but thermodynamically

metastable glass states can easily form during the process of film deposition.

This paper is organized as follows: 1) We discuss phase transitions in

the oligo-p-phenylene-ethynylene dibenzylthioacetate (OPE-1p) matrix, 2) we

show how the optical properties arise from the morphology ofthe OPE-1p film,

3) we show how the film morphology can be optically manipulated, and 4) we

show how CdSe QDs efficiently reports these domain changes andhow it can

be used for read-write optical memmory.

7.2 Experimental Details

Synthesis.OPE-1p was prepared and purified as described in our previous

report[107]. CdSe was prepared with an organic overcoating of HDA (hexade-

cylamine) as reported previously[4].

Thin Film preparation. Solid thin films were prepared in two ways. dc-
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Films were made by drop-casting concentrated solutions (∼1µM) of OPE-1

and/or CdSe QDs in toluene onto sapphire flats and allowed to dry on top of

a warm oven. sc-Films were made by spin-casting dilute solutions (∼1nM) of

OPE-1 and/or CdSe QDs in toluene at slow spinning speeds(∼ 10 monolay-

ers). Doped thin films were prepared in both methods by careful preparation

(usingµL syringes) of mixed OPE-1p/CdSe solutions made from stock solu-

tions. In both cases, film thickness was kept optically dilute and transparent

(<0.1 Absorbance atλexc)

Differential Scanning Calorimetry. DSC was performed on 10-12 mg of

OPE-1p crystal or on concentrated OPE-1/toluene solutionsthat were thickly

deposited onto the sample pan by drop-casting. Several runswere performed at

a ramping speed of 10◦C/min, and reversibility was tested by repeated cycling.

UV-Vis Spectroscopy. Absorbance spectroscopy was performed using a

Varian Instruments Uv-Vis spectrometer at room temperature in 1-cm quartz

cells for solutions and sapphire flats for thin films. The UV-Vis spectra of

doped films and standard solutions showed exclusively OPE-1absorption, with

an undetectable or negligible amount of CdSe present.

Raman Spectroscopy.Raman spectra were obtained by front-face sample

excitation at 514nm using an Ar+ ion laser (Spectra Physics), collection by

a f-1 lens and collimation into a 1/2m monochromater (Acton). Laser light

rejection was achieved using a super-notch filter.

Photoluminescence Spectroscopy.Photoluminescence of solid films was

taken using the excitation of either a HeCd laser (325nm) or the filtered 312nm

line of a Hg-arc lamp. Samples were placed in a cryostat wherea vacuum
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of 10−3 mm Hg was applied. Heating was achieved resistively througha cal-

ibrated heating rod connected to copper rings surrounding the sapphire sub-

strate, producing a temperature range between room temperature to 420K(±5K).

In the temperature-dependent experiments, the film was allowed to thermally

equilibriate in the dark for at least 10 minutes before beingexposed to exci-

tation light. Sample excitation was kept to 2 seconds maximum during these

experiments in order to reduce any photo-induced heating.

Front-face excitation was used for the He-Cd system, but 45◦ rear excitation

was used for the Hg arc lamp. The luminescence was collected using a f-1

lens, and collimated to a 1/3-m CVI Spectrometer (150g/mm). Detection was

achieved with an air-cooled SBIG CCD (512px x 512px).

7.3 Structural Characterization

7.3.1 DSC Analysis

Inspection of the melting behavior of the OPE-1p films suggest complex

liquid-crytalline behavior dependent on the method of preparation (Fig. 7.1).

The sample dependent calorimetry seems to arise from subtlepacking dif-

ferences. Such complexity is commonplace in materials thatexhibit liquid-

crystalline behavior. In the single crystal a strong 1st-order exotherm is ob-

served at 405K (23 J/g), corresponding to a solid-to-liquid(s-l) transition, as

found in similar DSC studies on polymeric variants[127]. Just prior to this

transition, a small 1st-order solid-to-solid (s-s) transition takes place at 380K
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Figure 7.1. Differential Scanning Calorimetry data for OPE-1p in the drop-cast
film form (Bottom) and the single crystal form (Top). Featuresare labelled to
indicate the state-state transitions: s-l: solid-to-liquid, s-s: solid-to-solid, l-s:
liquid-to-solid.
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(5 J/g). The s-s transition indicates the presence of a glassy solid that is ac-

cessed before the transition to a completely liquid phase ormost likely arises

from the melting of the OPE-1p side-chains[128] inducing chain mobility prior

to the onset of melting. The glassy solid is reminiscent of liquid crystalline

phase transition with the onset of ring mobility. As the material cools from the

liquid phase, several small, discrete endothermic transitions (20 J/g) are ob-

served at lower temperatures than the melt at 360K. This behavior is reversible

as the crystal is run through several heating and cooling cycles. The cool-

ing behavior differs from what is observed in the polymeric variant, wherein a

broadened distribution is found as a result of a distribution of states[127]. In

the oligomeric version, since there is a single molecular structure, the discrete

transitions must arise from a kinetically-controlled combination of discrete in-

tramolecular (ring twisting) and intermolecular (ring-ring stacking, side-chain

packing) interactions, rather than a purely thermodynamicprocess consistent

with the observation of metastable state formation. Comparison of the areas

under the DSC curves reveal the process is reversible, just kinetically unfavor-

able.

The DSC scan of the amorphous drop-cast film (dc-Film) shows asolvent

loss peak at 305K which corresponds to the boiling point of toluene, followed

by an identical s-l transition (9 J/g), as observed in the crystalline form. How-

ever, the transition to the glassy solid is not observed distinctly in the amor-

phous film. The strong asymmetry of the s-l transition towardlower temper-

atures indicates the presence of a broadened s-s transitionsuch that the s-s

transition occurs over a wider temperature range than the crystal and cannot be
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distinguished from the s-l transition. This suggests that the more disordered

nature of the glassy dc-film is a kinetically driven process.This is logical in

light of the probability of a distribution of states arisingfrom chain disorder in

the drop-cast films. Numerical integration of the DSC data reveals that the l-s

transition (5 J/g) accounts for 56% of the energy released inthe s-l transition.

The remaining 44% most likely arises from weak, broad, unresolved peaks.

Assuming that the l-s transitions between the crystal and film to be pro-

portional to each other, the sum of the energy of the s-l and s-s transitions in

the crystal accounts for the energy in the s-l transition of the film. Therefore,

we can expect drop-cast films to be structurally different from the crystals since

the s-s crystalline-glass solid (Tg) transition occurs at higher temperatures. The

presence of a weak endothermic transition at 385K in the single crystal that

moves to higher temperature in the drop-cast film strongly suggests that pack-

ing effects play an important role in the thermodynamic phases of the material.

The presence of a complicated exothermic transition that does not remotely re-

semble the corresponding endothermic transition (both in temperature and peak

shape) indicates a very complicated cooling cycle that may involve changes in

kinetically slow processes arising from local domains in the sample. An im-

portant point that we will return to later is that all of thesetransitions represent

reversible macroscopic processes for the average structure, although this does

not suggest microscopic reversibility for local domains.
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Figure 7.2. XRD Data used to reconstruct the morphology of single crystals of
OPE-1p that formed under slow, crystallization. a) shows the electron densities
at each atom b) is a 3D representation of the stacking of OPE-1p molecules and
c) shows only the phenyl rings to highlight the effect of the interplane twisting
within the same molecule.
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7.3.2 XRD Analysis

XRD Data (Fig. 7.2)on the single crystal reveals an inter-chain separation

of approximately 7̊A as well as a twisted inter-plane geometry, as is expected

from the rotationally flexible nature of the intra-molecular triple bonding be-

tween alternating phenyl groups. The XRD reveals the strength of the inter-

chainπ-stacking interactions in distorting the molecular geomtery, as the sta-

bility afforded by pi-stacking interactions causes a deviation in the inter-phenyl

groups angle to be greater than zero.

7.4 Optical Characterization

7.4.1 Raman Analysis

Raman spectroscopy performed on the amorphous film is shown inFig. 7.3.

Only the frequency range of 1200 cm−1 to 1600 cm−1 is shown, as these signals

were the strongest and correlate directly to the molecular vibrations. At room

temperature, 4 peaks in this frequency range can be clearly identified. The fre-

quencies 1575 cm−1, 1323 cm−1 and 1217 cm−1 arise from ring stretches of the

aryl moieties[129, 130]. However, the signal at 1530 cm−1 is not a vibration of

the OPE-1p molecule, therefore it is suspected that this vibration arises from a

symmetry element induced by the crystalline packing. As we study the evolu-

tion of these Raman signals as a function of temperature this appears to be the

case as it is the 1530 cm−1 that shifts most drastically as the crystal approaches

its melting point. Tracking these vibrations as a function of temperature, there
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Figure 7.3. Raman Spectroscopy of OPE-1p drop-cast film at different temper-
atures. Raman Spectra of OPE-1p at 298K (top) and at 420K (bottom). The
frequencies of the 4 identified peaks are tracked as a function of temperature
(bottom graphs).
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is a global shift to lower frequencies that all the observed frequencies show as

seen in Fig. 7.3. However, as the melting point of the crystal(407K) is passed,

all the raman signals shift strongly to lower frequencies except the 1575 cm−1

mode. This is interpreted as a softening of the crystalline lattice as the melting

point is passed.

The 1530 cm−1 mode is not an intrinsic crystal vibration as these tend to

be of significantly lower frequency[131]. In addition it would be expected that

this mode should disappear as the system approached the isotropic liquid and

crystal symmetry is lost. This is not the case as the strength1530 cm−1 mode

remains strong even after the crystal has melted completely.

7.4.2 PL Spectra Fitting Method

Our analysis of the PL properties of OPE-1p begins with a detailed fitting

of OPE-1p in a dilute toluene solution (∼ 1pM ) using a two-state model ac-

counting for vibronic transitions with 2-D harmonic wells[132],
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wherevM andvL are the ground state vibrational quantum numbers for the

medium and low frequency vibrations, respectively, and thesum is over the first
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5 of the medium and first 10 of the low frequency numbers. The vibrational

frequencies (ωL, ωM ), the associated Huang-Rhys factors (SL, SM ) and the ex-

cited state displacement energy (E00) can also be determined. The line width

(∆ω) and the PL intensity (I(E00)) are also fit. The quality of the fit is shown

in Fig. 2a in the manuscript. We obtain two frequencies corresponding to res-

onantly coupled vibrations,ωL = 351 ± 3cm−1 andωM = 1559 ± 6cm−1 and

their corresponding Huang Rhys factorsSL = 2.8±0.05 andSM = 0.96±0.01.

The medium frequency mode we obtained matches the strongestsignal in our

Raman spectrum in Fig.7.3 at 1570cm−1 with less than a 1% difference. This

strongly indicates that the excited state decay and even nonradiative pathways

relax through ring vibrations.

7.4.3 PL Spectra Analysis

Consistent with the expectations from the complex calorimetry data, the

PL of OPE-1p films is strongly preparation-dependent; and the initial stock

solution concentration and casting method show dramatic changes as shown

in Fig. 7.4. This is attributable to the change in populationdensity of vari-

ous aggregate states trapped by the glassy oligomer structure formed follow-

ing film casting. In a previous publication[107], we used concentration de-

pendent absorbance and photoluminescence to demonstrate the evolution of

the OPE-1p molecules into dimer-like and aggregate configurations arising

from strongπ − π stacking driving forces. In solution, both molecular and

dimer PL can be observed, mediated by the self-association equilibrium. The

monomer spectrum dominates Fig. 7.4a. The dimer PL can be predicted from
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Figure 7.4. PL spectra of OPE-1p under different conditions, λexc = 325nm,
unpolarized. a)Dashed: OPE-1p/toluene solution (very dilute), Solid: fit to
Eqn. 7.4.2 b) OPE-1p/toluene solution (concentrated) where (a) has been sub-
tracted. c) Spun-cast film using a dilute stock d) Drop-cast film using a dilute
stock e) Drop-cast film using a concentrated stock f) Crystalsthat have been
coarsely ground with mortar and pestle. g) Crystals formed ina chloroform
solution
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the concentration-dependent PL of OPE-1p solutions by spectral subtraction,

as shown in Fig. 7.4b. This dimer state is strongly red-shifted[133] from the

OPE-1p molecular PL, indicating that the lowest energy excited state from this

interaction is dipole-allowed[99]. The vibronic separation in the OPE-1p dimer

reveals an energy spacing of 1515cm−1 that correlates with one of the observed

vibrations obtained in the non-resonant Raman spectra (Fig.7.3) of the drop-

cast film (1525 cm−1).

When OPE-1p has been allowed to slowly crystallize(Fig. 7.4g), the change

in the ratio of the two bluest peaks changes dramatically, inaddition to a very

dramatic increase of the aggregate band at 620nm. XRD data revealsπ − π

stacking with rings< 7Å separation which gives rise to red-shifted aggregate

PL[134] as predicted by Bredas[99, 103]. When the crystal is powdered with a

mortar and pestle, again the PL spectra changes dramatically (Fig. 7.4f) and a

change in the ratio of the two bluest transitions is observed, suggesting extreme

sensitivity of the PL to the nature of the sample environment.

The spun-cast film (Fig. 7.4c) show a similarly shaped spectrum to the

extracted solution state dimer-profile, though red-shifted due to changes in sol-

vation. This suggests that much of the film PL structure arises from dimer-like

states, making these the strongest emissive species withinthe films. In addition,

due to the high probability for stacking in these molecules,an aggregate[122]

band is observable at 620nm that is related to excited statesarising from as-

sociation of more than two OPE-1p units. Drop-cast films (Fig. 7.4d) produce

similar spectra to the spun-cast counterparts, although the bluest peak appears

to be slightly diminished.
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Shown in Fig. 7.4e is a film prepared by drop-casting a 1M solution us-

ing several deposition steps, where we see a much broader PL profile that

stretches across the entire visible spectrum and possessespeak features of OPE-

1p molecules, dimers and aggregates. This casting method appears to produce

the widest variation of domain structures, which gives riseto a distribution of

structures being probed by the laser, and explains why the PLhas elements of

crystalline, amorphous, and isolated phases. Therefore, from the series shown

in Fig. 7.4, there is an overall trend in increasing PL shift to the red with de-

creasing OPE-1p intermolecular distances and more crystalline, tighter packed

conformations.

7.4.4 PL Temperature Dependence

The dependence of the PL intensity on the morphology offers aunique

opportunity to probe the melting behavior of these oligomerstructures. The

temperature-dependent PL intensity on spun-cast films (Fig. 7.5), can be cor-

related with the observed isotherms from the DSC (Fig. 7.1).Trapped solvent

loss (T=305K) is trivial to the PL decay as no strong change insolvent loss

occurs as the total PL drops by< 2% as the solvent boiling point is surpassed.

As the solid-liquid phase transition is reached (T=405K), the total integrated

PL drops to 25%. During the cooling cycle, the integrated PL increases linearly

with decreasing temperature, reaching 39% of the original value at room tem-

perature. Therefore, the first heating/cooling cycle is notentirely reversible as

the PL never recovers its original intensity. Although thisis inconsistent with

the observed reversibility of the DSC, it demonstrates the sensitivity of PL to
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Figure 7.5. The spectrally-integrated PL of OPE-1p drop-cast film as a function
of applied temperature. The arrows indicate the direction of the heating cycle
(Rise 1,2) and cooling cycle (Drop 1,2).
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probe local domains within the film, while DSC probes ensemble behavior.

As the film is cycled through repetitive heating-cooling ramps, the PL

shows near reversibility as it tracks the cooling very closely. It reaches a

slightly lower PL after the solid-liquid phase transition (∼ 21%). Subse-

quent cooling shows that the PL changes to∼ 30% of its original intensity

at room temperature. The irreversibility found in the second heating/cooling

cycle (< 10% PL change), however, is nowhere near as dramatic as that found

in the first heating/cooling cycle (> 75% PL change). This suggests a structural

annealing process with increasing crystallinity due to removal of the metastable

packing in the morphology of the cast film.

The shape of the PL spectrum provides a more systematic calibrant of the

morphology changes. As a function of temperature, the PL switches between

two forms as shown in Fig. 7.5: (A) a high-temperature liquidform and (B)

a low temperature solid form. The changes in the PL are distinctly observed

to occur coincident with the transitions found in the DSC. In specific, the ini-

tial metastable state of the OPE-1p film appears as (A) and there is no spec-

tral change (apart from overall quenching) as the film is heated past the s-l

phase transition. Even as the film cools initially, the spectral shape remains

(A). However as the endothermic transitions are surpassed during cooling, the

spectra approaches (B) until room temperature is reached. Insubsequent heat-

ing up to the s-l phase transition, the spectra remains as (B),but switches to

(A) as the melting point is surpassed. Further cooling showsthat (A) turns into

(B) only as the endothermic cooling begins. The behavior is consistent with a

kinetically trapped mets-stable conformation for the oligomers.
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Examination of the temperature-dependent PL shows strong irreversibility

after the first melting cycle, which contradicts the DSC where strong reversibil-

ity is observed over several heating and cooling cycles. Clearly, the PL reflects

only a small population of emissive states. However, considering the dramatic

change in the PL observed, the meta-stable state must have significantly higher

quantum efficiency compared to the dimer-state in order to account for the

large disproportionality in population contribution. In polymeric variants it

has been suggested that crystalline domains exhibit lower quantum efficiencies

than more amorphous regions[120, 98, 121].

7.5 Optical Manipulation

The effect of the initial OPE-1p concentration (density) onthe final melted

form can be examined by performing time-monitored laser PL on the drop-cast

and spun-cast films. The drop-cast films are expected to have ahigher density

of OPE-1p and form into a more ordered state (crystalline aggregate domains)

because of it, while the spun-cast films tend to be more amorphous and have a

lower OPE-1p density. These results are shown in Fig. 7.6. Here, we can see

that over time under continuous irradiation, the PL intensity from the spun-cast

films decays almost completely, within 2 hours while the PL from the drop-

cast films decays to∼50% of its original intensity, and remains indefinitely

stable at that intensity (Inset of Fig. 7.6). In addition, the spectral shape of the

film PL initially resembles the liquid form of Fig. 7.5(A), then transforms into

Fig. 7.5(B) over time. Most notably the 450nm peak (molecule/dimer region)
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Figure 7.6. Photoluminescence spectra of OPE-1p films as a function of con-
tinuous irradiation time for spun-cast films (top) and drop-cast films (bottom).
The curves (from top to bottom) represent spectra taken every 20 minutes af-
ter irradiation had begun. Insets show integrated PL Intensity as a function of
irradiation time.
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appears to quench more rapidly than the others (aggregate region).

The different PL behavior from the samples is examined more closely in

Fig. 7.7, where we have integrated the intensity over three different spectral

regions that correspond to dimer PL (I,II) and aggregate PL (III). In the spun-

cast film, we clearly see that the intensity of all three approach zero toward

the end of the experiment. However, the dimer states (I,II) clearly decay at

a very different rate from the aggregate state (III). In the drop-cast films, the

dimer regions behave differently from each other with RegionI decaying to a

lower overall PL than Region II. In addition, Region III does not decay below

the initial intensity and in fact grows in intensity as RegionI and Region II

decrease in their intensity. In the dc-Film, all three regions appear to approach

a stable intensity over the course of the experiment, which is in contrast to the

spun-cast film where the intensity fades completely. All 3 regions in the drop-

cast film also exhibit step-like increases in intensity at 5 min., 20 min. and 40

min. This phenomenon is also not present in the spun-cast filmand could be

due to discrete re-ordering of the structure that may correlate to the multiple

kinetically trapped endothermic transitions observed in the DSC suggestive of

a glassy or liquid crystalline-like ordering.

At a constant temperature (295K), OPE-1p films display strong PL inten-

sity and position instability, even in inert environments(Fig. 7.7). In order to

achieve this change in PL, there must be a corresponding change in the struc-

ture of the material, specifically, a transition from one thermodynamic phase

to the other. This transformation is achieved by the dissipation of the absorbed

optical energy through thermal deactivation processes. The heat released in this
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Figure 7.7. The spectrally integrated regions of the PL of OPE-1p films in 3
regions (I, II, III) shown in the insets, is plotted against continuous irradiation
time for both spun-cast (top) and drop-cast (bottom) films.
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way eventually builds up and causes the local temperature toincrease eventu-

ally melting nearby chains. This process is very slow and strongly dependent

on the applied laser power. The effect of this process on the stacking phe-

nomenon can be seen in Fig. 7.6. The spun-cast sample is much less dense

and the heat applied through optical pumping induces the PL to degrade com-

pletely (Fig. 7.7). This most likely occurs as a result of thewider separation

between the OPE-1p domains. As the system absorbs heat, it begins melting,

proceeding to the liquid-like phase. However, since the domains are spaced

further apart, cooling into the thermodynamically favorable phase does not oc-

cur and the sample remains in the liquid phase. Since the PL signal appears to

decay completely and very rapidly, the liquid phase must have very low quan-

tum yield, very low optical cross section at the excitation wavelength, or both.

The drop-cast film PL possesses very different characteristics. Although the

film PL degrades, it does not degrade below 60% of its original intensity. In

this case, the OPE-1p domains are spaced closely enough together that as the

melting point is surpassed, cooling of the material proceeds into the thermo-

dynamically stable phase, which is the final phase that the material will adopt

when completely melted. In addition, if the PL spectra are spectrally analyzed

over regions chosen to display primarily aggregate, dimer and monomer PL

as done in Fig. 7.7, one can observe specific structural transformations occur-

ring. In the drop-cast PL, while both monomer and dimer regions decay, the

aggregate region increases in intensity, up to 120% of its original intensity.

This represents an increase in the population of the aggregate phase, which is

indicative of increased crystalline domains in the oligomer packing.
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7.6 Energy Transfer

The ability to tune optical properties in these films via laser irradiation sug-

gests they may be practical for applications in optical memory via the influence

on energy transport pathways. Excitation migration plays an important role in

the PL properties of OPE-1p. Migration efficiency will be very different among

each thermodynamic phase, and will be strongly dependent onthe size of the

local domains. For example, migration can be strongly inhibited if the domain

size is much smaller than the excitation diffusion length. Poorly formed films

have a significant number of microscopic cracks that result in isolated islands

of material, confining the migrating excitation. As heat is applied, the material

melts and is allowed to cool, the cracks are reduced, freeingthe excitation to

migrate between islands. In fact, because of the strong similarity of the initially

formed OPE-1p films and both the liquified OPE-1p film and the solution-phase

dimer, we can infer that the island sizes are small enough that the dimer-PL ex-

periences very little environmental (e.g. inter-dimer) influences.

The diffusion of an excitation in a 3D matrix of donors is a function of only

4 factors: D, the diffusion coefficient of the excitation;τ , the donor lifetime;

kEnT (r − rDA), the energy transfer rate; andNA, the number of acceptors

in the matrix. The rate of movement of the probability density(ρ(~r, t)) of an

excitation in the case of 3D matrix of donors is[75]:

∂

∂t
ρ(~r, t) =

[

D∇2 −
1

τ
−

NA
∑

j=1

kEnT (|~r − ~rj|)

]

ρ(~r, t) (7.1)

From Eqn. 7.1, we can see that migration is favorable as long as diffusion
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Figure 7.8. The PL spectra of CdSe QD-doped OPE-1p films in spun-cast (left)
and drop-cast (right) forms made fromidenticalstock solutions, immediately
after exposure to light.

proceeds faster than the self-decay of the excitation. However, we also see

that even in matrices with large migration rates, and consequently distances,

the effective migration rate can be reduced linearly by the number of dopant

acceptors.

Now that we understand the physical, energetic and temporalevolution of

the host lattice PL, we can be confident about accurately interpreting the QD-

doped system where excitation migration plays a role. In this system, several

important changes occur that ultimately lead to the determination of the fate of

the excitation. An important aspect of host-guest systems is electronic com-

munication between the host and guest, which can sometimes be manifested

as migration of an electronic or optical species. Excitation migration can be

resonant or nonresonant (phonon-coupled), and coherent ordiffusive. In this

system we expect the mechanism of migration to be largely resonant and dif-
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fusive, owing to the amorphous nature of the film.

Proof that a migration mechanism exists is given in Fig. 7.8,wherein a

CdSe-OPE1p film is prepared under two conditions. In the spun-cast form,

only OPE-1p PL is seen due to the low density of film material. Here, ex-

citation migration is inhibited as the large gaps between domains prevent the

excitation from hopping from domain to domain. However, as the domains are

brought closer together, as is representative of the drop-cast sample, excitation

migration increases. This increase in excitation migration means that the en-

ergy of optically absorbed photons will eventually make it to the lowest energy

trap centers in the material. One of these trap centers is theQD, which acts as

an optical reporter for this phenomenon. As can be seen in thedrop-cast film

of Fig. 7.8 this enhanced migration causes the CdSe to dominate the spectrum,

nearly triple the intensity of the OPE-1p film.

Primarily, the character of the excitation will couple differently to CdSe in

an energetically resonant sense, such that we can expect stronger energy trans-

fer from more resonant states (like the dimer states). Due tothe sensitivity of

the meta-stable conformations to preparative means, we examine this system

under different preparative protocols, in a spun-cast and in a drop-cast form, as

shown in Fig. 7.8. Since we will be using CdSe in very small concentrations in

the doped films(< 0.01%)), it is safe to infer thatstructurally the OPE-1 sys-

tem, which acts as the host, will largely behave as its undoped form. Colloidal

additives are routinely added to plastics to improve properties without signif-

icant impact on the structure. Thus the primary effect of theCdSe QDs will

be to act as structural probes, functioningenergeticallyas excitation traps for

166



Figure 7.9. The PL spectra of CdSe QD-doped OPE-1p drop-cast film as a
function of irradiation time. The inset shows the integrated intensities in the
region of OPE-1p PL and CdSe PL

the migrating electronic excitation in the film. This is the nanometer analogue

to acceptor-doped semiconductor lattices, where the exciton localizes at these

excitation traps, and strong PL is observed from them, i.e. acceptor lumines-

cence.

In the spun-cast form, we observe only pure OPE-1p PL and there is no

evidence that CdSe is even present as a dopant. However, we observe a strong

combination of OPE-1p and CdSe PL in the drop-cast sample. Therefore, the

PL that we observe must be a cooperative effect between the OPE-1p and CdSe,

since it is only the casting method that determines the overall PL. This result

also gives an example of the amount of PL from CdSe that resultsfrom direct

excitation of CdSe. At such low dopant concentrations, it is not surprising to
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find that directly pumped CdSe PL is negligible. The difference in PL most

likely results from differences in the film morphology and density. While both

systems are excited by excitation light, the drop-cast film allows for much bet-

ter energy migration, which in turn allows for better energytransfer to the

dopant and eventually higher acceptor PL.

Under continuous illumination, the PL of the drop-cast system will evolve

to predominantly CdSe PL, as shown in Fig. 7.9. The data shown in Fig. 7.9

represents an experiment wherein the casting conditions and dopant concen-

trations were optimized to produce the most dramatic effecton the PL inten-

sity. Here, a thick dc-Film preparation has been used, analogous to Fig. 7.4e,

such that a distribution of monomers, dimers and aggregate conformations are

formed. Here, we clearly see that thermally induced changes(through optical

excitation) in the OPE-1p system strongly influences the energetic dynamics

of the film PL. Over time, the OPE-1p PL will decay, while the CdSe PL will

rise at the same rate. This shift from OPE-1p as the dominant emitting species

to CdSe as the dominant emitting species is reflected in the isosbestic point

observed at 530nm.

7.6.1 Application: Optical Memory

An important application of this system is an all-optical information storage

and retrieval technology, an “Optical Memory” system. As a prototype, we

show how photothermal melting of the OPE-1p matrix induces stronger energy

transfer and migration to the CdSe QD, resulting eventually in increased CdSe

PL (Fig. 7.9). Therefore, we have used a laser to optically ‘write’ into our film,
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Figure 7.10. Digital photograph of a OPE-1p/CdSe sc-Film illuminated with
UV light from a Hg-lamp where an optical mask has been used to etch ”UCSB”
prior to photography. Color decomposition profiles for this image are shown
on the right for red and blue channels.

producing a spectrum with enhanced PL from CdSe. This enhanced PL is then

optically ‘read’ by the monochromater/CCD we used, displaying an all-optical

read-only memory system.

To demonstrate the feasibility of using this system, we showin Fig. 7.10

how an OPE-1p film can be “written” using only an optical mask and the col-

limated UV light from a Hg lamp. After exposure to this light under a mask

with the letters ”UCSB” cut-out, the mask was removed and a digital photo-

graph of the film was immediately taken, while still under UV illumination. A

RGB color decomposition was performed on the color image of Fig. 7.10 and

the red and blue color channels are shown on the right hand side of Fig. 7.10.

169



Clearly, we can see from the blue channel that the OPE-1p PL (primarily blue-

emitting) is not present in the regions of the lettering, butis very visible in the

regions surrounding it. In the red channel, where CdSe is the primary emis-

sive species, the letters clearly form a readable positive image. Therefore in

this demonstration we have shown that exposure of the OPE-1p/CdSe film to

UV-light results in primarily red light (from CdSe), the cause of which is di-

rectly linked to a photothermal melting and annealing of theOPE-1p domains

resulting in more efficient energy migration and transfer toCdSe. As can be

seen from Fig. 7.10, using a crude writing method, millimeter resolution can

be achieved. Collimated light from the mask is shrunken usinga lens system

and sub-millimeter writing resolutions were achieved, though they could not

be easily photographed.

Several factors exist that control the writing speed and volatility of the

memory system. These include film casting density, CdSe dopant concentra-

tion, optical laser excitation power and CdSe dopant size.

7.7 Chapter Summary

We have described three important areas to oligomer-QD interactions: 1)

the effects of structural phase transitions on the excited states of the OPE-1p

film, 2) optically addressing and manipulating the film and 3)using these hy-

brid films to control energy transfer and migration for the purposes of optical

memory applications. The overall picture of the undoped OPE-1p film is that

heating of the oligomer film induces a melting of the meta-stable film states
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and annealing it to a more tighter, crystalline packing conformation. This is

supported by, a red-shift in the overall PL, a distortion in the PL profile and

a lowering of the quantum yield all indicating the formationof electronically

coupled states as well as the presence of energy migration through the matrix.

As the CdSe dopants are added, the energy migrating within thematrix is fun-

nelled into the lower energy quantum dots and results in efficient QD PL. Since

the annealing process is relatively slow, we can easily observe that the anneal-

ing process is coupled to the energy transfer process, and more importantly, the

quantum dots act as the optical probes to this structural transformation.

There is much more that needs to be explored in the study of theexcited

state decay dynamics of this system, in particular elucidating the primary par-

ticipants in the energy transfer process as well as applyingthis technology to

more non-volatile memory systems (e.g. WORM, “Write Once Read Many”)

through control of laser power.
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