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Abstract

Electronic Spectroscopy and Energy Transfer in Cadmiunn@keQuantum

Dots and Conjugated Oligomers

by

Artjay Javier

The electronic excited state kinetics of CdSe quantum ddiy @@e stud-
ied through optical spectroscopy, by subjecting the quardots to different
experimental conditions, as well as coupling them to phamgdethynylene
oligomers. CdSe QDs feature a quantum-confined excitonstatd pursues
a variety of pathways once formed, such as band-edge repatrin, charge
separation by trapping at the dot surface, and electromggriransfer (EnT).
These phenomena are studied using different CdSe sizedighiyhy the ef-

fects of quantum confinement and surface energies on exa&oay.

The size dependence of the exciton lifetime is studied, amcelation of
the radiative lifetime to theoretical expectations arentihuas well as evidence
that nonradiative relaxation through crystal vibratiooloiws the Energy Gap
Law and Marcus Inverted Region kinetics. A detailed analgsithe lifetime
decays using the Maximum Entropy Method (MEM) reveal thespnee of
distributed, dual excited states, which are assigned td-eage recombination
and charged exciton decay. Complementary time-resolvedi®ksafor direct

measurement of excited state populations, which changesalically upon

viii



addition of an inorganic capping layer to the QD, reflectihg suppression
of surface carrier trapping.A strong excitation powereggence of the photo-
activated photoluminescence (PL) is correlated to thebéskeed observation

of PL intermittency.

Forming a hybrid nanocomposite of CdSe QDs and phenylengnddne
oligomers allows a detailed study of EnT between the orgaimése and the in-
organic phase, as well as complex energy migration kinetittsn the organic
phase. The size-dependent, and chain length-dependensEmind to arise
from the spectral overlap dependence between the phasedlyFCdSe QDs
are mixed into phenylene-ethynylene oligomers at dopargticoncentrations
to study the photo-induced phase transformations and qubse electronic
energy migration. A rudimentary example of using this matdor all-optical

memory devices is shown.
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Chapter 1

Excited States of Semiconductor

Quantum Dots

1.1 Introduction

The field of Nanomaterials[1] represents a diverse effodewelop, from
a bottom-up perspective, unique materials for a wide varméttechnologi-
cal needs. While synthetic chemistry contributes signitigato developing
novel materials in this field, the resulting physics thasatfirom these mate-
rials represents an important interdisciplinary challenghe role of physical
chemistry in this field is to investigate these new physidamomena, using
spectroscopy as the primary tool. Optical nanomateri@<andidates for use
in applications such as solar cells, chemical sensors &oamation storage. A
functional understanding of the electronic structure i®eessary component

for engineering such devices. This chapter will discussas$gects that are



unique to quantum dots that delineate it from the broademgoay of nanoma-
terials. The focus will be on an accurate model of quantunedotted states,
which is the unifying theme of this work. Quantum dots willib&roduced in
two ways in this chapter. The first description will be mosilyalitative and
will include confinement effects on excited states, sizaisg laws and the
particle-in-a-box model. The second description will bgtgly 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 quantumfinement
arise from small chunks of semiconductor material, callgaiathtum dots” or
“nanocrystals.” Nanocrystals comprises a large categbrgaterials with the
only common feature being that they are crystals that candmesared at the
nanometer scale. Quantum dots form a subset of nanocrygtal®in quan-
tum size effects are the defining feature of this class. Whidse two terms
can be used interchangeably, the subtle difference is thtadlhnanocrystals

demonstrate quantum size effects, while all quantum datbyldefinition.

Moreover, nanocrystals define a class within a larger bodpariomateri-
als.” Nanomaterials is a supercategory containing bothrahwas (“nanoparti-
cles”) and crystalline (“nanocrystals”) materials witmeaneter-sized dimen-

sions. Within the crystalline category are dimensionalsategories of “quan-
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tum wells” (2-D films), “quantum wires” (1-D strings) and “gatum dots” (O-

D particles). As an example, a small chunk of semiconducttenal of CdSe
with a 2-nm radius is both a quantum dot and a nanocrystalagihe size
is increased beyond the critical limit (discussed furthrethis chapter) then
it ceases to be a quantum dot, as quantum size effects beesmapparent,
and as it increases beyond the nanometer dimension, itctage called a
nanocrystal. Beyond this size limit, it is not uncommon faggé materials to
be called “microcrystals” since they may fall in the micragime, and be-
yond further beyond this size regime, the material is refi¢to as “bulk.” (3-D

crystals)

The majority of the work performed is based on CdSe quantusiwiibhin
the size regime of roughly 2nm to 8nm, placing it solidly ie th the quantum
dot category, and which manifest very strong confinemesice$f Therefore,
the following descriptions of wavefunction states apphedily only to CdSe,
very weakly apply to II-VI semiconductor variants, have giaally relevant
bearing on semiconductor nanopatrticles as a whole, anddshotin any way

be applied to metal nanocrystals.

1.2.2 Quantum Confinement

Quantum size effects refer to the non-intuitive changeshiysigal phe-
nomena associated with a reduction in the size of the physistem beyond a
critical limit. While this limit varies from system to systeiihis nearly always
based on the magnitude of the wavefunctions of the quantstersy Quan-

tum confinement[2] is the phenomenon wherein shrinking tenbaries of
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the physical system below the size of the wavefunction Gadsastic changes
in the physical properties of the material. Since the wavetion is the origin
from which quantum effects and subsequently confinemegirnaies 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 frormgls sub-
set of orbitals and atoms[2]. The interaction of the discr@iomic orbitals
of cadmium with each other in CdSe will eventually lead to therfation of
the conduction band. In the limit of a small number of cadmatoms, the
rudimentary conduction band is comprised of the lowest anpied molecu-
lar orbitals (LUMO) which are derived from cadmium’s s-déts. C'd*>* has
an electron configuratiofir]5s°4d'° so the M.O. configuration of the C.B.
has an orbital angular momentumiof= 0. Consequently, if a single electron
were placed into the LUMO/C.B., it would have a spin angular rantam of
s = 1/2. The interaction of the electron’s spin-angular momenfura- 1/2)
and the LUMO angular momentum £ 0), the so-called spin-orbit coupling

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

It is important to note that electron wave functions will Bdoth principal
and angular momentum quantum numbers that bear some siynt@r but
are not directly related to their atomic cousins. Thesetedaavave functions
are placed in a particle-in-a-box potential well, wherdeasrtatomic variants
are placed into a central potential. The resulting wavetfans will haven-

like andi-like characteristics, being both derived from spheri@htonics and
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boundary value limitations. Conventionally these are sympferred to as

andL.

The naming structure used for quantum dot term symbols isefdrm
nL; and consequently, we can label the all of the electron stiéetng from
lowest energy as$sS,/2,251/2, 1P /2, 2P, 2, .... As a labelling convention for
most semiconductor quantum dots with a non-degenerateictiod band, the
J-term of1/2 is replaced witte to further indicate that this term refers to elec-
tron states rather than hole states. Therefore, for CdSduuatots, the nam-

ing convention for electron states appear$ s 2S., 1P, 2F,, ....

1.2.4 Hole States

All of the hole states in a quantum dot are derived in a similay as the
electron states with the difference being that we start thiéhnon-metal atom.
The interaction of the discrete atomic orbitals of seleniitlhh each other in
CdSe will eventually lead to the formation of the valence bdndhe limit of
a small number of selenium atoms, the rudimentary valenod Isacomprised
of the highest occupied molecular orbitals (HOMO) which@eeved from se-
lenium’s p-orbitals. Se?~ has an electron configuratidAr|4s23d'°4p° so the
M.O. configuration of the V.B. has an orbital angular momentfm = 1, 0,
and is therefore doubly degenerate. A hole in the HOMO/YsB= 1/2) will
have an electron configuration that will depend on which anidht is placed
(L = lorL = 0). As such, the spin-orbit coupling will have two terms, each
one based on a different subbant= 3/2 for L = 1 andJ = 1/2 for L = 0.

As a result, there will be two sets of hole states, one pregrasappearing as
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151/2,2851/2, 1Py /9,2P, 2, ... and another akSs s, 2555, 1P3/9, 255, ... This
scheme is complicated further by the addition of heavy hol@ leght hole
splitting in theJ = 3/2 subband, making\k # 0 spectroscopic transitions (or
phonon-enhanced) transitions more complicated, whegethe wavevector.
The result is that there are very few good quantum numbetssrsystem and

the spectroscopic transitions can be difficult to assign.

1.2.5 Exciton States

Excitons in quantum dots derive their name from their setate counter-
parts[3] with a few minor variations. In the solid-state d&fon, an exciton is
an electron-hole pair that has localized in a crystal dubeéacbulombic attrac-
tion between the two partners. This entity travels throunghcrystal, possesses
a high radiative recombination potential, and can occatipimmpede electro-
chemical cell performance. An exciton in a quantum dot dastravel or
migrate due to the size limitations of the actual crystal haslan even higher
radiative recombination rate due to the resulting strongefumction overlap.
While the electrons and holes of an exciton in a solid-statstal feel only the
periodicity of the lattice and their mutual Coulombic attrac to each other,
electrons and holes in quantum dots feel a very limitecclatberiodicity due to
a small crystal as well as a very strong confinement potethizlexceeds the
Coulombic potential. Whereas the Coulomb potential lowergttergy of the
system, the confinement potential increases the overdésysnergy. These
two potential forces are at odds with each other as quanturnsizde varies,

with the confinement energy dominating and increasing tilséegy energy in
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small quantum dots and the Coulomb energy becoming the monendat,

stabilizing force as the dot size approaches bulk-like disiens. In fact, the
confinement potential is so overwhelming in quantum dotd, ttieir behaviors
can be accurately predicted based on this potential alohetefore, the only
useful guantum dot exciton characteristics that are ahfrgen their solid-state

cousins are the lattice parameters and exciton bohr r&jius|

Exciton states are described as combinations betweerraleand hole
states. The lowest energy exciton state is the “band-edg#ork (BEE) a
term that has been carried forward from solid-state terfogyand represents
the occasionally sharp reflectance transmission near thersgcopic band-
edge. Just as in the solid-state terminology, the band-&dgsition results
from the bottom of the conduction band to the top of the vatelnand near
0k = 0, and is referred to as “exciton formation” when light is attea and
“exciton recombination” when light is emitted. In the maldar sense, this is
the HOMO-LUMO spectroscopic transition, or the so-calledést energy ex-
cited states (LEES), and is phenomenologically equivdtettie “absorption”
and “emission” of light. In an empirical sense, the vast mgjof photolumi-
nescence spectroscopy is based on the LEES/BEE and thutatkisisove all

other exciton states will be the focus of our study.

Returning to our definitions of electron and hole states, welabel the
BEE/LEES asl S3/, — 15, which is spectroscopically the strongest transition
observed. The second and third highest excitons ard $he — 15, (very

weak) andl P3/, — 1P, (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 piatieistthe pri-
mary factor in determining size-dependent behavior in guardots. For ac-
tual modelling of quantum dot wave functions, a rigorougipke-in-a-sphere
model is used to obtain accurate energies and wavefunctibos the pur-
pose of understanding the confinement effect, a partickeddox description
provides all of the important features that delineate itfries atomic and vi-
brational cousins as well as allow us to use easily obtagablid-state and

guantum constants to model the lowest energy excited state.

Using the particle-in-a-box potential, we make the appration that the
electron and hole wavefunctions will only exist within that @oundary, which
we will define as the surface of the quantum dot. The basishsrdefinition
results from the sharp increase in dielectric constantew#vefunction moves
outward radially from semiconductor material to organgahd and eventually
vacuum. In addition, there is a loss of periodicity as theefamnction departs
the semiconductor material. Therefore, it is natural tmeisse the width of

our box with the diameter of our particle.

For a 1-D particle-in-a-box, we will use the variabidor length, setting
the origin at the center of the dot, and the paramg&ters the dot radius such

that the dot boundaries occuraat= R andz = —R.

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

V(lz| = |R]) = oo (1.2)

Using Schédinger’s equation for this potential, the resulting wawedtions

are

U, (z) = \/gcos <%> (1.3)

with the corresponding energies

n2h2n?
E, = R Eoyap (1.4)

wherey is the reduced massed of the electron and hole.

Spectroscopically, we will be interested in direct trainsis due to exciton
formation or recombination. The most important of thesé balthe electronic
transition of the band-edge exciton, which will appear adolwest energy op-
tical transition in the absorbance/transmission specasmwell as the highest

energy optical transition in the photoluminescence spattr

h2r?

B ="
' 8uR?

+ Egap (1.5)

Or, in other words, the confinement energy of a quantum dod-egige
exciton(FEggg), is the difference between the bulk energy gap and the lowest

energy optical transition.
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h2r?

Eppe = By — Egap = W

(1.6)

The importance of this transition in the study of quantunmsdmnnot be
understated, as it forms the basis from which new nanonadteare optically
characterized as well as the primary diagnostic tool inssssg dot size in
synthetically prepared batches. Focusing on this tramsitive arrive at the
first scaling law for quantum dotdn the strongly confined regime, the band
edge exciton energy is inversely proportional to the squéthe quantum dot

radius.

1
Eppp ~ R (1.7)

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

Reflectance) studies[4, 1] reveal the theoretical validitg ampirical appli-

cations of this law[2].

1.3.2 Oscillator Strength

The oscillator strengths of all the optical transitions wragtum dots will
depend on the spatial overlap of the electron and hole waegtns. As the
size of the quantum dot decreases, we will find a proportiorakase in the
wavefunction overlap. This has led to the implication thstilbator strength
increases with decreasing size for the first exciton. Whike iththeoretically
true, empirically it has been found that this effect doesaunttribute signifi-

cantly to the scaling law found for absorbance transitidnthe first exciton.
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In other words, if two batches of quantum dots with differsizies but pos-
sessing the same number of dots were compared, we would d& &tronger
absorbance signal for the smaller batch, even though thkatsicstrength is
significantly stronger for the smaller size. In fact, the ogipe case is observed:

the absorbance strength increases with increasing quatdtisize.

To begin understanding the origin of this observation, m®rsthe solid-
state perspective of a unit cell of a quantum dot. That uritvaé have con-
stant defined electronic transition strengths, and defirsedlator strengths
that can be based on the absorption of a single photon of Ilghtmore unit
cells are added to the first, they will increase that absomptate proportion-
ately with the total number of unit cells. The result is theg absorption prob-
ability of a quantum dot is not only affected by wavefunctaerlap but also
total mass or particle volume, the latter of which has thetrdeamatic effect
on the scaling law. The resulting second scaling law for ¢uardots is:The
band edge exciton absorbance coefficient scales propatebnwith the cube
of the quantum dot radiusSince sphere volume scales with the cube of the

radius, so also will the absorbance rate.

e(\) ~ R (1.8)

In our use of the particle-in-a-box description of quantuotsgdwe have
necessarily left out an important element for assessingsh#lator strengths
of electron and hole transitions having a degenerate enevgybut differing
angular momentum. For example, the particle-in-a-box defincan give us

the oscillator strength for a. = 1 to n, = 1 transition, but cannot give
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information on d, = 1 tol;, = 1 transition. If a particle-in-a-sphere definition
were used, the oscillator strength of every transition wdwdve the additional
requirement of angular dependence as manifested by imgjutie spherical
harmonic component to the wavefunctions. Once this angutaiap has been
included, a complete description of the optical selectigies can be made.
These selection rules are very similar to the hydrogenimatince s-shaped,

p-shaped, d-shaped etc... wavefunctions can also be faungantum dots.

1.4 Carrier Interactions

1.4.1 Coulombic Interaction

The coulombic attraction between the electron and holeimvitie exciton

can be defined using Coulomb’s law for charged particles

q192
Ve oulomb = + 1.9
Coulomb IreocR (1.9)

We can define the electron and hole separation distance twigély pro-
portional to the dot radius and the dielectric constant tptogortional to the
bulk dielectric constant, consistent with the so-calldeaive mass approxi-

mation of quantum dots.

While the Coulomb force plays the primary role in exciton fotima in
bulk semiconductors, it plays a secondary role to quantunfimament in
guantum dots. Nevertheless, its effect is more pronouncéuei weakly con-

fined size regime and provides the basis of transitioningnéobulk from the
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Figure 1.1. Extinction spectra of CdSe quantum dots coatétDA of dif-
fereing sizes ranging from 2.0 nm to 8.0 nm (bottom to top)veerfrom the
size-scaled absorbance spectra.
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the quantum regime in agreement with the correlation ppiecof quantum

mechanics.

Uniting both the Coulombic effect with the confinement effege arrive
at the Brus equation[2], which describes the band-edge ieseod strongly
confined quantum dots as a function of dot size.

h?r? 1.8

- —+E

= —— 11
2uR?  €R 9ep (1.10)

which has been used to accurately describe optical transith quantum
dots. The “1.8” constant used here arises frofdre, from Eqn. 1.9 being

placed intoeV — A units.

1.4.2 Exchange Interaction

In addition to the charge-based interaction of the Coulonfécefthere
also exists an exchange-based interaction between theoslend hole. Sim-
ilar to its atomic counterpart (electron-electron exctgnghis interaction is
completely quantum mechanical by nature. Moreover, thecefbf this ex-
change interaction is incredibly small in comparison to tle@finement or
Coulomb interaction. Regardless, in low temperature exparisnof quan-
tum dots, the exchange interaction is pronounced and céenignored|5, 6].
The resulting inclusion of the exchange interaction rasalta splitting of the
exciton states defining a new quantum number (F), and a negtgel rule
AF = =1 that defines optically allowed (“bright”) and optically fmdden

(“dark”) transitions[7]. Under this description, the losteenergy excited state
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(and thereby the emitting state) is optically forbiddere so-called dark ex-
citon, because it require& F = 2. However, if there is a decent amount of
thermal energy present, this transition becomes allowedaphonon partici-
pation. Since this is a 3-bodied interaction (electronehphonon) it proceeds
very weakly and only at high phonon density (higher tempees). Therefore,

at cryogenic temperatures, the lifetime of the band-edg&ax approaches
nearly one microsecond. As the temperature is increasedsdlection rule

is broken both due to phonon coupling as well as thermal nelptipn of the
optically bright states. The energy gap between the optitasight 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 behariquantum
dots can deliver accurate behavior and energies for a odtibf quantum
dot states. One commonly used model, based on a “partidesphere” is
reviewed here, and afterward a SCF (self-consistenst fiedthadl is proposed
in order to show how quantum dot energies and wavefunctiande 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 wavefon¢t.,.) as

a product wavefunction of the electrioin.) and holé W, ):
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Vepe = W Uy, (1.11)

The effective mass/envelope function approximation (EEEX) is used
for the electron and hole wavefunctions, which will be troe $tates that are

close to the bulk conduction and valence band edgesineab

Ve(k,r) = pep(k)ie(r) (1.12)

Uik, ) = pye(k)n(r) (1.13)

where the bloch wavefunctions of the conduction bénads(k)) and va-
lence band iy p(k)) have been separated from from the electron(r)) and
hole (¢, (r)) envelope wavefunctions. The envelope wavefunctions carbeo
calculated by solving the Sdbdinger equation H¥ = EWV). For simplicity,
we show here only the spherically symmetric wavefuncti@i®wing us to
ignore the angular dependencieg@ind¢. Therefore, the following treatment
will be accurate for the BEE stales;» — 1S, since it is S-like but will not be

accurate for non-S-like states such asthss, — 1F..

1.5.2 The Hamiltonian

The Hamiltonian can be written as a sum of the kinetic enegyfinement

potential and coulomb potential:
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I:—, = ﬁkin,e + f{kin,h + VCoul,e + VCoul,h + ‘/conf,e + ‘/conf,h (114)

The spherically symmetric kinetic energy terms can be &mits:

A 1 0 2 0 1 02
Hyn e = g4z — 7 1.15
hine 2m, (87’3 + Te OT¢ + r2 07’3) ( )

A 1 0 2 0 1 0?
Hyipn=—|—+—1—m—+—=— 1.16
F T my, (87‘% - Ty, Orp, * r? 87’,%) (1.16)

In order to obtain numerically calculable values, we choasegmoidal
function as this possesses qualities similar to that of &gbedin-a-box and

also allows for “tuning” of the “softness” of the potentiarier

Voo,e

Veonfe = 11 e-G-Bs (1.17)
Voo,h

Veonfn = 1L e-G-B/s (1.18)

(Vao,e(ny) is the potential outside the quantum dot for the electrorefho
R is the quantum dot size, andis the softness factor, whose magnitude is
directly proportional to how rapidly (in terms of length)etitonfinement po-
tential changes asapproacheg: radiating outward from the center of the dot.
In general, it will be desirable to choose very small valukes since this will

most closely resemble a particle-in-a-box potential.
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The electron and hole will Coumbically interact with eachesthising the
Hartree-Fock approximation. The Coulomb correlation pidfor the elec-

tron and hole are:

1 [ 1
Vooi(re) = = / () Eridr, (1.19)
0

|Te - rh‘

1 [ 1
Vo (r) = — / L r)2r2dr, (1.20)
0

€ |rn — el
To review, this Hamiltonian has seven parameters my, €, R, s, Vo ¢, Voo 1)
and 2 variablegr., ;). However, since we are using the effective mass ap-
proximation, we can use the bohr radius in a semicondyeigrin terms of

the reduced mass of the electron and Heleto reduce our total parameters

from seven to six.

1 1
ap = S (— + —> (1.21)
H me mp
Four important figures are extracted from solving the 8dimger equation:

Ee,vYe(re), B, andyy, (1)

1.5.3 SCEF lterations

The following simple HF-SCF method is an example of how ersrgind
wavefunctions in quantum dots can be numerically calcdlaging the particle-
in-a-sphere model. At the end of this section, we displayarésults of what

a calculation like this can generate.
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In general, the SCF iterations proceed in four repeatingsstapd termi-
nate when the energies between two iterations falls beloarhbitrary limit
(such a9).2%). The first step is arbitrarily started with the electron bjvgg

Schibdinger’s equation for the electron:

1(8 2 0 iy

o2 . or, | 2o

)wwa:&%m> (1.22)

2me

In the second step, the wavefunctions obtained in the fiegt ste used to

calculate the Coulomb potential for the hole:

1 [ 1
Wmﬂwz—i/ e (1) [2r2dr, (1.23)
0

€ |rp — 7]
In the third step, the Sctidinger Equation is solved for the hole wavefunc-

tion using the hole Coulomb potential calculated in the sdtap:

L (9 208 1 Vo
2mn (87,% o Ea_r,%) Unlr) + ey V()

+Veou (Th)Vn(1h) = Entn(rs)

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

on the hole wavefunction obtained in the third step:

1 [ 1
wmmaz——/ [ () P2y (1.24)
0

€ |re — 71|
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The fifth step will be similar to the third step, except thatvwe will be

calculating a hole potential rather than an electron patknt

2m,

1 o 29 10 Vo
(arz T _a> velre) + T velre)

+VCoul (Th)we (Te) = Eequje(r@)

The sixth step will identically repeat the second step, wimest hole poten-
tial will be calculated from the electron wavefunction faumm the fifth step.
In general, steps 2-5 will be repeated until the energiesaiobtl after several

iterations changes by an arbitrarily small amount.

1.5.4 Example SCF Calculations

The uncorrelated wavefunctions (accounting for confiemgratéects only,
and neglecting electron-hole correlation) can be caledlai Fig. 1.2 we show
the first three spherically symmetric wavefunctions for dniteary quantum

dot. The insets reflect the relative radial probabilitydisttions ¢ | (r)|?r?).

The confinement potential produces the desired behaviothiarwave-
functions in the uncorrelated cases: each wavefunctioroappes zero at the
boundary, = R = 50 bohrs, and higher energy wavefunctiofis = 2, 3)
display the expected number of nodes— 1). It is instructive to mention

that if we look at the higher energy wavefunctions, we find the their ra-
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Figure 1.2. Wavefunctions and radial probability disttibos (insets) for a
spherical quantum dot with parameters, = m;, = 1, R = 50bohr,s =
1,e = 1,V = 100, for the speherically symmetric = 1,2, 3 states (top to
bottom).
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dial probability distributions display peaks (as seen seis of Fig. 1.2 are all
equally tall. This deviates from their atomic cousins wirethese peaks were
all of different size, with the highest peak always being @he furthest from

the nuclear center. The reason for this discrepancy anisasthe shape of the
potential well. In the particle-in-a-sphere potentiak tonfinement potential
within the well is uniform, thus giving rise to equally takkpks. In the hydro-
genic atom, the potential arises through the Coulomb aitracentered at the

nucleus, therefore this non-uniform potential gives resadn-uniform peaks.

Introducing electron correlation through the Coulomb iat#ion between
the electron and hole as performed in the recurring stepgseoSCF iteration,
allows us to obtain the corrected wavefunctions. An exaroplfis iterative
process is show in Fig. 1.3 under 5 iterations. The electnoihale wavefunc-
tions change more dramatically in the first few iterativgpst@s expected) and

change very little in the later iterative steps.

Within the first few iterative steps, the energy approacHesed value, and
the change in energy between iterations quickly drops bélgw In Fig. 1.4
the electron and hole energies are shown as a function afidarnumber. As
can be seen from the inset, the relative change in energyebeatiwerations

approache8%, making 5 iterations more than sufficient.

1.6 Chapter Overview

The chapters have been divided into two parts. Part | dedyswaith as-

pects studied in chemically-synthesized CdSe quantumwbite Part Il deals
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Figure 1.3. An example SCF iteration for a spherical CdSe quaxipt for the
1S orbitals of the hole (left column) and electron (rightuweoh) as the iteration
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with the interaction of CdSe quantum dots with organic mdecwires both
in hybridized and doped forms. Chapter 2 presents a sizeadepé study
of CdSe Quantum Dot Lifetimes, wherein radiative and nomtad: recom-
bination rates are shown to follow quantum confinement attidéadistortion
effects, respectively. In Chapter 3, the Maximum Entropyteltis used to ex-
tract lifetime distributions from CdSe quantum dots and aganson is made
between them and a version wherein they have been coate@mitiorganic
passivant, ZnSe. In Chapter 4, CdSe quantum dots are studdedt nan-
tinuous excitation radiation under hours-long timescaeshow how power-
dependence can affect the complicated kinetic interplayden the band edge
state and other carrier states. The unifying theme in theféits chapters is
the elucidation of intrinsic quantum confinement effectsvadl as extrinsic

surface effects through a study of the kinetics.

The remaining chapters deal with a unique combination of Gpatum
dots and a short-chain organic polymer, where the unifyiregne is the en-
ergy transfer and migration between all of the differentoseparticle species
through. Chapter 5 and 6 study a unique hybrid nanomaterraposed of
CdSe quantum dots, bound tightly to organic molecular wigkgpter 5 stud-
ies how quantum dot size and oligomer chain-length affeetgntransfer and
migration on the steady-state scale, while Chapter 6 eltesdzow the differ-
ent species involved contribute to the nanosecond timeswa¢tics. Chapter
7 studies a new material wherein CdSe quantum dots have b&ed wmith the
molecular wire film in dopant amounts. Here, a broader kingitture of the

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

Topically, CdSe photophysics is the unifying theme of thisrenwork.
Experimentally, time-resolved and energy-resolved plotmescence is the
unifying method from which all these effects are probed. @pgally, kinet-

ics is the unifying approach to investigating the CdSe egdtates.
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Chapter 2

Time-Resolved Size-Dependent

CdSe Quantum Dot Lifetimes

Reprinted with permission from “Nanosecond Exciton Recoratam Dy-
namics in Colloidal CdSe Quantum Dots Under Ambient Conditidngavier,
D. Magana, T. Jennings and G.F. Strouspplied Physics Letter$2003), 83,

1423. Copyright 2003, American Institute of Physics.

2.1 Introduction

The exciton recombination dynamics of semiconductor quarttots (QDs)
of CdSe[1] have been explored in epitaxial[8] and colloidgtems[9, 10].
Following photo-induced charge separation, carriers[t@dl(< 200fs), re-
lax[12] (1 — 50ps), and recombine at the band-edge[9, 10} 50ns) with

nonexponential decay dynamics at room temperature. Ammsidreffect on
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the BEE can be thought of as occurring due to trapping of a ehaagier fol-
lowing the initial photo-excitation, preventing immediatecombination, but
generating a small intra-dot electric field[13]. Within fifetime of the trapped
carrier, a second photo-excitation event can occur witkegibent radiative re-
combination occurring from a charged exciton (CE). It is knaat carrier
trapping is the primary cause for nonexponentiality in thadedge exciton
(BEE) decay from single dot experiments[10]. Charged exgtortolumines-
cence in MBE grown quantum dots has been observed and ise@ferwith
respect to the number of charges and charge type; howevirsistudy we
have avoided this nomenclature since we cannot discressigmathe photo-
induced carrier type[14]. A systematic study on a seriesiod hyothermally
prepared CdSe samples isolated from the same reaction &gpebjide evi-
dence that the biexponential decay process can be attlibutbe independent
decays of BEE and CE states. Size-dependent radiative recatin for the
BEE and CE follow the cube of the size, as expected from the ¢ranthe
oscillator strengths[15]. In addition, we observe thattberadiative recom-
bination (k,,.) for the BEE follows the energy gap law[16] (EGL) while the
CE exhibits lattice perturbations arising from a behavidatesl to the Marcus
inverted region (MIR), which results in efficient non-radiatcoupling to the
perturbed ground state of the charged particle. Such aatédfexpected since

the charging of the lattice inducestfich coupling.
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Figure 2.1. Representative data for the CdSe quantum dot stmelsed
(Aeze = 320nm, 20W, ~ 10ps pulse). a) Transient photoluminescence of a
224 radius CdSe guantum dot in toluene at room temperature, agimgving
time average, from bottom to top, from t=6ns, 18ns, 31nss398ns, 60ns,
72ns, 85ns, 93ns and 106ns. Thereds 20meV shift (vertical lines) to higher
energy at longer times. b) Semi-log plot of time-resolvedtpluminescence
shown with a bi-exponential fit overlaid (white line) for CdSeA radius (up-
per curve) and CdSe6A radius (lower curve).
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2.2 Experimental Details

The lyothermally prepared CdSe quantum dots possess namraymo-
geneous linewidths< 200meV'), with observed stokes-shifts consistent with
previous studies[4] (Fig. 2.1a). Time-correlated singt®tpon counting PL
measurements were taken usigd20nm excitation energyy~ 200fs wide
pulses at~ 1kHz rep. rate, with an average power of0.02mWW, detected
with an MCP-PMT ¢ 20ps response) and TC-SPC card. In all sizes stud-
ied, the luminescence decays were monitored at the peale awhPL spec-
tra. Transient PL measurements were taken usirs@0nm excitation energy,
~ 10ps wide pulses at 1MHz rep. Rate, with an average powey 6f02mWV,

detected with a streak camera.

2.3 Fitting and Data Analysis

The time resolved traces (Fig. 2.1b) are fit to biexponemkdays, con-
sistent with observing two independent but energeticaligriapping decays.
This assumption is supported by the20meV shift in the PL peak at different
observation times (Fig. 2.1a), indicative of two competemgjssive states with
different lifetimes. The shift in PL is roughly consistenitivthe spectral shift
observed in single-dot experiments[14, 17] due to carragging[18], and is
analogous to the quantum confined stark effect[13]. Fitheéadiata reveal that
the exciton lifetimes in all sizes consist of a fast compdrnienl — 3ns), which
we assign to the CE state, and a slow compoirien20 — 30ns), assignable

to the BEE state, that decrease with size (Fig. 2.2c). Tireelved PL shifts
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indicate that the CE emits at a lower energy than the BEEy RpmeV . The
pre-exponential fractions of the fast compon@it,s:(0) /(1 tast(0) + Lsiow(0))
in Fig. 2.2b increase with size and the quantum yields[19hotonically de-

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

With two non-interacting decays, it is straightforward tdaulate the ra-
diative lifetimes for statéd: >, (7,.;) using the total quantum yiel@®) the
observed lifetimgr;), and pre-exponential terii1;(0)) of state|: > and the

observed lifetimeg ;) and pre-exponentigl;(0)) of the other statgj >,

1 )
i 7+ (1(0)/L(0))7; 1)

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

quantum yield and the fraction of emitted photons comingffb>, based on
the pre-exponential components and lifetimes. In general) of the photons
observed are emitted from the BEE state and is the major baixri to the
observed photon yield. The experimental results indicpted a3, 2) ther,s’
are very similar between the BEE and CE, and-,3j are much longer than
predicted by oscillator strengths measured by absorgdtijn[The size depen-
dent scaling parameter for the radiative rate data (Fig)Zi% to a power-law
expressionik,(a) = za™) with n = —2.8 for the CE @ = —3.8 for the BEE).
This correlates with the predicted behavior, since thellasai strength (f)
in CdSe quantum dots increases linearly with size[15,(20}), and within
the strong confinement regime the exciton en€igy, ) will roughly scale in-
versely with the square of the size[#.. ~ 1/a~?). Thereforek,, which is a

product of the energy squared and the oscillator strengjftif2 ~ E2, f), will
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Figure 2.3. Radiative and nonradiative decay rates extidoben correlation
of the quantum yields and the luminescence lifetimes. ajAgfithe radiative
rate components versus the inverse cube of the radius (ayevihe lines rep-
resents a- o3 fits. Closed circles correspond to the fast lifetime compbnen
and the open circles, the slow component. a) A plot of therablogarithm of
the nonradiative rate versus the energy gap (lowest enbgprgtion feature),
with a linear fit for the slow component (BEE, lower curve) argladratic fit,
meant only as a guide to the eye, for the fast component (CErugppve).
scale with the cube of the siz&, ~ 1/a?). The similarity of the magnitude of
ther,.s’ (even as a function of size) between the two decay prosestsengly
imply that they are related in character but perturbed byxamnnsic process,
such as the presence of a small electric field perturbatiba.véry long radia-
tive lifetimes observed~ 10* — 103ns) are consistent with the confinement

enhanced exciton exchange interaction[22].

The two-state model can be further supported by inspectidcheonon-

radiative rategk,,.; = 1/, — 1/7.;), (Fig. 2.3b). An exponential depen-
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dence of the nonradiative rate for the long lifetime with éfiective bandgap,
In(kny) ~ —Egap, (WhereEs, , 15, ~ Eyqp) is consistent with the EGL[16],
implying that the nonradiative decay channels are domihlaggphonon emis-
sion, that the lattice is harmonic over the energy rangeetiyénd in general
follows well-understood photophysics in the weak couplingit. The EGL

is an approximation derived from the Franck-Condon overlapilarational

wavefunctions between two displaced harmonic oscillafthrs excited state
and the ground state) as a function of the energy differeeteden them.
This correlation is expected for the direct-gap nature odadsedge exciton
recombination in CdSe, and allows the assignment of the lidetye decay

to the BEE in the absence of extrinsic effects.

Analysis of the short lifetime suggests it arises from the @Eesand is in-
fluenced by extrinsic surface-related effects. A plot ofshert-lived state’s,,,
(Fig. 2.3b) does not follow a completely linear dependenith W,,,, reach-
ing a maximum at. ~ 254, followed by a reversal in trend. This observation
can be attributed to a large lattice distortion in the ext#tate, where vibronic
overlap reaches an eventual maximunkjn. Large excited state distortions
have also been found in single dot studies where fluctuatewre fields can
induce strong exciton-LO phonon coupling[23]. Beyond theaximum, k,,..
processes result primarily from thermal activation as yy&esn has techni-
cally crossed into the Marcus inverted region (MIR). The @ation between
the bell-shaped MIR and linear EGL has only been recentlifiedf24], but
can be intuitively obtained by examination of the displaeamin energy of any

two harmonic oscillators. The lattice distortion, whickeg rise to an order of
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magnitude increase ih,, in the CE state (Fig. 2.3b), is most likely a result
of Frolich coupling to optical phonons in the system originatirgm charge
screening by lattice reconstruction. The existence of aodstate that per-
turbs BEE emission has been found in pressure-dependergstiCdSe[25],
where it has been shown that strong electron-phonon capiigand vibra-
tional states induces a minimum in the Gruneisan parametlee 3ame quan-
tum dot sizgla ~ 25) that a maximum appears in our nonradiative relaxation

rates, supporting the presence of a strongly distorted.stat

2.4 Chapter Summary

In conclusion, we have been able to describe the ensemlel@szendent
recombination rates of a large sampling of CdSe QDs, throagfet trapping
at the surface inducing a charging of the dot core which iedwsubsequent
absorption and emission to occur under this Stark field. W that an in-
trinsically long, low energy BEE recombination occurs in guatition with
an extrinsically short, high energy CE recombination. Wewskiwat the ra-
diative lifetimes arise from quantum confinement through $lze-dependent
relationship,r. ~ a3. Although Auger relaxation effects[26] have been ne-
glected, especially Auger photoionization[27], surprigy, the nonradiative
decays can be analyzed using an energy gap analysis (thquagitum con-
finement) based purely on vibronic overlap, without the neethivoke other
explanations for the data trend. This extrinsic lifetimeaeis being probed

further with varying pump rates, since Auger processesseih carrier con-
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centration. In addition, size effects were neglected inEd. analysis, and
these are likely to play a role. We conclude that the BEE fadlthe EGL, sug-
gesting phonon emission to be the dominant process, whal€Efollows the

MIR, implying strong lattice distortion presumably due t@keh coupling.

44



Chapter 3

Maximum Entropy Analysis of

CdSe Quantum Dot Lifetimes

3.1 Introduction

CdSe quantum dots[1, 28, 29] (QDs) are ideal semiconductwmateri-
als for studying electronic excited state decay proceSs@&§], 8, 31], owing
to their ease of preparation[4], their bandgap lying in tieble range, and
their nanoseconds-long photoluminescence (PL) lifetismagi[32, 31, 10]. At
cryogenic temperatures, they possess a surprisingly libetgrie[6] (~1us)
that arises from the electron-hole (b*) exchange splitting of the exciton,
giving rise to a dipole-forbidden transition called the ldaxciton[28] and a
dipole-allowed transition called the bright exciton[2ZRelaxation into, and
emission from, the lower energy dark exciton produces;ttdong lifetimes

observed at these temperatures. At higher temperaturgsiwtiee Boltzmann

45



energy kzT) is greater than theéh™ exchange energy, thermalization results
in population of the bright exciton state[9, 33]. Empirigathere is no drastic
changes in the lifetimes[9] when>TL00K, so lifetime studies done at room
temperature can be considered to fall within a high-tentpesabright exci-
ton populated regime. This bright exciton state is expetidae the primary
contributor to the room-temperature (RT) PL. However, eéijon of the RT-
PL reveals that mono-exponential kinetics are not obtainedonodisperse
samples[34, 32, 10, 31] and that a size distribution arguwiess still cannot

account for the observed non-exponentiality in ensemblkesoements.

Single-dot[35, 36, 37] time-resolved spectroscopic &sfdio, 38] in this
high-temperature regime corroborate these findings anel lexealed that the
PL lifetime is strongly correlated to the PL intermittensych that mono-
exponential decays can be obtained for dots whichocarenore often, and
non-exponential decays are obtained for dots whictofirenore often. There-
fore each dot within an ensemble measurement will have its cvaracter-
istic lifetime decay[10], and more importantly each decagre will have its
own individual lifetime[38]. These studies highlight th@e of Auger photo-
ionization (API) in the excited state behavior[10] whichtle origin of the
intermittency[39, 27, 40], and is a strong contributor te thHetime decay.
Since API results in carriers trapping outside of the QD waiteloenergy trap
centers, such as those found in surface states[41], thigesrthat surface qual-
ity plays a dominant role in the PL lifetime characteristizsessence, the ex-
cited state is coupled to a distribution of trap states, tviwdl cause a strong

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

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

The currently accepted model for the PL lifetime decay in CQ@Bs is a 3-
state model that characterizes the non-exponentialtigetis asingle, strongly
distributed lifetime decawrising from the recombination of the electron and
hole at the semiconductor band-edge, often referred toealsahd-edge exci-
ton (BEE) returning the system to its crystal ground state (CShe 3-state
model, carrier trapping events produce a distributed athdpt state (CS) that
is assumed to be non-emissive[39], inducing distributeatexponential de-
cay behavior by coupling to the emissive BEE state. The isitriradiative and
non-radiative rate constants of the BEE are assumed to bieateatf by carrier
traps. However, extrinsic nonradiative trapping ratesteimathe observed life-
time. Because the charge carrier has the opportunity to trapariety of dif-
ferent sites, the ensemble result is that a distribution @iorexponential de-
cays are observed, corresponding to each specific trappérg with a differ-
ent lifetime. The averaging of these lifetime decays preducnon-exponential
decay. The extraction of this distribution can be perforrasthg several dif-
ferent methods, the simplest being an inverse Laplaceftnanation[10]. The
peak of the lifetime distribution is related to the intringsadiative and non-
radiative rates while the width of the distribution is reldtto the number of
carrier traps present, which are known to fluctuate depgnaimthe local en-
vironment. Therefore this 3-state model consists of twordie states (BEE
and CGS) and one distributed state involving a charge trgppmrent wherein

the QD core is charge imbalanced, called the charged det(€&).
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An alternative 4-state model exists, which incorporatesraissive charged
excitonic state[43, 32, 44]. This model encompasses th@atd-sodel ele-
ments but continues with events that occur while the dot ergdd. If the
time that the carrier spends in the trap is relatively londf the radiation den-
sity is high enough, a second absorption of a photon can pisjuirom the
CS[32], thus forming a charged exciton (CE). This entity is aldp excited
particle wherein an exciton is formed in the CdSe core andlisanced by the
Stark field generated by the trapped charge (on the surfackjtsa opposite
partner (which remains in the core) as well as Coulomb cdrosl@ffects[46].
This CE state has been observed and is shown to distort theapaofile
of ensemble QD measurements[32]. Laser power and surfadygare the
primary factors that determine the influence of the CE[44]isTCE state is
emissive[32] and can obstruct measurement of the singispHifetimes con-

siderably by complicating the lifetime decay traces.

Of greater interest to the field is the development of a satiststent model
to explain the enhanced quantum efficiency observed upoadtgion of a
thick ZnS shell to the surface of a CdSe core[47]. These duoe#-structures
exhibit increased quantum efficiency that has been asctdbezimoval of sur-
face trap centers, which should lead to distributed butip@amno-exponential
decay kinetics arising from the decay of the exciton at thedbadge. De-
veloping a self-consistent model to describe the decaytikséor core and
core-shell QDs is critical for developing a full understangpof the importance
of trapping to explain the wildly variant quantum efficieesiand lifetimes in

these materials.
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It is desirable, then, to seek a method in which these decayde ana-
lyzed without the prior assumption of a kinetic model, as thill be the most
rigorous and unbiased approach. In this way, the kineticehmdnot a pa-
rameter added to obtain the lifetime, but in feethe solution of the lifetime

data. While simple inverse Laplace transformations have beed to extract

this data[10], they are prone to instrumental artifactgpt&h as baseline dis
tortion and so a more rigorous method that can be appliedl tGde QD

lifetimes is needed.

In this chapter, we show how transient PL data can be analyaéda
powerful fitting method, called the Maximum Entropy MethddEM), that
ultimately allows unambiguous assignment of two distinait®nic states in
CdSe QDs at room temperature. MEM-NLS can provide a detailettrp
of the excited state decay processes in materials that haltgl® decay pro-
cesses complicated by a distribution arising from sizepslaad trap densities.
The analytical power of MEM lies in ita priori determination of lifetime dis-

tributions through the use of the most conservative eséimat

We first describe our method of acquiring the transient Penttlescribe
the problem of examining complex kinetic behavior, follaey a short dis-
cussion of the solution to this problem offered by the MEM Inoek We then
examine the resulting lifetime distributions from our MEMadysis for CdSe
and CdSe/ZnS QDs, wherein we are able to explain our obsengatn the
context of a 4-state model. We find that the addition of anganrc capping
layer to CdSe QDs primarily results in the enhancement of Angaradia-

tive processes that quench the charged exciton PL. Firmaltycorrelations to
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single-dot lifetime studies in the literature reveals tiet inclusion of photo-
induced charging within the excited state behavior prav@eomplete model
for explaining CdSe QD lifetimes in a room-temperature, sotwdispersed

environment.

3.2 Experiment and Analysis

3.2.1 Sample Preparation, Instrumentation and Analysis Soft-

ware

CdSe quantum dots were prepared by colloidal techniquedfjsome
cases they were overcoated with a layer of ZnS [34, 49]. The @&d in
this study consisted of two preparations of CdSe, with rajiof 224, one of
which was further overcoated with a ZnS shell consisting.8frBonolayers,

estimated from precursor ratios.

Time-resolved spectra were gathered on CdSe QDs dissolvellieane by
10ps duration pulses at 320 nm (3.875 eV) at a 1 MHz repetitiobtained
by frequency-doubling the output of a synchronously-putipavity-dumped
R6G dye laser. Final spot size at the focal point wagrb0 After dispersion
of the emitted light through a 1/4-m Chromex monochromatetection was
achieved with a Hamamatsu streak scope. In Fig. 3.1 we shypicat streak
image taken of one of our samples, a CdSe QD dispersed in taldescan be
seen, use of a streak camera as a detection method allovire fooltection and

analysis of not only the time-resolved decays, but the teah$L. Lifetimes

50



o )
5 50 —
()
£
= 1004 ;
150
500 550 600 650

Wavelength (nm)

Figure 3.1. Streak image taken of a CdSe @DZ(ZA) where cw-PL spectra
can be taken by binning pixels vertically (a) or Time-resol\decays can be
taken by binning pixels horizontally (b). The excitationgriis also shown in

(b)
were extracted by binning the pixels vertically (Fig. 3.Hgyoss the desired
wavelength range while transient PL spectra are obtaindairnng the pixels

horizontally (Fig. 3.1a).

All MEM-NLS fits were performed with MemExp v2.0, developeg B.J.
Steinbach[50, 51], using realistic parameters for thisigalar data set. In par-
ticular, rising distributions (negative exponentials)rev@eglected in this data
set. Extrapolated processes were also eliminated sucloas 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 functiong( E,)e~(F~F0)*/AE] which allowed facile
extraction of the peak characteristics such as hélghy)), position( E,), and

width(AE).

3.2.2 The Problem of Assessing Lifetime Distributions

Complicated decay processes can make choosing the appeokinatic
model based solely on inspection of the raw data very migigadis an ex-
ample, we show in Fig. 3.2 how lifetime data for Cd8e£24) in toluene at
room temperature can be fit to 3 distinct lifetime functiofke two most pop-
ular models to which CdSe lifetime data are fit are shown, nameliscrete

dual decay model and a distributed decay model.

The bi-exponential decai;(t)) consists of the fractional contribution

(xe0<x<1) of two lifetimes (1,7),

Dpi(t) = ze” ™ 4 (1 — x)e /™ (3.1)

The stretched exponential decay consists of the Williantts\Mifetime

(Tww) and the stretching parametef) (

B

Dy (t) = e /mww) (3.2)

However, as can be seen in Fig. 3.2, both the bi-exponenti@ual de-
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Figure 3.2. Comparison of 3 different fitting techniques farlfetime data

for CdSeg=224)-TOP(O) dissolved in toluene. a) PL decay traces are fit to
a bi-exponential, a stretched exponentjat(.67) and a distribution function
given by the MEM-NLS algorithm. b) An expanded view of thel @i the
decay trace in shown in a). c) the residuals for the fits givea) i
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cay model), and the stretched exponential fit (distributechgt model) deviate
significantly from the data set in the tail region, which isrdical region in
assessing fit quality. This suggests that these distribsittdone do not accu-
rately reflect the obviously complicated decay kinetics] aansequently do
not reflect the underlying physics that influences the dedaysnally the dis-
crete nature of the biexponential process follows the sumwvofDirac delta

functions when written in terms of its distribution,

foi(t,x,7,70) =20(T — 1)+ (1 —2)d(7 — T2) (3.3)

such that the distribution is infinitely thin and defined oaty;, andr,. The
stretched exponential, also called a William-Watts exptiag is described by

a slightly more complicated expression[52]:

o0

fow (7', 8) = <_—1) Ty = Sin(ﬂﬁk)% (3.4)

T k!
k=0

wherer’'=ry /7. This lifetime distribution function can be evaluated with
differing stretching parameter valués), as shown in Fig. 3.3. A highe?
value corresponds to a tighter distribution which has a ndiserete appear-
ance, while a lowep value corresponds to a wider distribution. In addition,
the peak of the distribution deviates more strongly (towlarter lifetimes)
from the extractedy as /3 decreases and eventually approaches a truely
random distribution 3 — 0). Whereas discrete exponentials such as the bi-
exponential represent state-to-state transitions withdedined, quantized en-

ergies, distributed kinetics reflect systems with closelgced continuum-like
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Figure 3.3. The William-Watts distribution functidrfyw (7, 5), evaluated at
different values of the stretching parametgy (

energy levels wherein there is a dominant transition pcespled to a con-
tinuum of states. As the stretching parameter approach@sakimum value,
(8 — 1) it can be inferred through the Fermi Golden Rule[21], thatsystem

transitions from continuum-like energy level spacing tecdete-like energy
level spacings. The procurement of accurate lifetime iBistions therefore

strongly impacts our understanding of the energy levetsire in CdSe QDs.

The discrete and distributed fits to CdSe QD lifetimes thaehzen used
(Eq. 3.1 and Eq. 3.3) represent only the limiting cases ofrtreelifetime distri-
bution(f(7)), which is convoluted with it's own time-dependent dec¢ay’/ 7).
In principle, this relationship can be written simply as awdution integral in

the time domain as
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D(t) = /0 h f(r)e Vmdr (3.5)

Therefore it is mathematically possible to arrive( Atr)) through decon-
volution of this integral[53]. Such an approach would allthe extraction of
the true lifetime distribution prior to the simplificatiohdt leads to Eq. 3.1 and
Eq. 3.2. When examining very complicated kinetics, Eq. 3d &g. 3.2 fall
to accurately reflect phenomena suclbashdistributed 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, li@snof re-
lated solutions are generated[53, 54] that are inheremfllyenced by variables
such as systematic noise. The presence of systematictgtiian significantly
reduce the apparent resolution and data quality, obscthisgnderlying pro-
cesses being investigated. The development of mathenagcaithms to deal
with this inherent complication between data collectiod &s subsequent data
analysis has led to several different noise-filtering témphes. MEM is one
such technique that has found wide application in many de/éelds, ranging
from telescopic image filtering in astronomy[55] and deaduation of compli-
cated enzyme kinetics in biophysics[56, 51]. Despite itsent wide applica-
bility, MEM has entered into the realm of basic exponentialgsis only as
recently[57, 53] as 1999, and as of this writing, less thad dRicles utilize

this method in their data analysis, only?%2®f which deal with the analysis of
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kinetic data. An even smaller fraction of thisZ%ise MEM to analyze fluores-
cence decay data. The majority of the articles composirgylii; have been
released only in the past few years. The use MEM has therbémne spreading
rapidly in the field of analysis of lifetime data, and to thehers’ knowledge,
this article represents the first account of its applicat@many nanoscale sys-

tem.

The core principle of MEM is that in a system of many variabkesme
of those variables will be strongly dependent on the bemafi@thers, such
as systematic experimental errors. As such, one can findgsttorrelation
between such parameters and this influences the overatipgnof the solu-
tion that incorporates those variables. In this case, pytnefer to the lack
of intrinsic patterns and order found in a multi-variablestgyn wherein some
variables may be nonlinearly correlated to each other. loesrelated vari-
ables may represent undesirable artifacts in the datalsegystematic errors,
and may be eliminated by examining the entropy of the satutiib follows
that if one were to find the solution with the maximum entrogoyd thus the
solution with the least amount of systematic noise, one wawtive at a so-
lution that more accurately reflects the underlying physieachanisms being

studied.

We apply a rigorous fitting method to CdSe QD lifetime decaydhat
allows for the domain transformation of timg (lecay traces into lifetime]
distributions. The MEM[50, 51] is utilized to extract a pigadly meaningful
model to describe excited state decay processes obsen@dSa QDs and

allows for a complete, model-free analysis of the lifetineeay characteristics.
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Exclusive use of pure Nonlinear Least Squares (NLS) fittiggrethms, such
asLevenberg-Marquagi#8], in examining excited state lifetimes requires the
assumption of a model, where both discrete and distributegtiks have been
previously assumed to fit the data. A MEM fit to lifetime datadmot require

a model, but in facsuggestshe model.

In an approach similar to Eq. 3.5, the logarithmic distribatof lifetimes,
f(log T), can be determined by fitting empirical decay trace, to tmyalition

function,

D(t) = / b f(logT)e ¥ dlog T (3.6)

The reliance on numerical matrix-inversion to perform trositine nec-
essarily generates a large set of satisfactory inversdamatwith no explicit
criterion for selection. MEM analysis produces the maxignabncommit-
tal matrix, or the solution that produces the least con@tabetween parame-
ters, which in principle represents the most conservatiwesg. However, the
MEM fit quality is often poor and artifact ridden[51, 53], tieéore a robust
bootstrapped hybrid MEM-NLS (Maximum Entropy Method/Nioelar Least
Squares) routine using Newton-Raphson optimization is eyepl[50, 51].
MEM-NLS relies on the maximization of a quality parameté), which is
determined by a weighted linear combination of the entropy of the data

and the normalized sum of the squares of the residyal} (

Q=5—-\* (3.7)
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where \ is a balancing factor. As can be seen, Q is maximized when S
is maximized andy is minimized. Therefore this hybrid method seeks the
solution with the minimum scalar deviation from the data/¢gi by NLS) and
the maximally uncorrelated vector deviation (given by MENIhe entropy of
the data is related to the true distribution function of tlgadset f;) and the

iteratively better prior data fit§F;) summed over the index

fi
S~ ; fi = Fj = fjln (F) (3.8)

J

The entropy is maximized when its derivative approaches (zgr — 0),

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

(F — f5)-

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 expoakbf](Eq. 3.2),
producingr = 11.8ns and3 = 0.67. A bi-exponential fit (Eq. 3.1), is also
shown, withm; = 4.0ns, » = 24.0ns andx = 0.43. For comparison, the
MEM-NLS determined fit of the data set is also shown, whichdpies two
identifiable peaks in the lifetime distribution shown in F3gd with; = 2.7ns,

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

As can be seen from the fit quality and the residuals in Fica arid 3.2b,
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Figure 3.4. A comparison of the 3 distributions used in Fig.f8r CdS¢a =
22A) taken at all PL energies observed. The biexponential Higtdn (f5;(7))
is shown as the black bars, the stretched distributfan (7)) is shown as the
dashed line and the MEM-NLS distribution is shown by thedsbiie.

there is little discernible difference in the time domaimgsthese fitting rou-
tines, although at longer times there is a divergence of thethi-exponential
and stretched exponential fits from the data points, whigeeNHEM-NLS fit
follows the data set at longer times more faithfully, as saedfig. 3.2c This fi-
delity is made possible by adjustment of the lifetime digttion appropriately,
an option not available for the other two predefined distrdms. In Fig. 3.4,

the three methods are compared in the lifetime domain, wiverean clearly

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

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

ative height between the bi-exponential discrete kinediod the MEM-NLS

60



distribution. It is also clear that the stretched exporagriti reproduces the
position of the dominant long-timescale process, but failthe actual life-
time distribution since it is unable to account for the shionescale process
that is clearly evident from the MEM-NLS distribution. Inditlon the value
of the stretching term obtained=0.67, is inconsistent with what &/5size
distribution should yield3 ~0.95. This observation is reflected in Fig. 3.2c
where both MEM-NLS and the stretched exponential have amnésiduals,
with the only variance being lower residual fluctuationshadrger time periods
for MEM-NLS, which is consistent with MEM-NLS sensing a sado short

timescale process and adjusting the distribution cormdipgly.

Further support for a dual emissive state model is found ensghectrally-
resolved temporal decays, as shown in Fig. 3.5 where theydesampled at
different spectral regions of the observed PL which showsg two processes

in the decay, whose contributions are wavelength-dependen

The spectrally integrated lifetime distributions showrFig. 3.5b, reveal
two distinct lifetime populations, whose relative popidat are strongly de-
pendent on the observation window. In fact, at lower ensrgiee long life-
time BEE component contributes more than the short lifetimec@ponent.
Therefore, the decay traces shown in Fig. 3.5a result alpasty from the
spectral dependence of the relative contribution to thenisity of these two
states. When combined with the transient PL shift, this glesiunambiguous
evidence of a 4-state model for the excited state decay psesen CdSe where
two states with nearly the same energy but drastically mffelifetimes exist

in CdSe QDs, rather than a distribution of single excitedestas suggested by
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Figure 3.5. Transient PL data for CdgeR2 ?1) analyzed in terms of PL en-
ergies centered at 1(2.07eV), 11(2.12eV), 11I(2.18eV)(A23eV), V(2.30eV).
a) shows the normalized decay traces for these energiehobjsshe time-
averaged PL, where the shaded areas show the regions beingdpin this
figure. c) shows the MEM-NLS fits for I,11,111,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 knowndrease
by as much as a factor of 3 after addition of the ZnS shell[#Has long been
speculated that the increase in quantum efficiency arises ¢hanges in trap
population. Therefore one predicts that the CE will be elat®a with ZnS
passivation due to trap removal, providing a fundamentalehto explain the

observed enhancement in quantum efficiency. In the ZnSech@ulSe, the
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Figure 3.6. The MEM-NLS distribution function for CdSe Q&-=@2 ?1) (dot-
ted line) arld after it was capped with a ZnS layer (solid line$et: CdSe/ZnS
QD (a=22 A) lifetime decay trace. The 2 sharp drops in intensity at Gons
80ns observed are artifacts originating from damaged aammthe MCP
ZnS shell has a dramatic effect both on the lifetime distrdny as seen in
Fig. 3.6, where we show a CdSe QD prior to and after capping avidmS
layer. The most dramatic effect observed is the completgpgisarance of the
short lifetime component. There is also a slight shortemihthe lifetime of
the the long component after capping as can be seen in Figis3a6shift of
the peak to shorter lifetimes. As can be seen in the insetgf36 that with
the disappearance of the short timescale process, the blesdetay profile
can be described as a single distribution associated watfBEE. This result
is consistent with what is found for single-dot lifetime rsaeements wherein

a distributed exponential decay is found in ZnS-capped Cd588].
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The PL decay can also be monitored as a function of PL energysimilar
way as Fig. 3.5. In Fig. 3.7a we show the PL decay traces bianed3 differ-
ent PL energy ranges, as indicated in the time-averaged Pigir8.7b. Upon
capping, the PL decay traces do not deviate as dramatically fanction of
PL energy when compared to the bare core decay traces of.bay. Bhis sug-
gests that the PL manifold observed primarily derives fragingle state decay.
The MEM-NLS fits are shown in Fig. 3.7c for each of these regjovhere we
clearly observe a single strong dominant decay processdimains at the same
lifetime throughout the energies probed. In Fig. 3.7c\ig observe the pres-
ence of a shorter, weaker lifetime whose position and shagehrthe short
lifetime component observed in the bare core QDs of Fig..318us feature
appears only in the higher energies of the PL manifold, aymals to the higher
energy regions of the the bare core PL of Fig. 3.5c. Thereatasevery likely
that the short-lived states observed in CdSe and CdSe/Zn8 taet the same
state, though it is significantly repressed in CdSe/ZnS. ¢, faithout tran-
sient PL the extremely weak presence of the short compomeid oot have
been identified in CdSe/ZnS, as the energy integrated scasakiaraged out
its contribution (Fig. 3.6) since it contributes a vanigiiijnsmall proportion to
the total PL. In addition there is no shift in the peak of tHetime distribu-
tion across different energies, exactly as would be expettee decay profile
originated from a single state. We note that a broadeningefistribution
of this single lifetime state exists at lower energies, aad be explained as
resulting from ensemble-averaged spectral diffusioncé&ihe PL energy of
individual QDs change due to local fluctuations in its emviment[37], it fol-

lows that the lifetime should follow an identical trend. Tafre the use of
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Figure 3.7. Transient PL data for CdSe/Za&{2 ?1) analyzed in terms of
PL energies centered at 1(2.17eV), 11(2.24eV) and 1lI(2¥8 a) shows the
normalized decay traces for these energies. b) shows tleeawaraged PL,
where the shaded areas show the regions being probed ingtinis.fic) shows
the MEM-NLS fits for L,11,11l and the dotted line is a guide thd eye, centered

on the peak of I.
transient PL spectroscopy artificially selects the subfadfmn prone to a high
degree of spectral diffusion by examining this low energydféa. These low-

energy decay events possess stronger charge fluctuatthenefore 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 ME&-&Halysis
to describe the observed lifetime decays of the resultamaber differences
for core and core-shell QDs. Our results can be discussad tle framework
of carrier trapping and subsequent dot-charging as beagtimary factors
that affect the lifetime decays. A schematic describing thodel is shown in
Fig. 3.8. Absorption of a resonant photon promotes the Qbxiits electronic
crystal ground state (CGS) to its band-edge excitonic (BE&i® storming an
e /h* pair within the QD. The presence of defects in surface stedeses
carriers to localize in these traps, thus separating thieoexcBecause not all
surface traps are the same, there will be both structurenvee (between dots)
as well as local environmental effects (between trappimeges). This variance
will form a distribution of trap sites in energy, and ultireft a distribution of
trapping rates, resulting in the widths of the MEM-NLS distitions (or3 in a
stretched exponential analogy). Formally the distributibstates in which the
charge is trapped can be called a charged dot state (CS). Rab@BEE state
is intimately coupled, through carrier trapping, to thesgly distributed CS
state, its behavior will also take on distributed charasties. These distributed
kinetics, in fact, manifest themselves as non-Poissomemmittency[41] and

in distributed excited state lifetime decays.

However, the second phenomenon that can occur is a secaatusogption

of a resonant photon by the QD[45], not necessarily durirglifietime of
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Figure 3.8. Summarized model for CdSe excited states. Shoavihe Crys-
tal Ground State (CGS), the Band Edge Exciton State (BEE), theg€ta
State (CS) wherein the exciton is split as a charge carrieorhes trapped
outside the dot, and the Charged Exciton (CE) which forms dsetondary
light absorption by the CS. Solid lines represent radiatigaditions such as
absorption and spontaneous emissibnzi .k cr) from each state. Dotted
lines indicate possible nonradiative paths for differeates and include carrier
trappingé:..,), Auger-processesk (.q.-) and intrinsic BEE decaysif, prE)-
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the BEE excited state, but during the persistence time ofrdpped charge
carrier, which can last for tens of seconds[45]. If this asca second €h*
pair forms within the QD, producing 3 carriers within the e@nd a trapped
carrier on the outside[45]. Therefore each CS state will Berdetly coupled
to a path-specific CE state. The strong distribution in the @ stauses the
CE state to also be strongly distributed regardless of theatis nature of the
electronic transition. This explains the similar wide dizition found in the

short-lived state in Fig. 3.4 and 3.6.

Several strong factors are predicted to affect the kinedfcthis 4-state
system. The most important of these factors is the trappilagcbarge carrier.
The single-photon cycling between the CGS and BEE will be gtyoaffected
by this trapping rate, and is the only path that gives risb¢ddS and CE state.
Therefore controlling the trap density as postulated foeahell QDs is very

important in tuning the kinetics of these QDs.

One possible explanation for the loss of the short compoagmibserved
in Fig. 3.6 for the core-shell materials upon capping is duerthanced pas-
sivation of surface trapping sites, effectively inhibgithe formation of the
CS state by reducing the trapping rate of the charge carititwaiever, if this
were the case, then one would expect that the short compaoeid disappear
and the long component’s distribution would sharpen, stheewidth of this
distribution is directly related to the distribution of pratates. Consequently,
mono-exponential kinetics would be observed in the lifetolecay. In fact, this
is notwhat we observe. Clearly, the long-lived component remaistsilouted

(Fig. 3.6) and the decay remains non-exponential(Fig.r&ét). Therefore an
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alternative explanation is required that accounts for lo¢hdisappearance in
the short-lived lifetime and the presence of a distributaayllifetime. It is
likely that the CS state forms efficiently even with the capgpiayer present
due to the imperfect lattice matching at the interface, @xjphg the continued
width of the BEE state distribution broadening. However theklof emis-
sion from the CE state implies that there exists strong naatige coupling
that rapidly quenches the PL completely. This nonradiatmapling is likely
to occur from Auger-like relaxation processes,(,..), which are expected to
dominate due to the multiple charges occupying the QD iotevhen in the
CE state (Fig. 3.8). However, the deactivation of the CE stategeds by both
radiative and non-radiative means, and it is possible tagadhis CE state to
begin emitting again by acceleration of the radiative relsioiation velocity.
This has already been done using metal surfaces to enhancadifative cou-
pling, and in fact charged PL is observed in these experisfé3it Therefore,
capping of the CdSe core with an inorganic shell does not rertrap centers,
but instead induces stronger Auger relaxation of the CE biat& to the CS.
This can be physically accounted for when one considersitffeehbandgap
shell inducing stronger confinement and therefore stroogarge interaction
and overlap, leading to accelerated multi-charge prosesseh as Auger. The
shortening of the BEE lifetime coincident with an increase¢ha quantum
yield could also mean a shortening of the radiative lifetinfs¢ronger spatial
confinement of the exciton by the presence of the ZnS cappiyey improves
the overlap of the electron and hole wavefunction, resyitira faster recombi-
nation and a shortening of the BEE lifetime. This enhancetatizd coupling

could partially account for the improved quantum efficieappn capping.
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The shortening of the observed lifetime upon capping (fros26.0 to
7=17.4) is less than 35%. This change in shortening of the BEE lifetime does
not account for the nearly 50increase in the PL quantum efficiency. There-
fore, the rise in quantum efficiency must come about not ohfgugh im-
provement of radiative recombinatiok, (3 ), but hindrance of non-radiative
factors in the BEE state. While changes in the intrinsic noata@ relaxation
(knr.ser) WIll occur upon capping[8], it is likely that modificatiorf @xtrin-
sic nonradiative pathways (such as surface defects) withbst dramatically
observed. Although our data suggests that the BEE remaimsdazbto a distri-
bution of trap states even upon capping, it is likely thatttreeoverall number
of carrier traps has been reduced, as would be expected byaslrastic change
in the surface structure. Such an explanation would acdounur observation
of improved quantum efficiency and yet still explain the loteaing in the BEE
state emission. Kinetically, this is shown in Fig. 3.8 wiierk,.,, is reduced

upon addition of the ZnS shell.

3.4.2 Comparison to Single-Dot Studies

Our studies indicate (using MEM-NLS analysis) that theseerble solution-
phase CdSe QDs clearly reveal 3 distinct phenomena, someadi éve been
observed in their single-dot counterparts: i) there aredisbinct lifetimes that
compose the decay of the observed photoluminescencegiiwtt lifetimes
are distribution-like and not purely discrete decaysthigre is a shift to higher
energies in the transient PL, iv) addition of a capping sklethinates the short

timescale component completely. The presence of two didbut distributed
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states is found unambigously using MEM-NLS. The transiénaifd the spec-
tral dependence of the MEM-NLS distribution (Fig. 3.5) ttger indicate that

the two distributions observed result from two emissivatexkstates.

MEM-NLS analysis has never been used in the study of therifetiecays
in single-dot measurements, however simple inverse Laptaosformations[10]
and suggest the presence of a single but very distributée staCdSe/ZnS
QDs. This is in agreement with our findings since MEM-NLS ggsil extracts
a single lifetime distribution for core-shell particlesdF3.6). In fact, the rela-
tive lifetimes and distributions that are obtained fallgbly in-line with those
in single-dot experiments. For example, Bawendi[38] anda&ers find a
Tww=25.0ns and Mews[10] and coworkers fineka>=20.2ns for the subpop-
ulaiton of brightly-emitting dots. This compares very wilour findings of
T7,=20ns. This observation provides two points of intereshe)lifetime decays
measured in ensemble solution-phase measurements atetdiigneasure-
ments are directly correlated for core-shell CdSe/ZnS QI@siabecause the
ensemble measurement matches the fraction of bright doysclesely, this
suggests that the PL characteristics are largely domiriayettie 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-dtintigemeasure-
ments have been done on the bare, uncapped CdSe core. Theyjleamtum
efficiency and poor stability of bare core CdSe QDs makes thedesirable
candidates for these experiments. As such there is no dioagparison in the
literature, and our observation of this second short-liifetime decay through

MEM-NLS analysis is therefore unprecedented.
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In addition, the proposed 4-state model agrees with exgeriah data on
CdSe/ZnS on a metal surface[43]. The presence of a metalcsuoia the
QD enhances the otherwise non-emissive charged excitte (€8) (theoff
state) to emit ahE=10-22meV lower than the uncharged (BEE) state. Single-
electron injection[58] into CdSe/ZnS QWs produces charged@axemission
at AE=8-12meV. This agrees very well with our observation of ét $b the
blue in our ensemble PL measurements of CdSe whdre9meV. This blue
shift is explained as resulting from the competing emissitvom the redder
shorter-lived CE state PL and the bluer long-lived BEE state @®imbining
our observations with those from these surface-enhanceliestwe see that
the capping layer suppresses the short-lived lifetime evtiie presence of a
strong oscillating field reverses this process by enhanttiegadiative rate.
Therefore the results of these single-dot experimentaaagreement with the

MEM-NLS ensemble treatment.

Recent observations of totally nonemissive QDs[59] withinemsemble
have been shown to affect ensemble PL quantum efficien€@sfowever,
even from the emissive dots observed, there exists an sigrquantum effi-
ciency that is consequently reflected in the lifetime. Theaemissive dots are
not expected to contribute to the observed PL charactsjstind therefore the

ensemble lifetimes measured come directly from the ena@s3bs.
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3.5 Chapter Summary

In summary, we have applied MEM-NLS to transient PL specwopy to
resolve several important features in CdSe QD photophysidst@ provide
an example of how a rigorous approach to the PL lifetime datale used
to confirm the existence of dual emissive state behavior. &pert the first
unambiguous observation of this second PL lifetime whidlstexonly in un-
capped CdSe QDs. The addition of the capping shell elimirtaisssecond
lifetime. Our ensemble data compares very well to singlelfetime data,
and using those studies as a basis for explaining our olisBrsawe come to
several conclusions regarding the effect of the cappingl ahd the identity
of the observed lifetimes. The long-lived lifetime componhiom our studies
clearly matches<10% error) the lifetime observed in single-dot experiments,
allowing us to identify this state as the BEE state. Since fatirines stud-
ies have been performed on the uncapped variety in sindlexgeeriments,
we report the first observation of this second, short-livethgonent. Weak
PL is observed from this state due to its short lifetime awd dmantum effi-
ciency. Although it can be eliminated by a capping shell byrélasing Auger
processes (our results) it can also be re-activated in ¢inm {Bawendi and
coworkers[43]) by radiative rate enhancement from a metslirface. Consis-
tent with this body of literature, we can identify this shiwed state formally
as a charged exciton state, in analogy to observations im @&t and QW

excited state processes described previously in thetlitera

We are currently undertaking a full characterization of Cd&e& CdSe/ZnS

QDs using MEM-NLS at varying sizes, capping layer thickessgsempera-
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tures and applied photo-excitation power in an effort testigate the trends

in the charging of the exciton state and its relaxation pgses.
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Chapter 4

Photoluminescence Activation and

Intermittency

Reprinted fromChemical Physics Letters8891, A. Javier, G.F. Strouse,
“Activated and Intermittent Photoluminescence in Thin Cd3entum Dot

Films”, 391, Copyright (2004), with permission from Elsavie

4.1 Introduction

Photo-activated photoluminescence in CdSe quantum dojS@I3) has
received significant interest by material scientists [61, &, 63, 64]. The
mechanism for this process can be explained by a light anchgdgated equi-
librium between a band-edge exciton (BEE) and a charged (&&gcontrol-
ling carrier trapping and de-trapping at the dot surfaces pbwer-dependent

change in the kinetics of photo-induced brightening andéelsing in thin QD
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films is revealed to arise from the complementary nature e$ehprocesses.
In addition, statistically significant fluctuations [41]cnpany the photolu-
minescence(PL) as intermittent drops in intensity, whezdks to the postulate
that these are discrete blinking [37, 36] events. The htigks found to be
strongly correlated to the ensemble PL behavior, highilghthe importance
of Auger processes on ensemble QD PL properties on the ofdemalreds

seconds.

4.2 Experimental Details

Thin films (ca.<100nm thick) of lyothermally-prepared CdSe QDs [4] (ra-
dius~254) were prepared by single-drop spin casting onto sapphptea
flats, and warmed to remove excess solvent: @¥,,.=488.0nm, 0.01-2mW)
cw-laser-induced PL was collected (laser spot sig:m) using front-face
geometry and subsequently dispersed, after laser ligattiep with a holo-
graphic notch filter, onto &/2-m monochromater using a CCD for detection.
The PL was then collected (in air, at room temperature) ustgs exposure
times at 5s intervals with 1000 spectral acquisitions per All film PL spectra
fit well to a gaussian function;,(F) /I ( Ey)=exp[-(E-E,)*/AE], reflecting the
dominance of the size distribution over the homogenousiaid, allowing
facile extraction of PL peak heighi( E,), spectral positionf£,, and spectral

width AE.
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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 follovtgbkacitation,
leaving the oppositely charged carrier in the dot core,dwemproducing a
charged state. Subsequent exciton formation within thipdmuces a charged
exciton (CE), whose emission is Stark-shifted [13] (towanddr energy) from
the BEE. Nonradiative decay through three-bodied Augergeses at the dot
core induce poor quantum efficiency [45] and short lifetirfleg® 32] for the
CE. At equilibrium, the BEE and CS populations are mediated byiriflux
of continuous excitation radiation [36] through steady eyation of charge
carriers. The persistence time of the CS can be lengthenedghrelectron-
hole energy transfer to the surface trapped carrier via ajeArecombination,
inducing the dot to remain darker longer and increasing téguiency of in-
termittency [65]. Therefore, excitation power plays a keleythrough carrier
generation [66], in stabilizing CS populations. The ensemésult is that there
is a build-up of the darker CS dots, producing an overall danrgeffect as the
BEE population is depleted to increase the CS population.réteence inter-
mittency [65] and spectral diffusion [37] can be regardestasstical sampling
of the equilibrium populations of the BEE, CE and CS states asitigle dot

level.
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4.3.2 Photobrightening

Since the charging of a QD and the lengthening of the CS pensisttime
is excitation power-dependent, it is expected that a caticel can be found
between PL intermittency (carrier trapping) and photavatbn (trapped car-
rier release). One such activation mechanism involvesrtezaction of the
surface charge with ambient gas adsorbates [67], parntigulawis electron
donors [68, 69] inducing recombination by pushing the sigfrapped elec-
tron back into the core to recombine with its opposite par{beghtening).
Thus, the gas, through Langmuir isotherm physisorptioh &¢@ivates an oth-
erwise inhibited PL to increase the observed photon flux. él@w reactive gas
adsorbates also induce permanent photochemical surfgcadddion [61, 71],
leading to an overall PL quenching. The time-monitored plushinescence

PL will strongly reflect kinetics that increase and decrebhseobserved PL.

4.4 Charge Carrier Kinetics

4.4.1 Curve Fitting Procedure

The solution-phase (n-hexane) extinction spectrum andpeesentative
film PL immediately after light exposure are shown in the insieFig. 4.1.
As seenin Fig. 4.1, there is an increase in the PL intensitglt{tening) which
is followed by a subsequent decrease (darkening) at longest This behav-
ior has been observed reproducibly [61] and varies betwédtraht sample

preparations. Globally, the kinetics can be described aiassof competi-
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Figure 4.1. Normalized peak intensity of CdSeQZS&) thin film PL under
exposure to laser light\(,.=488.0nm) and air at room temperature. White
dotted line represents a multi-exponential fit with resldda shown at the
bottom. Inset: Thin film PL and solution-phase extinctioecpum. White
line represents a gaussian fit.
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tive first order processes that result in the experimentakofation of a net
increase and decrease in the PL intensity with time undeiragous illumina-
tion, d[QD*])/dt = [QD*]/ =, where[QD*] represents the fraction of emitting
QDs inthe ensemble. To fit the complex kinetics in an assungtiee manner,
sums of exponentials were used as trial functions for tHferaiftial rate equa-
tion and involve two PL brightening processés, (1-exp[-t/;))) and one PL
decay procesd{ expl[-tir4]), allowing for the extraction of the darkening,(
and brightening+;,) time constants for each run. The residuals for this fitting
procedure for one of the acquisition runs are given at theoboof Fig. 4.1,
wherein there is only a very small systematic pattern pitesecompanied by
sharp (single point) intensity fluctuations discussedrlatebeing 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 difféneower den-
sities in Fig. 4.2A, where we see a strong power dependentedivo dif-
ferent brightening rates and the darkening rate. At the sbywewer density
used, 5 W/crh (1), only a darkening is observed. As the power is increased
to 13 W/cn? (Il), there is an increased darkening as seen from the chiange
the slope of the trace at early times, and the appearancagbitéming, on-
setting at £4000s. A second brightening process is distinctly obsdevab
earlier times for powers between 28-114 Wfc(til, IV) which is the main
contributor to the previously observed PL brightening @ase in CdSe thin

films [61]. At 160 W/cnt (V), darkening is no longer observable, and bright-
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Figure 4.2. a) Normalized peak PL intensity of thin Cdﬁeﬁ(255\) film
tracked over exposure time to light and air at different pmwé(5 Wicn?),
(13 W/cn?), 111(28 W/cm?), V(114 Wicn?), V(161 Wicn¥), VI(266
W/cn?). b) Inverse brightening times (closed circles) and invelesgay times
(open circles) extracted from fitting data in a). ¢) The sloweerse brighten-
ing time from a). Error bars appear on all the points in (b) é)dthough not
are all seen since some are comparable to the magnitude wfater size.
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ening dominates. There is an apparent competition betweeddarkening rate
(1/74) and the faster of the two brightening ratésr{, ;) such that both rates
increase with increasing power, as seen in Fig. 4.2B. The blaghtening
rate (L/r, s, Fig. 4.2C) follows a weak linear dependence, implying thé t
rate is first-order in excitation power. This behavior fallba simple kinetic
model whereby the: photons absorbed give rise fo charge carriers that
subsequently interact with surface traps to activate agitmmal amount of
luminescence. However, the fast brightening rate,(1) seems to saturate
at ~0.014s! with increasing power, suggesting a steady state or equitib
process for the PL arises at higher photon density. Usingmftling model,
this can be attributed to saturation through passivatioavaflable trap sites
or through depletion of the CS population. That is, the beghtg rate ap-
proaches a fixed value because the trap site density or CSgtigpubecomes

the rate-limiting factor in the kinetics.

The darkening rate (1) is also nonlinear in power, producing upward
curvature with power as opposed to the fast brightening stewing down-
ward curvature, as seen in Fig. 4.2B. The dependence of therdag rate can
be fit to the sum of linear and quadratic terms in power, and isdikely that
the physical origin of the linear term is related to the nunddecarriers avail-
able, and this quenching is due to irreversible photochieynéth gas adsor-
bates [61]. However, there is some reversibility in the darkg behavior that
is independent of the presence of any gas [36], and accaurttssforigin of the
nonlinear darkening rate. This darkening rate increas#saairier density in

the QD, leading to many-bodied carrier interactions, siCAw@ger processes,
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Figure 4.3. a) Peak energy of PL of thin Cd$e~25A) film tracked over
exposure time to light and air at different powers: 1(5 Wignl(13 W/cn¥),
111(28 Wicm?), IV(114 W/cnt), V(161 W/cnt), VI(266 W/cnt). b) Inverse
time constants for blue shift (closed circles) and red sH{pen circles) ex-
tracted from fitting data in a). c) The slower inverse bludtghme constants
from a).

which become an important part of the kinetics and are msteitein the dark-
ening rates. Auger processes quench the PL, and since thleyremlinearly
with the number of carriers, they are strongly power-depahdWhile Auger
photoionization [13] depends on the number of surface taapdable and sat-
uration is expected (analogous with the fast brighteninig)rat is not nec-
essarily surprising that saturation is absent since Aulpstren-hole energy

transfer [26] can induce heating of conduction or valencelbzore-localized

charge carriers and are independent of any surface eftexdt,as traps.

Fig. 4.3 shows the PL peak energy for the same powers usedyir 2,
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where it can be seen that the spectral acquisition runs ird=3#\ show a re-
versal in energy shift for nearly every run in Fig. 4.3A fer200s, and that the
reversal directions are different for different powers.e3é spectral shifts are
treated like intensity changes of Fig. 4.2 by fitting with suai exponentials,
resulting in the time constants found in Fig. 4.3C and FigD4 which are re-
markably similar to the trends found in Fig. 4.2B and 4.2CsTkhiggests that
the intensity shifts and spectral shifts are correlatedxaected if the redder
PL arises from CE dots. Fig. 4.3B shows a nonlinear responsieeoblue-
shifts and the red shifts, with the blue shift showing dowreh@ower curvature
(similar to the fast brightening rate), and the red shiftveing upward power
curvature (similar to the darkening rate). In addition, sh@v blue-shift that
is dominant at longer times and the slow brightening ratebathk linear with
power, implying that these are correlated. Thus, fast beigihg is correlated
with a blue-shift in the spectrum, which is due to the shifthe equilibrium
from theredderCS dots to thdluer BEE dots. On the other hand, darkening
is always correlated with a red-shift in the spectrum, dua shift from the
brighter BEE dots to thalarker CS dots. Finally, permanent photodegradation
induces blue-shifts also [61], and is linked to the slow bigming and slow

blue shifting rates, implying complementarity.

The invocation of Auger processes to explain the brightgaimd darkening
kinetics appears plausible upon analysis of the intensittdations embedded
in nearly all of the spectral acquisition runs. The times wttee dot remained
dark could not be observed, which is possibly due to the diydaetween the

dark interval times and the exposure time. Although thisaarty not a single-
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85



dot experiment, these sharp drops in intensity are alwagsait each time and
become more frequent with increasing power. Occasioraflyntensity drop
that is~2 times greater than the intensity fluctuations is observetdcan be
assigned to a process involving two dots switching off cioiectally during
the collection interval. The residuals of a brighteningé&asimilar to Fig. 4.1,
are processed to extract the intervals between these stugrpid intensity and
plotted as a function of scan number in Fig. 4.4A, where ittiaeeen that there
is clearly no time-dependent trend. However, once a hiatags constructed
with these intervals, as shown in Fig. 4.2B, a pattern clearlgrges, which can
be fit to an exponentiabxp[-t/r,,]. A power-law fit,t=*/7" is also shown in
Fig. 4.4A. From Fig. 4.4A, it is clear that the exponentiabfirees noticeably
better with the data than the power-law fit. Bot}), 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 liene®, as being due
to Auger photoionization [37]. However, we can see that ghér powers,
both saturate, mirroring the fast brightening rate, sutiggs$hat charging and

brightening are related processes.

Support for this relationship is found through correlatim®iween the fast
brightening ratex, ;) and the bright interval timer(,,), as shown in Fig. 4.4D.
Such a correlation is expected since both the brightenitegaad the bright
interval time are related to the detrapping of charge carré surface trap
sites. The bright interval time and brightening times shasitive correlation,
further proof that these two effects are not competitivedmmplementary, and

possibly even sequential.
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4.5 Chapter Summary

In summary, we propose a model that begins with the initisdresonant
laser excitation from the QD crystal ground state (CGS)pfedld by fast car-
rier surface trapping resulting in a CS state, darkening tteadd shifting its
emission toward lower energy. An equilibrium exists betwtee CS and BEE
states, controlled by the pump power. The presence of ttegelcauses an
otherwise non-interacting gas adsorbate to interact wighttap site, through
attractive surface potential created by the carrier méstylidue to the devel-
opment of an excited state dipole [72] inducing either etestatic charge sol-
vation, or interaction of molecular orbitals. While the éattnteraction leads
to a photochemical reaction, the former possibility leadthe displacement
of the surface-trapped charge by the gas adsorbate by pushpped charge
density back into the dot core, producing a rapid brightgrprocess. This
is supported by the pump power increasing the brighteniig by produc-
ing more CS, effectively driving the equilibrium back to the BEn addition,
darkening (through Auger processes) also increases witipuower due to
stabilization of the CS persistence time, and is further sutpp by the increase
of the PL intermittency. A second, slow and weakly powereatefent bright-
ening process is observed which is likely related to the stape passivation
by gas adsorbates of the BEE population while the linearlygradependent
and slow darkening is due to the irreversible photo-oxatatf the CdSe QD
surface. The changes in the PL intensity are correlated thélshifts in the
peak energy, in strong support of the above model and strorggéication

that we observe two excited state populationdarighter, bluer exciton state
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(BEE) and adarker, redder exciton sta(€E). Finally, since brightening is pos-
itively correlated to intermittency, there is compellingdence that a charged
dot forms, then detraps, allowing us to conclude that phwightening 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 CdSeddars-
tals Assembled with Molecular Wires.” A. Javier, C.S. YunSérena, G.F.
Strouse.Journal of Physical Chemistry,,§2003), 107, 435-442. Copyright

2003, American Chemical Society

5.1 Introduction

The physics of energy transfer[73] for organic[21, 74] amafganic mater-
ials[75], as well as inorganic-organic hybrids[76], hag@n intensive area

of investigation for several decades. Recently, it has becamactive area
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in quantum confined systems[28] for both pure[77, 78] andie@y9] re-
search, and the interaction of the electronic transitiarteése dimensionally-
confined hybrid systems[80, 81] has been pursued both teslhg82] and
experimentally[83, 84]. The phenomenon of quantum conferdraf the Wan-
nier-Mott exciton in CdSe below its Bohr radius[85]y( ~ 5nm in CdSe) and
the Frenkel exciton in the organic system below its Frenkeius (. ~ 3nm
for conjugatedr-systems[86, 87]) results in size-dependent electrorop{r
erties for nanometer-sized semiconductors and conjugaigthic molecules.
Specifically, the absorption and luminescence charatitayisf nanocrystals in
the strongly confined regime is size dependent, as showrguré&i5.1. This
allows for a unique opportunity to tune the energies of etett transitions
in both systems, and therefore the magnitude of the interacf electronic

transitions within a composite system.

Direct Energy Transfer in Hybrid Systems

Energy transfer between the inorganic and organic comgsioam be de-
scribed both in terms of phase-coherent strong couplingphiade-incoherent
weak coupling through the dipole-dipole interaction tleioally[88] recent
experimental results suggest nanocrystalline materradscgiganic-inorganic
hybrids are best described in the weak coupling regime[88j]s allows the
application of Brster theory[74], which typically is used at the limit ob*l
calized oscillators” as a result of the electric dipole appmnation. The use of
Forster theory allows the quantum efficiency of energy trantf 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 pimatelscence
(solid) spectra for a series of CdSe nanocrystals coated Mot/ TOPO (di-
ameters given at the right) in toluene. The two prominentterdransitions

are shown.
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coupling of the pseudo-continuous electronic transitiohthe energy donor

and the energy acceptor.

A caveat of the Brster theory approximation is that the magnitude of the
coupling will be inversely proportional to the sixth powétle donor-acceptor
separation distance, although in the tightly bound contpasistem where the
exciton is largely delocalized over the donor or acceptdume, the distance
will effectively be invariant for a given oligomer lengthiving rise to a rate of
energy transfer, and consequently a efficiency of energytea, dependent on
the magnitude ok J >. The application of the weak coupling model arises
due to the dissimilarity in the wavefunctions of the molecwrbitals in or-
ganic systems and band-like orbitals in nanocrystals thratemts traditional
strong interactions. However, strong interactions agisiom exciton delocal-
ization within the organic system due to aggregate formanay influence the

pathway for energy transfer within these composites.

Energy Migration in Hybrid Systems

Ther-stacking of organic systems can lead to aggregates[8Bidhkalt in
a variety of new pseudo-particles that are not present insiblated system.
As these units are brought closer into contact, a criticatlshg distance is
surpassed< 0.7nm) that induces drastic changes in the electronic structure of
the organic system[90, 91]. Interaction of two monomersucétn result in low-
order exciton delocalization into simple dimers, excin@rpolaron-pairs[92],
while the participation of many monomer units can resultighkorder exci-

ton delocalization, or aggregate excitons. The new elerwansitions that
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arise also participate in energy transport processes astl lmeuncluded in a
complete description of the total energy transfer mecmani3 herefore the
pathways of energy transfer in composite systems will bengty influenced
by the packing interactions of the conjugated organic systed their respec-
tive populations within that system, as these interactgvesrise to the species
mentioned above. In the present study, we investigate mgstat composites
where the photo-excited molecular wire donates energydm#nocrystal in
the form of an electronic excitation. The resonant energgdfer interaction
which couples the energy donor (the molecular wire) to therggnacceptor
(the nanocrystal) can be tuned in these assemblies by tooihghe length of
conjugation in the molecular wire and the nanocrystal shtereover, dimers
and aggregate excitons are present in these assembliesstngghat 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-dibethigls (n=0,1,3) (O-
PE-n) was synthesized by a modification of literature metf@l 94]. In brief,
benzylic thiol formation was achieved by the radical beitzytomination of 4-
iodotoulene followed by nucleophilic substitution withtpssium thioacetate.

Deprotection of the thiols was done in a basic methanoligtemi, purification
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by column chromatography and isolation undéy, in order to prevent oxi-
dation of the terminal thiol. CdSe nanocrystals between t8nd 8.0 nm
were synthesized as TOP/TOPO passivated nanocrystalsuhgast! lyother-
mal methodology[95]. Excess TOP/TOPO was removed by rtapme(Bx) dis-

solution of the patrticles in toluene and precipitation bgiadn of MeOH.

5.2.2 Sample Preparation for Optical Experiments

CdSe-OPE films were prepared under Ar by slow addition of a 2ahlehe
solution of 0.05M OPE-nto 5 mL of a 0.1 mg/mL CdSe NC in tolueneam
temperature. The reaction was allowed to react 24 hoursusrdproducing a
solid, which was washed repeatedly with toluene to remoee&xCdSe NCs
and OPE, then suspended by sonication in fresh toluene fordi@position.
Control experiments were conducted on OPE-n protected withibal acetyl
groups on the thiols. CdSe-OPE thin films were prepared by dasping the
suspended material in toluene onto 25.4 mm wide, 0.5mm tirckilar sap-
phire flats. CdSe and thioacetate protected OPE-n films wepaped by drop
casting a mixture of CdSe and OPE-n in a minimum volume of teduanto a

sapphire flat.
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Figure 5.2. TOP: Scheme of CdSe-OPE-n assemblies. CdSe ysiab&r
coated with TOP/TOPO, form amorphous, cross linked assemby ligand
exchange of the phosphine by the thiol moiety when reacted @PE-n:
oligo-(p-phenylethynylene dibenzylthiol dipropyl ethé©OPE-n, n= 0, 1, 3)
BOTTOM: Lewis structure of OPE-n molecules.

95



5.3 Physical Characterization of CdSe/OPE-1 struc-

tures

5.3.1 Electron Microscopy

Transmission electron microscopy (TEM) analysis was paréal 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 operatedOak\¥20n
bright field mode.

5.3.2 Optical Spectroscopy

Emission measurements were conducted on samples drop+tassap-
phire substrates oriented either at 4% front-face excitation using a continu-
ous wave Omnichrome HeCd laser{. = 325nm,~ 1mW) with a UV filter
to reject stray plasma or a 75W Hg lamp with a 313nm bandpadss firhe
luminescence data was collected with an F/1 optic and dispern a CVI In-
struments Digikrom 240 monochromater (150 g/mm, 10 m shit)i coupled
to a SBIG CCD Model ST-6. The laser line or lamp profile was remdwed
UV filter.
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Figure 5.3. Transmission Electron micrography of CdSe-@Rtanocrystal
assemblies. TOP: TEM of CdSe-OPE-3 assembled structureagéiregate
of CdSe-OPE is suspended over one a hole of the carbon grid. B®ITT
Small Angle Electron Diffraction (SAED) pattern from TEMh& observed
rings indicate incorporation of wurzite CdSe into the conitgowithout 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 CdSedluéne at
RT produces a solid monolith (Figure 5.2). TEM analysis ef@dSe(4.5nm)-
OPE-1 monolith show closely packed CdSe nanocrystals (Ei§L8) lacking
orientational order based on SAED ring patterns (Figure iBset). Similar
observations are found for composites formed with OPE-O@R&-3. The
phenylethynylene core of the organic oligomer which hasihesed for molec-
ular wire applications[96, 97] was chosen for both its niyiéind low conduc-
tivity, the latter of which enhances energy transfer phesmarby impeding the
competing phenomenon of electron conduction. The placeai@methylene
group between the thiol and the phenyl rings serves to uppethe conjugation
preventing photochemical redox processes at the nanatsystace by raising
the oxidation potential of the thiol. The assembled mohat&nnot be redis-
persed in solvent following precipitation. Optical abgarp in these materials
suggests that the composite is composed dfo0 : 1 mole ratio of oligomer
to CdSe. Unfortunately, complications arising from lighaitering in these so-
lutions limit the accuracy of determination of the mole eatusing absorption

measurements.
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Figure 5.4. Photoluminescence spectra of thin Ims of OP@&ep row) and
CdSe-OPE-n assemblies at room temperatygg. (= 325nm; » 1mW).
Columns pertain to OPE-n sizes (n=0, 1, 3) while rows indi€zd&e NC di-
ameters in nanometers. Arrows indicate the expected posifi nanocrystal
luminescence



5.4.2 Photoluminescence Spectra

The PL spectra of OPE-n and OPE-n/CdSe composites when eatite
325nm is shown in Figure 5.4. There is an overall trend in #duction of
the presence of the OPE-n luminescence relative to the ngtatband-edge
luminescence as the nanocrystal size is increased (frontotdgottom) and
the oligomer chain length is decreased (from right to left).fact, for the
CdSe-OPE-0, nanocrystal emission is exclusively obsemvedl|fassemblies
containing CdSe. For sizes below CdSe(4.9nm)-OPE-1, a batitn of the
PL from both the nanocrystal and OPE-1 is observed. For thee@¥EE-
3 sample, contributions from both CdSe and OPE-3 are obsdoveall the
CdSe-OPE-3 samples studied with strong aggregate combrisubbservable
at 570 and 603nm. No signi cant contributions from deep ti@pinescence
from CdSe is observed in the composite structures. In gerteeake appears
to be an improvement in the signal/noise ratio in assemligs increasing
nanocrystal size, implying that the PL quantum yield forsthere greater.
Exact measurements of quantum yields have not been ekpliogasured.
The change in the relative contributions of the PL of the twaponents is
a function of nanomaterial size and OPE-n length. The tdtalh@nifold can
be assigned by inspection of the concentration dependsotizdnce and PL
of OPE-1 (Figure 5.5), and the size dependent emission afidnematerial.
Upon closer inspection of the PL manifold, changes in OPE-are observed

which appear to depend upon nanocrystal size.
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Figure 5.5. Concentration-dependent photoluminescermgrspof OPE-1 in
toluene at room temperature\(,.=325nms1mW). Inset: Room temperature
absorption Spectra of OPE-1 in toluene at the corresporiRlingpncentrations.
Note that both have been normalized to the absorption omlesgence of the
molecular species.
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Interchain Transitions of the Molecular Wire

These observations can be understood when considerindgféiogseof in-
terchain interactions that form dimers and aggregateantems of OPE-n. At
very low concentration§10~"M — 10~'2M), the luminescence spectrum of
OPE-1 arises almost exclusively from the molecular exgibmmsisting of the
S; — Sy transition and its vibronic progression (A, B). A low energgnid at
535 nm is assignable to a phosphoresdent- S, (F), giving a singlet-triplet
energy differencé/sr ~ 1eV/, which is consistent with typical exchange ener-
gies in organic systems. Its strength relative to the strilylerescence implies
significant mixing of singlet and triplet states, possiblyedo increased spin-
orbit coupling from the sulfurs in the thiols. As the congatibn is progres-
sively increased, contributions from dimers begin to appsaew bands in the
PL that are shifted to the red (C, D, E) along with a correspagdiew band
in the absorbance at 390nm (J) that is red-shifted from tiserdlance of the
monomer OPE-n (I). Spectral subtraction of the lowest cotraéon PL spec-
trum from the higher concentration PL spectra reveals arsson manifold
that is structured. This implies that as the concentratsoiméreased, a new
species with distinct vibronic structure (C, D, E) is formedhthe coinci-
dent decrease in the contribution from the isolated OPERe.pfresence of the
new absorbance band (J) with increasing concentrationesiplground-state
dimer is being formed, but since it is not directly being piekcited, the lumi-
nescence must come from the migration of the energy of theentdr exciton
to these dimer states via energy migration. PL excitatietsp of the new

bands in the PL overlay very well on the absorbance, espetiahd J, indi-

102



cating that these dimer states are the source of the newdscoence. Changes
in the relative intensities of these bands in the absorbaspeetra with respect
to concentration suggest aggregate formation arising fstatking effects be-
tween OPE-n molecules. When OPE-n is cast as a film, conwitaifirom
higher order aggregates arise at lower energy as seen ineFighl (G, H). It
can also be seen from the PL that the bands originating framtblecular
species are no longer present, suggesting in the film thexaakPL arises pri-
marily from dimeric species and aggregate bands. The presarthe OPE-n
molecular species in the absorbance of the film, suggeseé faxciton migra-
tion to the dimers and aggregates following excitation ef@PE-n molecule.
No noticeable band structure evident in the film absorbacceumts for the
new aggregate peaks (G, H) found in the luminescence. Simjgregate
spectra arise in PPE, the polymeric variant of the oligonaéndp studied[98].
These results suggest that exciton states exist in thiersytat can be de-
scribed as being delocalized over a larger volume due tcciméén interactions
and therefore may serve as low energy emissive traps. Thalanteraction
involves cofacial alignment of planarsystems[99, 91] which causes a split-
ting of the molecular orbitals, resulting in a symmetrykiolden lowest energy
excited state recombination. Electron-phonon coupli@@]-r misalignment
relaxes the selection rule, allowing radiative decay ofithneer state which re-
sults in a red-shift in the luminescence. Aggregate stadasbe described as
an extension of this model to larger numbers of particigatinits, causing the
energy splitting to be much greater, and therefore to be meateshifted, just
as we observe in the OPE-1 film. The acetyl protected OPEenditplays

new luminescence features when cast into a film. The spebtfatences be-
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tween the protected and unprotected versions can be eggdlaga sensitivity
of aggregate states to their packing arrangement, whictliher studies has

been found to strongly depend on many factors, even film patipa45.

Interchain Transitions within the Hybrid assembly

As stated earlier, when OPE-n is assembled with CdSe, wewsbskeanges
in the OPE-n PL spectrum that are dependent on CdSe size. Vieargnthese
changes into three observations, i) the aggregate bands)(&@pear in these
assemblies regardless of the CdSe size used, ii) the dimdsl§én D, E) of
OPE-n appear in the smallest CdSe sizes (2.8nm, 3.6nm), dutoapresent
in the intermediate and larger sizes, iii) the OPE-n mokeciuminescence
(A, B) appears in the intermediate CdSe sizes only (4.5nmyd).amd not in
larger or smaller sizes. Another noticeable result is thatttiplet band is not
present in the larger nanocrystal sizes (5.0nm in OPE-1)lyimg that this
OPE-n excited state is also coupled to the nanocrystal. eTbffscts are all
indicative of a complicated mechanism involving the inégiens of individual
OPE-n excitations with the size-dependent electronicsiti@m energies of the
nanocrystal. In order to understand how OPE-n interacts thi2zse changes,
we employ the simplest model involving the interaction & tDPE-n molec-
ular exciton with the nanocrystal, and apply the simplestimeism, Brster
energy transfer. We will later use this model to provide sanseyht into the

interaction between dimer states and aggregate stateshwittanocrystal.
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5.5 Size-dependent energy transfer

5.5.1 The Forster Model
The Relevance of the Brster Model

Electronic energy transfer in these materials originatemfa transition
dipole-dipole interaction between the many discrete ttiams of the organic
oligomer, OPE-n and its aggregates to the discrete andntanti-like states
of the nanomaterial. The nature of the interaction can berdes in terms of
a strong or weak coupling regime between the donor and amcstptes3. The
amorphous nature of the inorganic-organic hybrid strector CdSe-OPE-n
structures with respect to nanocrystal orientational o(8eggure 5.3, inset),
the inhomogeneous distribution of CdSe sizes resulting midentical poten-
tial wells, the lack of periodicity, and the resulting disdiar discrete transition
energies between the CdSe and OPE-n eliminates the stropingpregime.
In the weak coupling limit, the resonant energy is irrevaysiransferred from
the donor to the acceptor due to the lower lying acceptottreleic transition
acting as an energy trap. Assuming vibrational relaxatiocucs faster than
energy transfer (a result of being in the weak limit) the ggeransfer mecha-
nism can be described as a combination of coulombieger mechanism) and
exchange (Dexter mechanism) interactions. The strengtheoéxchange in-
teraction drops off exponentially with respect to the deacceptor separation
distance, and is only a major contributor to the total enérgysfer if all other

resonant transitions are forbidden. Therefore, in thiectse energy trans-
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Figure 5.6. Excitation energy diagram for OPE (left) and C@&ght). The
electronic excitation energies of the singlet states haea lestimated from the
crossing of the absorption and luminescence curves. Th®axnergy for the
(1552 — 15.) has been estimated from the exciton maximum in the absoeban
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 cmoibic interaction
between the electronic system of the donor and the electsystem of the
acceptor. Observation of the aggregate states in the spectinfirm the facile
relaxation to the lowest organic levels prior to energy ¢fan supporting the
weak coupling approximation. Within this mechanistic feamork, two com-
petitive models exist that describe energy transpantster's model involving
localized dipole oscillators and an exciton diffusion miodies likely that the

Forster model is the more applicable model due to the shetiries of CdSe
trapping the excitation more efficiently and the lack of vemgg-range crys-
talline domains, effectively reducing exciton mobility. tdne-resolved study
on a system similar to ours suggests exciton diffusion may plrole in de-
scribing the energy transfer mechanism[83], this may betdw®ntributions

arising from aggregates, as discussed later.

Applying the Forster Model

In the CdSe-OPE-n system, with a fixed donor-acceptor distghe very
strong oscillator strengths of the OPE-n and CdSe transitizgicate that the
energy transfer process is dominated by the strength ofesenant coupling

energy, quantified as the spectral overlap integral >.

< J = / T Fo ()M ea(A)dA (5.1)
0

where Fp is the normalized fluorescence intensity of the donor, and

is the molar extinction coefficient of the acceptor. Accoglito Forster’s
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theory[101], the rate of energy transférs,,r) is:

90000n(10) k2@ A
<J>=—<J> 572
1287%  mANarS7p ™ (5.2)

EnT —

wherer is the distance between the donor and acceptor digaleandrp
are the native quantum yield and lifetime of the donor respay, ~ is the
relative orientation of the donor and acceptor dipolgess, the refractive index
of the medium,NV 4 is Avogadro’s number. We estimate the orientation factor
k? = 2/3, consistent with an isotropic orientation of transitiopales within
the assembly, which is reasonable considering the disandenocrystal ori-
entation observed in the SAED spectrum in Figure 5.3. FoiCti§e-OPE-n
system, we have grouped invariant terms for a given orgaoimodinto A,
leavingk g, to be directly proportional tec J >. The quantum efficiency of
energy transfe(®z,,r), an experimental observable, can be expressed as a ra-
tio of the rate of energy transfék,,r) to the sum of the rates of all processes

that deactivate the excited stafe’ k;):

kEn

The quantum efficiency of energy transfdrg,r) in terms of< J > in

these hybrid nanocomposites can then be expressed bytstibstof (2) into

3):

B — < J(R) >
= < J(R) > +A-1

(5.4)

This allows the raték g, r) and efficiency(® g, r) of energy transfer to be
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interpreted entirely by analysis of the spectral overlapgral, 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 thés,, — 1.5, transition, we find that
the magnitude of the extinction coefficient in CdSe is prapaodl to the vol-
ume (~ R3)[102] and that the energy of the transition is proportiomatHe
inverse square of the radiys- R~2)[85]. The higher order transitions also
follow a similar trend though their oscillator strength st @as large[7]< J >
increases with increasing nanocrystal size due to thegreaérlap ok 4 with
Fp, and consequently, the rate of energy transfer also inesealigure 5.6
shows the OPE-n molecular exciton energies relative tatvedt energy CdSe
discrete (S3/2 — 1S, solid line) and other higher order and continuous tran-
sitions (gray bar) with different CdSe sizes. The OPE-n mdé&cexciton
is always resonant with some CdSe electronic transitionfHautlimer states
progressively increase in their overlap with CdSe as theis@eases, which
would in turn lead to greater energy transfer from thoseestafAs the CdSe
size is increased above 3nm, the nanocrystal excitég/{ — 15.) becomes
resonant with the OPE-n dimer exciton, and energy transfpradicted to be
more efficient. As the CdSe size is increased further] fyg, — 1.5, nanocrys-
tal exciton is no longer resonant, but OPE-n dimer stateaiswesonant with
other higher energy excitons, as well as a higher densitpoficuum states,

contributing to a general increase in the energy transfarfaaction of size.
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A similar effect occurs for the aggregate states, but at ntader CdSe
sizes. Plots of the spectral overlap integrall > more clearly illustrate this,
as shown in Figure 5.7. Inspection of the calculated value of > using
the OPE-n protected film luminescence with different naysted extinction
spectra (Figure 5.7) reveals that the smallest CdSe sizeg ahmverlap of
the blue edge of OPE-n with the red edge of CdSe(2.5nm). As tis®=Gike
is increased, the decrease in the CdSe bandgap causes altadrkitions to
shift toward the red, overlapping with more OPE-n states) imthe largest
size of CdSe (CdSe(6.5) also seen in Figure 5.7) the entire IOREMNnes-
cence is resonant with either discrete transitions in CdSkeocontinuum of
bandgap states. This allows the trend in the magnitude oktaéve emission
in Figure 5.4 to be analyzed by consideration of the sizeeddent change in
the spectral overlap integral between the OPE-n and the CalSamaterials.
For a given family in Figure 5.4, the QD/oligomer concentrias were kept
constant, however, the exact concentrations in the fin&naiskes are diffi-
cult to assess. As the spectral overlap increases, an secreauenching of
the OPE-n PL is expected with a corresponding increase imamecrystal
PL contribution. Brster theory therefore predicts a relative increase indhe
tio of CdSe band-edge luminescence to OPE-n luminescenbemiteasing
nanocrystal size (moving vertically downward in Figure)sa#d decreasing

OPE-n chain length (moving horizontally to the left in Figu.4).

There are many factors that change dramatically as one nhaviezontally
in Figure 5.4, including the separation distance and th@exkstate lifetime.

Although Forster’s theory has an exact distance dependence, it iseaphcit
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for distances that are greater than the donor and accept@mndions. That
is, both the nanocrystal and OPE-n excitons are delocalzeass their vol-

umes and are at very close proximity, effectively blurring exact separation
distance. At the relatively short donor-acceptor distangged in these as-

semblies, the distance dependence of the energy transfet éxpected to be

significant. The simple &rster model discussed above describes an average

interaction between OPE-n and CdSe. This model, howeves, mioeaccount
for the difference in the luminescence intensity ratiosMeein CdSe-OPE-1
and CdSe-OPE-3, nor does it account for the change in the OmR&nifold
as the nanocrystal size is increased./ > values between different OPE-n
ligands with the same nanocrystal size are very similarclvisuggests that
another mechanism is responsible for the noticeable chianlgeninescence
when switching organic systems that is unrelated to thenaasiointeraction
between OPE-n and CdSe. This may be attributed to a numbefferfeaht
factors including luminescence lifetime, changes in etiom coefficient and
especially differences in packing environments on the ogrstal surface, all

of which may contribute to the resulting luminescence.

Part of the answer lies in the aggregate species that arerpras a result
of OPE-n interactions with itself. It should be stressed tha calculations
for < J > are made with the solid-state luminescence spectra of tHe QP
which has contributions from aggregates whose populatiatgliffer in the
assemblies. In the CdSe-OPE-n assemblies, the aggregatiatapms will be
disturbed by the nanocrystal presence due to changes irattieng interac-

tions. This results in a distortion of the OPE-n lumineseedata due to the
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Figure 5.7. Left: The luminescence of OPE-1-protected Film absorption
of CdSe in toluene at 298K and the spectral overlap integhgd(in) for three

representative sizes of CdSe. Top: Plokotf/ > for OPE-1 (closed circles)
and OPE-3 (open circles).

differences in orientation or different micro-environneaf 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 thesenhblies are
suggestive of aggregate and dimer participation in theggneansfer. While

these assemblies are generally amorphous with respechtxmnastal place-
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ment, the presence of local dimers and aggregate confamnsatithin the as-
semblies can be inferred from inspection of the PL spectuaibhescence from
higher order structures is clearly visible in the PL speofrthe assemblies in
nearly every size nanocrystal and may cause some distadithre nanocrys-
tal band-edge luminescence in the higher sizes due to gyevlach is highly
suggestive that aggregate formation of OPE-n occurs ondheanystal sur-
face. Comparison of the PL data for the CdSe-OPE-n composdgaré=5.4),
with the PL (Figure 5.5) for OPE-n shows an apparent digioiit the remnant
OPE-n luminescence that causes the spectrum for the OPEhiftttoward the
"blue,” as is clearly seen in CdSe(4.8)-OPE-1 and CdSe(4.%afdOPE-3.
Closer inspection reveals that there is no shift, rathemibisirs due to changes
in the intensities of the OPE-n luminescence manifold casedaf molecular,
dimer and aggregate excitons. The apparent shift can bgpiated as prefer-
ential quenching of the lower energy dimer-like transisi@neferentially in the
composite. These lower energy transitions (C, D, E) disappéh increas-
ing nanocrystal size, and quench faster than the molecuW#&APB), thereby
causing the overall OPE-n luminescence to appear as thowgdre shifting
toward the blue. This observation implies two possib#itithat the interaction
between this delocalized dimeric excitation and the narstat excitonic states
are stronger than the molecular excitation coupled to theesaxcitonic states,
or that increasing nanocrystal size induces less assatiathong OPE-n lig-
ands. The latter case is unlikely since larger nanocrysies fhave larger stable
crystal facets and should increase the occurrence of denshidimer species
and aggregate domains at the expense of the molecular sp&égewould in

this case observe a reduction in the molecular luminesaogitice correspond-
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ing increase in the dimer and aggregate luminescence. \aahhowever,
the opposite effect - the molecular luminescence growsditla@aggregate lu-
minescence is apparently unaffected, but the dimeric lestience decreases.
In fact, aggregate bands appear quite prominently in thdlesh@anocrystal
sizes, implying that even at these small facet sizes, areggtg domain can
form stably. This leaves the former case, that there must exstrong inter-
action between the discrete nanocrystal exciton stateghendimer state of

OPE-n.

Higher Order Nanocrystal Excited States

This is not a surprising result since the rate of energy feams Forster the-
ory is based upon the strength of resonant transition dspaled the nanocrys-
tal oscillator strength is carried predominantly by 118, — 1P, and155,, —
LS., which happen to be resonant with the OPE-n dimers over theipat-
ing nanocrystal sizes. For example, with CdSe roughly in thetd 5.5nm
range, thel P, — 1F, overlaps extremely well~ 450 — 500nm) with the
dimer luminescencé~ 435 — 500nm). It is possible that th@S;/, — 15,
transition also plays a role in the quenching since thissitemm is also reso-
nant with the dimer states, however it is expected to be duts tesonance
with the dimer states rather than its oscillator strengthictvis expected to
be quite low[39]. The variance of this phenomenon betweerilai sizes
of CdSe, such as CdSe(4.5)-OPE-3 and CdSe(4.8)-OPE-3 is dbe size-
dependent changes in the discrete transition energiesaiahocrystal. We

stress that the coupling to the continuum of bandgap tiansitwould not
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have the same effect as these increase monotonically tdviginér energies
and would therefore favor the quenching of higher energysiteons such as
the isolated molecular luminescence, which is the opposithat we observe.
Moreover, this effect is not seen in the lowest energy ogapstem lumines-
cence, the aggregate excitons, since these are the lowerglyestiates of the

composite system.

5.5.3 Energy Migration

The occurrence of dimers and aggregates within the assesmaimplicates
the simple Brster model of energy transfer. Figure 5.8 is a schematibef
possible pathways for the electronic energy to pursue witie assembly. The
excitation originates from the optical pumping of eithee @PE-n ligand or
the nanocrystal, with the former being the preferentiahp#ibrational relax-
ation occurs first (consistent with a weak coupling modeljylaich point the
excitation can either transfer to the nanocrystal by thester mechanism, or
become delocalized among different adjacent OPE-n ligghddormer is the
preferred path). Low order delocalization can occur to allmanber of adja-
cent OPE-n ligands (dimers) or high order delocalizatiam @ecur to a large
number of OPE-n ligands (aggregates). These low-ordecdkiged states can
be the dimers mentioned above, excimers or polaron paB§[idrmed due to
photo-induced electron transfer to a cofacial moleculeicvieffectively de-
localizes the exciton, or resonant energy transfer to don@ggregate states.
We have little information indicating which is predomingnbbserved. Low

order delocalized states can transfer their energy to theamgstal, while the
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aggregate excitations need not. This occurs because tmegagg bands are
found lower in energy than the nanocrystal exciton statdsaara result are the
lowest excitation energy states in several of these assesntidue to the low

cross section for aggregates in the inorganic-organic ositgs, the number of
aggregate excitons (traps) is difficult to determine dlyeict these materials.
However, the population of aggregate states should ineredts increasing

chain length and nanocrystal size due to more efficient pgoin a nanocrys-

tal facet[104].

Although the concentration of aggregates is small, theoigrs very fast
(picosecond) Brster energy transfer from a semiconductor nanocrystahto
organic matrix[105]. In a variety of the assemblies prespatticularly those
with small nanocrystal size and large OPE-n chain lengtlackitransfer event
is plausible (Figure 5.8, path F). In this case, an excitabdginates from
either a direct photoexcitation of the nanocrystal or aritakon transferred
from a molecular or low-order excitation. This excitatidren transfers from
the nanocrystal to the aggregate exciton, whereby the gagrexciton anni-
hilates. This leads to the aggregate exciton as the lowesggirap for these
composite materials, but since nanocrystal disruptioron§iirange ordering
among OPE-n ligands produces a very small population ofeagdes, these
aggregate states can be thought of as low energy trap dd0@}sA plausible
case exists where the aggregate exciton migrates fromgeafgrdomain to ag-
gregate domain, but this event is unlikely since the aggeedamains in these

assemblies are expected to be well separated.
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Figure 5.8. Excitation is generated as a molecular excitoiciwvthen can mi-
grate to a dimer, delocalize into an excimer or polaron;ajror delocal-
izes/migrates to an aggregate exciton, D. All three speniesecular exciton,
excimer/dimer, and aggregate can transfer energy to thecngstal (A,C,E).
F is the back-transfer of energy from the nanocrystal to dgregate.
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5.5.4 Chapter Summary

Continuous-wave PL studies show that the phenomenon of guactn-
finement can be exploited to control energy transfer in ianigrorganic com-
posites by the tuning of resonant interactions, which presgaly occur through
weak electromagnetic coupling. We show that there is a gtedosorption of
photon energy by OPE-n followed by a rapid energy injecto@dSe resulting
in strong nanocrystal luminescence, the rate of which cacobé&olled by ad-
justing the nanocrystal size, which in turn adjusts themasbinteraction of the
two. Calculations for this resonant interaction manifesteithe spectral over-
lap integral,< J >, further verifies this. Moreover, the preferential quenghi
of different polymer configurations implies a strong deparek of the energy
transfer on the delocalization of the OPE-n exciton, antdistrete quantum
confined nanocrystal states interact with the delocaliz@itaion. The next
chapter is devoted to the time-resolved studies that explos interaction of

delocalized OPE-n exctions and nanocrystal excitonsédurth
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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 naatenmls for opto-
electronic technologies are dictated by the energeticsoaoital interactions
of the two systems. Specifically, in the case where the ocgand inor-
ganic components are electronically or electromagnéficalupled, probing
the time-dependent excited state lifetime measurementproaide important
insight into the correlated physics of this hybrid materlala previous chap-
ter, we showed how resonant interactions between an orgdigemer and

CdSe QDs was strongly dependent on CdSe size and oligomer leingjihn
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due to enhanced spectral overlap[107]. In this chapter, eveathstrate how
time-resolved studies can reveal a more detailed view oktiexgy transfer

and migration inherent in this hybrid material.

The material being studied is a tightly bound hybrid assgrit forms
into large (millimeter-wide) hybrid composites, consigtiof oligo-phenylene-
ethynylene (OPE-1) units that are coupled through sulfyljohkages directly
to the CdSe quantum dot surface[107]. The OPE-1 is the intesxiing ma-
terial that holds the CdSe QDs in place, in a “brick and montaotif. The re-
placement of different CdSe sizes allows for a systematitystun how CdSe
size (and consequently exciton energy) plays a role in thve dibelectronic
energy in this hybrid system. While it is beneficial to consithe two com-
ponents as possessing only two excited states that patedip the kinetics, it
is known that hybrid excited states arising franstacking[99, 91, 90] within
the solid-state organic matrix form easily and participatéhe energy transfer
process.r-stacked dimer states, aggregate states, and polaronapaispme
of the known excited states that dominate organic oligomdmslymer solid-

state matrices.

Previously, we studied the effects of the CdSe size-depeedand the
OPE-n chain length dependence on the excited state pregparid energy mi-
gration, which has allowed us to choose a model subset frosetktudies to
focus on the energy transfer kinetics. A key feature of tharckength and
sizes we have chosen is that the dominant energy transfeegsavill occur
from the OPE-1 dimer state to the CdSe exciton. This is acHigvenarily

through control of the resonance spectral overlap of the-DBEner state and
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Figure 6.1. Diagram of all possible energy transfer pattsway:migration
from single to dimer.k,:migration from dimer to aggregaté., - :transfer
from single to CdSekg,,r:transfer from dimer to CdSé;z5:back transfer
from CdSe to dimerkzr,:back transfer from CdSe to aggregate

the first CdSe exciton. This greatly simplifies the possiblgration pathways,

allowing us to use simple kinetic expressions.

6.1.1 Energy Migration Pathways

Fig. 6.1 shows all the possible pathways for the migratiothefexcitation
energy in the system we are studying. From these pathwaysowdighlight
the important or dominant processes. The diagram includgsatron among
OPE-1 excited state species as well as back-transfer pgshveiween CdSe

and OPE-1. The excitation begins at the OPE-1 monomer sinisexcited
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state is resonant with the excitation source and is moredsmirthan CdSe.

OPE1% 0oPE1* (6.1)

Energy transfer directly from the OPE-1 excited state diydo the CdSe
is an unfavorable process since no strong overlap existgelet the OPE1
energy and the lowest energy excitons of CdSe. The excitdt®m migrates
to a resonant dimer stat@)PE — 1),, the ground state of which is expected to

be the dominant species in the assembly due to the closenggickeractions.

OPE1* + (OPE1), 2 OPEL + (OPE1); (6.2)

The dominant energy transfer process in this system therttsdsom the

dimer state to the CdSe due to the strongest overlap with the €xiSton.
(OPE1); + CdSe 25 (OPE1), + CdSe* (6.3)
However, this strong resonance can also lead to back-gafnem CdSe to

the dimer state.

(OPE1)y + CdSe* F (OPE1); + CdSe (6.4)

The excitation eventually leads to many oligomer aggregtgttes, which
are the lowest energy species in the system. In the systemevgealing with,

this process should be of only minor importance.
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Focusing on the primary energy transfer process in Eq. 63 an asso-
ciated back-transfer in Eq. 6.4, we can write out the difiéet equations for

this completely as

d[(OPE1)3] _( |

dt - + kE"T) [(OPE1);] + kpr[CdSe*]  (6.5)

T(OPE1)}

doise]__ (2

a +/fBT) [CdSe*] + kgar[(OPEL)3) (6.6)

TCdSex

This system corresponds to two coupled first-order homamendiffer-
ential equations. We choose the following assumptions toueboundary
conditions for: at the moment of excitatiqgh = 0), the excited OPE1),

population will be[(OPE1);], and the excited CdSe population will be zero.

The solution[48] for this is, and for our system, the donod acceptor

decays can be written as:

(OPEVL0) = [(OPEV (1T = M on)

1/7'1—1/7'2 1/7_1_]-/7-2
(6.7)
(CdSe")(t) = [(Ojf 1_)%0/12” (77 —e7m) (6.8)
where
—= % [(X +Y) + V(X = Y)2 + dkparkpr (6.9)
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T2

[(X LYY - (X YRt 4kEnTkBT] (6.10)

N | —

and X = 1/7opp1y; + kenr andY = 1/7¢yses + kpr. Tope1); and
Tcase+ are the native donor and acceptor lifetimes, respectivelgeneral, we
expect to observe a bi-exponential lifetime decay for(th&FE1); species and
a rising exponential coupled with a decaying exponentiabgidor CdSe*. As
seen from Eq. 6.9, the lifetimes obtained are nonlinear aoations of the

decay times as well as the energy transfer and back-tramadésy.

In the limiting case where energy transfer is irreversilold ao back trans-
fer can occur such thadtzr = 0, 1/ = 1/70pE1)s + kpar aNdTy = Toase: .
It turns out that this approximation allows us to write a ctind that directly
assesses if back-transfer is involved. This conditionearfsom examining
the equality,1/m = 1/70pp1); + kenr, Whereint, and 7opery; are di-
rectly measured. In order to obtain a non-negative valu¢gh@renergy trans-
fer rate,m; cannot be larger thamopp1);. Therefore, back-transfer occurs if

T(OPE1); < Ti-

In addition, the exciton decay of the CdSe QD has been showa ety
complicated and can be strongly influenced by the QD surfsi¢kile CdSe
possesses an intrinsic native lifetime £0ns under ambient conditions), photo-
induced charging often leads to non-exponential decayssieg from charged

photoluminescence.

As our results and interpretation show, the electronictaiion energy in

this hybrid system relies on a resonance condition thatringty dependent
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on the CdSe QD size. Over the CdSe sizes studied, it is the ¢icengso-

nance between the CdSe exciton and the OPE-1 dimer-likeeelxsiaite that
strongly dominates the decay kinetics of the final assemiMizen this reso-
nance condition is enhanced, energy flows rapidly from tigamic oligomer
matrix to the CdSe QD. In addition, significant back-transiieo occurs, pro-
ducing an average repopulation time in the range of a fewsesunds. Given
the strong resonance, and the significantly longer accéf#gbmes compared
to the donor, this back-transfer is expected, due primé&woily thermally stim-

ulated repopulation of donor states.

6.2 Experiment

OPE-1 and CdSe QDs coated with TOP/TOPO (tri-octyl phosgtnine
octyl phosphine oxide) were synthesized using literatuethimds. The for-
mation of the CdSe-OPE-1 assembly was achieved by slow addifiCdSe
to a solution of OPE-1, which was then allowed to assembleniylet before
the resultant solid precipitate was washed to remove eXo$s1. The as-
sembly, which was hundreds of microns wide, was then deggbsiito quartz
substrates for lifetime measurements. Control experimespgrations con-
sisted of CdSe in nM concentrations dissolved in n-hexaneloemne and a
thiol-protected form of OPE-1 (called OPE-1p) in a chloraficor toluene so-

lution or as a thickly deposited solid.

The lifetime measurements were performed using a Hamars@esak cam-

era coupled to a CCD for detection and a Nd:YAG-pumped R6G dye fees
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guency doubled line (315nm, 10 ps, 1MHz). The advantageiaofjus streak
camera for time-resolved measurements is that it allows otk the evolu-
tion of the PL spectra over the course of the decay. To alietee uncertainties
in interpreting our data, we use a hybrid Maximum Entropy et (MEM) to

procure the unbiased assignment of lifetime distributiomfthe PL decay.

6.3 Results

In order to understand the interaction between OPE-1 and ,GdiSem-
portant to understand the time-dependent decay of OPEHeirsdlid state.
Fig. 6.2 shows the decay profile of OPE-1p in a dilute chlamfeolution and
cast as a solid film. OPE-1p in solution has a lifetime of 1,4wsvever, cast-
ing OPE-1p in a solid converts the exponential lifetime intmexponential

kinetics.

Examining the PL profile (Fig. 6.2 inset) between these tvedest also
reveals a strong overall red-shift in the PL y0.3eV arising from solid-state
packing effects. Over the course of the evolution of the filoy We also note
changes in the spectral profile, such that the blue edge #flthmnd decreases
faster than the red edge of the PL band, as shown in Fig. 8eifirindicative

of multiple-excited states.

Fig. 6.3 shows the PL and time-resolved decays of the CdSe @&bin
this study in a dilute toluene solution. With increasingesihe exciton PL band
shifts to lower energy and decreases in PL quantum efficiefibg lifetimes

of all the sizes studied persist for tens of nanoseconds =nidhie complex
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OPE-1p Solution and Film Decay
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Figure 6.2. Time-resolved PL decay of OPE-1p in a dilutegnkisolution
(dashed line) and as a drop-cast film (solid line). Insetn3ient PL spectra of
OPE-1p film in 2 time regimes (0-100ps and 2-8ns) and OPE-4sotied in

toluene.
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Figure 6.3. Time-resolved PL decay of CdSe QDs of sizes 2.8hémm,
4.6nm and 5.6nm shown in descending order. The correspgptatal PL spec-
tra taken from the time-resolved experiment are shown intbet

decay kinetics. In addition, there is a noticeable redudtidhe lifetime of the
largest CdSe size studied (5.6nm), though the overall datlgmains on the
scale of several nanoseconds. The nonexponential natuihe &dSe decays
are a strong function of surface quality, and may contrilbatextrinsic short

timescale processes. It is generally accepted that thetloragcale kinetics

reflect single-excitation band-edge exciton decays.

Fig. 6.4 and 6.5 shows the PL and time-resolved decays ofsbenables

created with OPE-1 and CdSe of varying sizes. As can be seelg.ii6 B,

the observed lifetime decays are on the order of a few nanasecand bear

more resemblance to the OPE-1p component rather than thecodgmnent.

128



Therefore, the decay kinetics of both assemblies contgisimall CdSe sizes
are strongly dominated by the organic matrix. Photon energypsorbed pri-
marily by the organic counterpart and decays within this ponent with no

energy transfer communication occurring between the twaseb. More ev-
idence of this lack of communication is present in the tramisPL, wherein

the spectra (Fig. 6.4 inset) closely resembles the OPE-1sfiectra over the
course of the entire decay. A small variation in the transkin is found

in CdSe(4.0nm) shows that the short-lived OPE-1p componecays faster,
which may be indicative of a weak size-dependent effect.olin lsases, there
seems to be little evidence of CdSe PL, which would have msteieitself as
significantly longer lifetimes in the time-resolved decaysharp overlapping

peaks in the transient PL.

Fig. 6.5 shows the time-resolved decays and transient Rhéassemblies
of the two largest CdSe sizes we studied. The spectral rangdinviied to
the region where CdSe of the appropriate size was known to diné decay
observed is more complicated than the smaller CdSe sizesaiapt change
in the decay time at short timescales is observed. In additice decay time
magnitude is tenfold longer than the assemblies contaisingller QD sizes
and the transient PL (shown in the insets) shows more QD RL@RE-1 PL.
Given these observations in both the time-resolved decaytentransient PL,
it is evident that the inorganic QD component dominates teay kinetics

when large CdSe sizes are used.

This abrupt change in slope at short timescales is likelyetalle to a re-

population of the CdSe emitting state that overlaps with rmb@dSe decay. To
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Figure 6.4. Time-resolved PL decay of OPE-1/CdSe assemitistining
CdSe QDs with diameters of 2.8nm and 4.0nm. Insets show theid¢ra 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 assemtiietaining
CdSe QDs with diameters of 4.6nm and 5.6nm. Insets show thsidrat 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 assembtietaining
CdSe(4.6nm) and CdSe(5.6nm) wherein the contribution freettdy pumped
QD PI has been subtracted from the decays. Solid lines itelfita to a func-
tion containing an exponential rise and decay

examine this phenomenon, the native CdSe decay times weraciai from
the assembly decays. We can clearly see the rollover in the @d&y time
in Fig. 6.6, which represents the population of unexciteds@iich received
energy from the OPE-1 matrix. Between the two curves it iseavidhat the

larger QD assembly has a faster population time than thdengaD 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 dgng and
a single rising exponentiaf(t) = zexp~/™ — (1 — x)exp~¥™. The rising
exponential decay lifetime is 8.5ns in the assembly coirtgi€dSe(4.6nm)

and 3.5ns in the one having CdSe(5.6nm). In both cases, thexpomential
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factors were nearly identicat(~ 0.5). The decay times, which are expected
to be influenced more heavily by the native lifetime of the CdSeeptor in-
stead of energy transfer, have dropped from 13.6ns to 99theaCdSe size is
increased from 4.6nm to 5.6nm. This is an expected resuieasdtive lifetime

of CdSe decreases with increasing size.

As an additional tool for examining the kinetics, the life& distributions
were extracted from the decay kinetics using a hybrid Maxmiintropy Method
/ Nonlinear Least Squares method. Fig. 6.7 shows the litetimstribution for
some of the samples studied. The lifetimes from the assemitwo different
sizes as well as the individual components are shown. Thisgfiprocedure

accounts for both rising and decaying exponential kinetics

6.4 Discussion

Comparing this limiting case to our data, we see that the mse e ob-
serve should correlate directly t9. However, the rise time that we obtain
empirically is longer than the lifetime of the OPE-1 donohieh cannot be
true if this limiting case of this kinetic model were true. érkfore, the only
way for the rise time to be longer than the donor decay timelhadk-transfer

is introduced k1 # 0)

The addition of a back-transfer rate produces no simpldisolto the ki-
netic equation. The observed rise time therefore represemponents result-
ing from the donor decay time that is accelerated by the feainé population

via energy transfer to the acceptor and impeded by the bankfer of popu-
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Figure 6.7. MEM-NLS analysis of lifetime distributions ¢in top to bot-
tom) for an OPE-1 drop-cast film, CdSe(2.8nm)/toluene, amrabl/ of
CdSe(2.8nm)-OPE-1, CdSe(4.6nm)/toluene and an assemblySa(Z@&nm)-
OPE-1. THe solid lines indicate decaying exponential ifistrons while the
dashed line indicates rising exponential distributions.
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lation from the acceptor to the donor. This complicated tneesult obscures
the quantitative energy transfer rate, although qual#atobnclusions can still
be made regarding trends in the kinetics with regard to tfierdnces in CdSe

size.

Taking into account the relative PL contribution of the gtoe/ donor
(CdSe/ OPEL1) over the entire time decay, we note that assssntaintain-
ing larger CdSe sizes (above roughly 4nm) favor a strong CdSev&LOPE1
PL. In fact, we have obtained a null result with 2.8nm CdSe eine€dSe not
only fails to affect the kinetics, but fails even at produraetectable PL. As a
result, direct excitation followed by resulting PL of CdSeedmot appear to be
a favored pathway. Therefore that leaves energy transfiregsimary mech-
anism through which CdSe is excited. The electronic energgréed by the
OPE-1 matrix is slowly transferred to CdSe, resulting pritgain the effect of
arise time in the CdSe PL decay kinetics. However, this riseisaartificially

slowed down by the back-transfer rate.

Comparison of this result to the MEM-NLS data shows that thiegi life-
time obtained in the above fitting matches the rising digtrdn in the MEM-
NLS Fit. A MEM-NLS fit could not be performed for the CdSe(5.6n@D,
since there were too few data points within the temporaloregi the rise to
extract the rising time accurately. As can be seen from Fig.tBe decay dis-
tributions of the OPE-1 matrix are very shott @ns) and possess 2 distinct
distributions that result from the complex nature of theacay in the solid
state. The change in the transient PL decay for OPE-1 isdindehese two

distributions and we can assign the shorter lifetime to the bdge of the emis-
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sion band and the longer lifetime distribution to the redeedfithe emission
manifold. These kinetics arise most likely from the forroatiof distincts-
stacked excited state dimers. These dimer-like transitisa red-shifted from

the native molecular PL.

CdSe possesses two distinct lifetime distributiofts, 2ns) that do not
vary greatly as a function of size, as can be seen in both amsignt decay,
Fig. 6.3, and the MEM-NLS fits, Fig. 6.7. However, the asseasidontaining
differing CdSe sizes produces drastically different lifegi distributions. In
the case of smaller CdSe(2.8nm), the OPE-1 lifetimes arenmaataalthough
at different ratios than the film counterpart, with veryldétevidence of the
longer CdSe lifetimes. This is strongly indicative of a caseme OPE-1p is
the primary absorbing and emitting species, and no eneaggfier occurs to
the nanomaterial. The change in the lifetime distributeombost likely due to a

different OPE-1 packing morphology, induced by bindingte €dSe surface.

In the case of larger CdSe(4.6nm), the assembled structspéags not
only decay pathways, but also rising exponential kinet#ssshown in Fig. 6.7,
two decaying (solid lines) and one rising (dashed line) exmbials are ob-
tained. While the decaying exponentials seem to be derived dflomponents
from the native OPE-1 and CdSe lifetimes, the rising expaoaklifietime is
found only in this assembly, and only for larger CdSe sizesis Tiking ex-
ponential lifetime more than likely occurs due primarilyan energy transfer
process from the OPE-1 component to the CdSe component, esqatésenta-

tive of the repopulation rate of the energy acceptor.

While the effect of CdSe size is readily apparent from the MENMSNnal-
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ysis, which shows that the threshold for energy transferrtmged is in the
neighborhood of 4.0-4.6nm, it is also worthwhile to asskesergy transfer is
accelerated beyond this threshold. Since MEM-NLS couldertriact the life-

time distributions from CdSe(5.6nm), we compare the timeageof 4.6nm

and 5.6nm with the direct-pump CdSe PL subtracted from it. \kémagins is

the kinetics of the unexcited CdSe population that beconpmsgodated due to
energy transfer from the OPE-1 matrix and which consegyeidtays as PL
from CdSe. The kinetics obtained are shown in Fig. 6.6, whatetbeen fit to
a rising and decaying exponential for quantitative resitsamining Fig. 6.6,

we see that the rise rate of the larger CdSe(5.6nm) is gréwtarthe smaller
CdSe(4.6nm) as evidenced qualitatively in the steeperip@siope and quan-
titatively in the the shorter rise time of 3.5ns vs. 8.5nse Thfference in the
decay times obtained is strongly influenced by the diffeesnio the native
size-dependent CdSe decays, shown in Fi.g 6.3, wherein Cé8ea(bhas a

naturally shorter decay process than the smaller CdSe sizes.

Although in Fig. 6.6 we have used temporal subtraction ofieve CdSe
lifetime to simplify our analysis, we cannot attribute thespurely directly-
pumped PL. The reasoning behind this is that when one casside entire
study as a whole, the control experiments indicate that Ce&toa energy and
kinetics changes gradually and systematically as a fumctigize. Absorption
cross-sections also follow this trend, and no large jumpxeeted between
CdSe(4.0nm) and CdSe(4.6nm). In contrast, the kinetics oftiger assem-
blies indicate a combination of decays that originate spégtfrom CdSe QDs,

but have components that show rapid (on the order of theagartpulse) and
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slow (energy transfer with back transfer, as explained apexcitations. While
the rapid excitation can be argued to result from directijmpad PL, this is in-
consistent when one considers that assemblies contaiightjy\ssmaller CdSe
do not show any directly-pumped PL. An explanation that isemamnsistent
with the data is that a second, faster size-dependent etrarggfer process oc-
curs from the OPE-1p matrix to the CdSe component. This fasggriransfer
process would be comparable in time to the pulse distortidm§), and would
stem from the participation of molecular OPE-1 in the endrggsfer process

to CdSe.

6.5 Chapter Summary

Performing transient PL studies on OPE-1/CdSe assembleslltaved
us to elucidate some of the complex processes that lead tgyemansfer and
migration as they pertain to CdSe size. The large sensiiivitiie kinetics of
this assembly on CdSe size makes this a model material fortulg sf the
flow of electronic energy in multi-phase hybrid systems aonhg 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 ame: gy Mi-
gration in Conjugated Oligomer Films with CdSe Quantum DoAs,Javier,
R.W. Meulenberg, C.S. Yun, G.F. Strouseurnal of Physical Chemistry, B.
(2005), 109, 6999-7006. Copyright 2003, American Chemicaledp

7.1 Introduction

The combination of the rapid processability of conductirudymers[98,
108, 109, 89] with the tunability of semiconductor quantuats{4, 110, 1]

makes the hybridization[111, 102, 83] of these two mateapotential can-
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didate for device-oriented designs[81, 112, 113], moshblgtelectro-optical
memory. Such unconventional design approaches can idealtlyto hybrid
systems that benefit from the strengths of both material8owt suffering
from the weaknesses of the precursors. The challengesdrfighl entail
overcoming the strong electrical and optical induced dngf{§2, 114] of the
guantum dots which reduces the quantum yield and therefiereverall per-
formance of the material. Such a challenge can be overconmeripjoying
alternate means of addressing and manipulating the quasdtisuch as using

resonant dipolar coupling.

In a previous publication[107] we explored the intimateemaction be-
tween a phenylene-ethynylene oligomer and CdSe quantumwlo¢sein we
were able to observe strong size dependent electronic\etrargsfer that con-
ferred a high degree of interaction between the two systefrtee guiding
principle in this system was that control of energeticaflgonant interactions
are tunable through quantum dot size. The intimate conjgdietween the
two systems produced a rigidly bound monolith, whose optibaracteris-
tics remained extremely stable. In this manuscript, we ntepo the study
of the unbound variant of this hybrid system, wherein thetymamic tran-
sitions within the oligomeric domains becomes the primactdr for tuning
the electronic properties[115]. This system involves armaif amorphous
oligomer to which quantum dots have been doped in very smahtties
(< 1%). Bulk thermodynamic transitions from the oligomer matr@nérgy
transfer donor) are thus optically detected using the difesergy transfer ac-

ceptor) PL. Specifically, the films are initially formed infeetmodynamically
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metastable phase or glassy state. Direct heating of therfilms amorphous
metastable state melts the structure which is followed byraneversible tran-
sition to a more thermodynamically stable, crystallinegghalhe dopants in-
troduced into this matrix do not affect the overall confotima, but act only

as optical reporters of the phase transition. Indirectihgdiy optical means
can be achieved and is exploited for using this material gsa+write manner.
This demonstration not only underscores the importancaisfrhaterial as a
new optical material, but highlights its potential use asealimm for optically

addressable and readable memory.

Electronic energy transfer[73, 116], a nonradiative psscehere elec-
tronic energy is transferred from an electronically exctigmergy donor to an
acceptor moiety, is a phenomenon found in condensed phaseasranging
from biological entities to doped semiconductor crystés[L17]. In the latter
case, typically the host matrix acts as the energy donortrendopant material
acts as the energy acceptor. Optical or electrical exoitaif the host material
can result in efficient dopant photoluminescence as theshmstudo-particles
(excitons, phonons etc..) act as conduits in the transféraifenergy. While
this case generally represents coherent energy trarsgeimiportant to recog-
nize that in amorphous films, energy transfer still occuesreisonant energy
migration[118] wherein the energy moves from domain to dormathin the
host in a random-walk pattern until it reaches the energgtoc[119]. The
rate of this energy diffusion will be strongly dependent ba ieneral confor-
mation and local domain interactions of the host materzdl[Las well as the

electronic energy topography.
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Quantum confinement produces size-dependent electron@acthergy
levels for CdSe in a size regime betweel-10nm. The resulting size-dependent
trend in the exciton energy provides a remarkable tungtiditthis material to
be exploited in both applied and pure science endeavorsarticplar, CdSe
can be emplloyed both as an energy trap[77] for the migragkgjtation in a
host-guest system, and as an optical reporter for when tiwagan has arrived
at the CdSe quantum dot. Were this material to undergo a stalghase tran-
sition, the energy diffusion rate would be strongly affelcéand therefore the
dopant photoluminescence may be strongly enhanced or heénd his sug-
gests tracking changes in energy transfer through a repartiy can provide
insight into changes in the host lattice conformation. Altgh a significant
number of studies have been performed using CdSe as the dopeonju-
gated polymer matrices, to the authors’ knowledge, thisusaript reports the

first attempt at the use of CdSe QDs as dopants in an oligomeixmat

While poly-phenylene-ethynylene (PPE) and poly-phenyl@nglene (PPV)
systems have been well-characterized[98, 121], significdess is known
about their oligomeric[122] variants, OPE and OPV. In mattr, both the-
oretical and experimental studies have indicated that tioéophysics of con-
jugated polymers change drastically in the limit of low rapanits, namely
oligomers[99]. These short conjugated systems reprelsemrbssover regime
between solid-state phenomena[103] and molecular-likgexkstates. In fact,
exciton lengths are not reached until roughly&ﬂ@ the region of more than
5-8 repeat units)[87] in the oligomeric assemblies. In &ddj due to the low

repeat units, intra-chain transport[123] (parallel tolteg axis) is not as dom-
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inant and inter-chain energy migration (perpendiculah®lbng axis) can be
strongly favored in these systems. For example, in antheac®trices, energy
migration proceeds by inter-ring transfer with triplet é&n diffusion lengths
exceedinglOum[124]. Ordered PPE films[120] have shown diffusion lengths
of up to 10nm. Thermodynamically, since each oligomer h&g &afew repeat
units, their solid state phases are much less thermodya#ynstable than their
polymeric counterparts owing to fewer inter-chain intéi@ts (co-facial ring
stacking and side chain associations) that confer stghiiis, 123, 126]. This
produces a competition between kinetically favored andntioeynamically
favored solid-state phases, wherein kinetically favongictthermodynamically

metastable glass states can easily form during the protéss deposition.

This paper is organized as follows: 1) We discuss phaseitiars in
the oligo-p-phenylene-ethynylene dibenzylthioacet@®E-1p) matrix, 2) we
show how the optical properties arise from the morphologhefOPE-1p film,
3) we show how the film morphology can be optically manipudatnd 4) we
show how CdSe QDs efficiently reports these domain changeb@mdt 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 overcoafilpd\ (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 solutievis:M) of OPE-1
and/or CdSe QDs in toluene onto sapphire flats and allowedytomtop of
a warm oven. sc-Films were made by spin-casting dilute solsit~1nM) of
OPE-1 and/or CdSe QDs in toluene at slow spinning speed§(monolay-
ers). Doped thin films were prepared in both methods by chpeéparation
(using L syringes) of mixed OPE-1p/CdSe solutions made from stotkso
tions. In both cases, film thickness was kept optically dilahd transparent

(<0.1 Absorbance a...)

Differential Scanning Calorimetry. DSC was performed on 10-12 mg of
OPE-1p crystal or on concentrated OPE-1/toluene solutimatswere thickly
deposited onto the sample pan by drop-casting. Severaleresperformed at

a ramping speed of 2@/min, and reversibility was tested by repeated cycling.

UV-Vis Spectroscopy. Absorbance spectroscopy was performed using a
Varian Instruments Uv-Vis spectrometer at room tempeeaturl-cm quartz
cells for solutions and sapphire flats for thin films. The UM-¥pectra of
doped films and standard solutions showed exclusively ORBsarption, with

an undetectable or negligible amount of CdSe present.

Raman SpectroscopyRaman spectra were obtained by front-face sample
excitation at 514nm using an Arion laser (Spectra Physics), collection by
a f-1 lens and collimation into a 1/2m monochromater (Actobaser light

rejection was achieved using a super-notch filter.

Photoluminescence Spectroscopyhotoluminescence of solid films was
taken using the excitation of either a HeCd laser (325nm)efiltered 312nm

line of a Hg-arc lamp. Samples were placed in a cryostat waheracuum
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of 1072 mm Hg was applied. Heating was achieved resistively thraughl-
ibrated heating rod connected to copper rings surroundiagsépphire sub-
strate, producing a temperature range between room tetapeeta 420K 5K).
In the temperature-dependent experiments, the film wawadldo thermally
equilibriate in the dark for at least 10 minutes before beirgosed to exci-
tation light. Sample excitation was kept to 2 seconds maxinduring these

experiments in order to reduce any photo-induced heating.

Front-face excitation was used for the He-Cd system, butety excitation
was used for the Hg arc lamp. The luminescence was collectiod & f-1
lens, and collimated to a 1/3-m CVI Spectrometer (150g/mngteBtion 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 suggesplex
liquid-crytalline behavior dependent on the method of prafon (Fig. 7.1).
The sample dependent calorimetry seems to arise from spatking dif-
ferences. Such complexity is commonplace in materials eékhibit liquid-
crystalline behavior. In the single crystal a strong 1steorexotherm is ob-
served at 405K (23 J/g), corresponding to a solid-to-liqsid) transition, as
found in similar DSC studies on polymeric variants[127].stJprior to this

transition, a small 1st-order solid-to-solid (s-s) traiosi takes place at 380K
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Figure 7.1. Differential Scanning Calorimetry data for OBk the drop-cast
film form (Bottom) and the single crystal form (Top). Featuaes labelled to
indicate the state-state transitions: s-I: solid-todligs-s: solid-to-solid, I-s:
liquid-to-solid.
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(5 J/g). The s-s transition indicates the presence of ayglkedgl that is ac-
cessed before the transition to a completely liquid phaseast likely arises
from the melting of the OPE-1p side-chains[128] inducinginhmobility prior
to the onset of melting. The glassy solid is reminiscent @diti crystalline
phase transition with the onset of ring mobility. As the nmaecools from the
liquid phase, several small, discrete endothermic triamsit(20 J/g) are ob-
served at lower temperatures than the melt at 360K. Thisvi@hia reversible
as the crystal is run through several heating and coolingesycThe cool-
ing behavior differs from what is observed in the polymemagciant, wherein a
broadened distribution is found as a result of a distributd states[127]. In
the oligomeric version, since there is a single molecularcstre, the discrete
transitions must arise from a kinetically-controlled conation of discrete in-
tramolecular (ring twisting) and intermolecular (ringrgi stacking, side-chain
packing) interactions, rather than a purely thermodyngmicess consistent
with the observation of metastable state formation. Corsparbf the areas
under the DSC curves reveal the process is reversible, ijpstigally unfavor-

able.

The DSC scan of the amorphous drop-cast film (dc-Film) shosah\aent
loss peak at 305K which corresponds to the boiling point hieoe, followed
by an identical s-I transition (9 J/g), as observed in thetatline form. How-
ever, the transition to the glassy solid is not observedndigy in the amor-
phous film. The strong asymmetry of the s-| transition towlawer temper-
atures indicates the presence of a broadened s-s transugnthat the s-s

transition occurs over a wider temperature range than gstatrand cannot be
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distinguished from the s-| transition. This suggests thatrhore disordered
nature of the glassy dc-film is a kinetically driven proces$his is logical in

light of the probability of a distribution of states arisifrgm chain disorder in
the drop-cast films. Numerical integration of the DSC dateaés that the I-s
transition (5 J/g) accounts for 56% of the energy releasékdrs-| transition.

The remaining 44% most likely arises from weak, broad, uwives! peaks.

Assuming that the I-s transitions between the crystal amd tdl be pro-
portional to each other, the sum of the energy of the s-l asdransitions in
the crystal accounts for the energy in the s-I transitiorheffilm. Therefore,
we can expect drop-cast films to be structurally differemtrfthe crystals since
the s-s crystalline-glass solid {Jltransition occurs at higher temperatures. The
presence of a weak endothermic transition at 385K in thelesiogystal that
moves to higher temperature in the drop-cast film strongijgests that pack-
ing effects play an important role in the thermodynamic plkax the material.
The presence of a complicated exothermic transition thes dot remotely re-
semble the corresponding endothermic transition (bothrimperature and peak
shape) indicates a very complicated cooling cycle that magive changes in
kinetically slow processes arising from local domains ie ample. An im-
portant point that we will return to later is that all of thesznsitions represent
reversible macroscopic processes for the average steycitinough this does

not suggest microscopic reversibility for local domains.
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Figure 7.2. XRD Data used to reconstruct the morphology afisiarystals of

OPE-1p that formed under slow, crystallization. a) showesdlectron densities
at each atom b) is a 3D representation of the stacking of Qiadlecules and
c) shows only the phenyl rings to highlight the effect of theerplane 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 interitisaparation
of approximately 7 as well as a twisted inter-plane geometry, as is expected
from the rotationally flexible nature of the intra-moleautaple bonding be-
tween alternating phenyl groups. The XRD reveals the stheafjthe inter-
chainz-stacking interactions in distorting the molecular geamtas the sta-
bility afforded by pi-stacking interactions causes a digerain 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 showg.iii.3.
Only the frequency range of 1200 cito 1600 cnt' is shown, as these signals
were the strongest and correlate directly to the moleculaations. At room
temperature, 4 peaks in this frequency range can be clemhyified. The fre-
quencies 1575 cmt, 1323 cnt! and 1217 cm! arise from ring stretches of the
aryl moieties[129, 130]. However, the signal at 1530¢ris not a vibration of
the OPE-1p molecule, therefore it is suspected that thistidn arises from a
symmetry element induced by the crystalline packing. As tudysthe evolu-
tion of these Raman signals as a function of temperature pipisaas to be the
case as it is the 1530 crhthat shifts most drastically as the crystal approaches

its melting point. Tracking these vibrations as a functibtemperature, there
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is a global shift to lower frequencies that all the observeddencies show as
seen in Fig. 7.3. However, as the melting point of the cr{4@K) is passed,
all the raman signals shift strongly to lower frequenciesegt the 1575 cm!

mode. This is interpreted as a softening of the crystaltatice as the melting

point is passed.

The 1530 cm! mode is not an intrinsic crystal vibration as these tend to
be of significantly lower frequency[131]. In addition it widibe expected that
this mode should disappear as the system approached thepisdiquid and
crystal symmetry is lost. This is not the case as the stretig®® cnmt! 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 ailgetditting
of OPE-1p in a dilute toluene solution-(1pM) using a two-state model ac-

counting for vibronic transitions with 2-D harmonic well§2],

oy - TR () (05) (0)
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wherev,, andv;, are the ground state vibrational quantum numbers for the

medium and low frequency vibrations, respectively, andstia is over the first
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5 of the medium and first 10 of the low frequency numbers. Tiheational
frequenciesy;, wys), the associated Huang-Rhys facta$g,(S,,) and the ex-
cited state displacement enerdyy() can also be determined. The line width
(Aw) and the PL intensityl( Ey)) are also fit. The quality of the fit is shown
in Fig. 2a in the manuscript. We obtain two frequencies apoading to res-
onantly coupled vibrationsy;, = 351 & 3cm~! andw,; = 1559 & 6cm ! and
their corresponding Huang Rhys factélis = 2.84+0.05 andS,, = 0.96+0.01.
The medium frequency mode we obtained matches the strosigest in our
Raman spectrum in Fig.7.3 at 1570~ with less than a 1% difference. This
strongly indicates that the excited state decay and everad@ative pathways

relax through ring vibrations.

7.4.3 PL Spectra Analysis

Consistent with the expectations from the complex calonyndata, the
PL of OPE-1p films is strongly preparation-dependent; amdiniitial stock
solution concentration and casting method show dramaao@bs as shown
in Fig. 7.4. This is attributable to the change in populatitamsity of vari-
ous aggregate states trapped by the glassy oligomer s&uctumed follow-
ing film casting. In a previous publication[107], we used @amtration de-
pendent absorbance and photoluminescence to demonsteagydlution of
the OPE-1p molecules into dimer-like and aggregate cordtgurs arising
from strongm — 7 stacking driving forces. In solution, both molecular and
dimer PL can be observed, mediated by the self-associagjoifitgium. The

monomer spectrum dominates Fig. 7.4a. The dimer PL can hcped from
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the concentration-dependent PL of OPE-1p solutions bytsgdesbtraction,
as shown in Fig. 7.4b. This dimer state is strongly red-stijit33] from the
OPE-1p molecular PL, indicating that the lowest energytexicstate from this
interaction is dipole-allowed[99]. The vibronic sepamatin the OPE-1p dimer
reveals an energy spacing of 1515¢nthat correlates with one of the observed
vibrations obtained in the non-resonant Raman spectra {R{.of the drop-

cast film (1525 cm?).

When OPE-1p has been allowed to slowly crystallize(Fig. )/ #hg change
in the ratio of the two bluest peaks changes dramaticallgdidition to a very
dramatic increase of the aggregate band at 620nm. XRD datalsav— 7
stacking with rings< 74 separation which gives rise to red-shifted aggregate
PL[134] as predicted by Bredas[99, 103]. When the crystalvedaoed with a
mortar and pestle, again the PL spectra changes dramwatiEall 7.4f) and a
change in the ratio of the two bluest transitions is obserseggesting extreme

sensitivity of the PL to the nature of the sample environment

The spun-cast film (Fig. 7.4c) show a similarly shaped spectio the
extracted solution state dimer-profile, though red-stiftee to changes in sol-
vation. This suggests that much of the film PL structure arigam dimer-like
states, making these the strongest emissive species wWigiiitms. In addition,
due to the high probability for stacking in these molecuéesaggregate[122]
band is observable at 620nm that is related to excited séaigiag from as-
sociation of more than two OPE-1p units. Drop-cast films (Figd) produce
similar spectra to the spun-cast counterparts, althougblirest peak appears

to be slightly diminished.
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Shown in Fig. 7.4e is a film prepared by drop-casting a 1M gmiutis-
ing several deposition steps, where we see a much broaderdfile ghat
stretches across the entire visible spectrum and posgessieteatures of OPE-
1p molecules, dimers and aggregates. This casting methmehegpto produce
the widest variation of domain structures, which gives tesa distribution of
structures being probed by the laser, and explains why thieaBlelements of
crystalline, amorphous, and isolated phases. Therefanm®, the series shown
in Fig. 7.4, there is an overall trend in increasing PL slaftiie red with de-
creasing OPE-1p intermolecular distances and more cligstatighter packed

conformations.

7.4.4 PL Temperature Dependence

The dependence of the PL intensity on the morphology offeusigue
opportunity to probe the melting behavior of these oligostenctures. The
temperature-dependent PL intensity on spun-cast films {#), can be cor-
related with the observed isotherms from the DSC (Fig. 7Tigpped solvent
loss (T=305K) is trivial to the PL decay as no strong changsaivent loss
occurs as the total PL drops ky2% as the solvent boiling point is surpassed.
As the solid-liquid phase transition is reached (T=405Kg total integrated
PL drops to 25%. During the cooling cycle, the integrated PL increaseslilye
with decreasing temperature, reaching38f the original value at room tem-
perature. Therefore, the first heating/cooling cycle isamirely reversible as
the PL never recovers its original intensity. Although tisisnconsistent with

the observed reversibility of the DSC, it demonstrates timsigeity of PL to

156



Temperature-Dependent PL

o .
Zox1 03 | \ o
3
)
> o .
= 15x10° - Rise 1
C L
9
c (o]
o
2 L
g 10x10°
9 Q - 066‘&0
= A %)o Drop 1 -
o< _ Rise2 \ ]
I o
5x103 - (DrOpZ\ 1
300 320 340 360 380 400 420
Temperature (K)
70001 T=298K (Rise 1) 2500 1 T=298K (Drop 1)
6000 - 2000
S 5000 - (A) 3
s s
2 4000 - > 1500 1
2 2
£ 30001 £ 1000 1
2000 -
1000 - 500 1
0 T T T T 0 T T T T
450 500 550 600 450 500 550 600
Wavelength (nm) Wavelength (nm)
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probe local domains within the film, while DSC probes ensenfighavior.

As the film is cycled through repetitive heating-cooling pmenthe PL
shows near reversibility as it tracks the cooling very dypsdt reaches a
slightly lower PL after the solid-liquid phase transition (21%). Subse-
guent cooling shows that the PL changes~ta30% of its original intensity
at room temperature. The irreversibility found in the setbeating/cooling
cycle (< 10% PL change), however, is nowhere near as dramatic as thad foun
in the first heating/cooling cyclex( 75% PL change). This suggests a structural
annealing process with increasing crystallinity due tooeahof the metastable

packing in the morphology of the cast film.

The shape of the PL spectrum provides a more systematicaalibf the
morphology changes. As a function of temperature, the Pkches between
two forms as shown in Fig. 7.5: (A) a high-temperature ligiadm and (B)
a low temperature solid form. The changes in the PL are difyimbserved
to occur coincident with the transitions found in the DSC. pedfic, the ini-
tial metastable state of the OPE-1p film appears as (A) arré ikeno spec-
tral change (apart from overall quenching) as the film is éegtast the s-I
phase transition. Even as the film cools initially, the sp@cthape remains
(A). However as the endothermic transitions are surpassedgicooling, the
spectra approaches (B) until room temperature is reachesibisequent heat-
ing up to the s-I phase transition, the spectra remains as(B)witches to
(A) as the melting point is surpassed. Further cooling shtbats(A) turns into
(B) only as the endothermic cooling begins. The behavior issbent with a

kinetically trapped mets-stable conformation for the ofigers.
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Examination of the temperature-dependent PL shows stroengrsibility
after the first melting cycle, which contradicts the DSC veh&rong reversibil-
ity is observed over several heating and cooling cycles.rylg¢he PL reflects
only a small population of emissive states. However, carsgig the dramatic
change in the PL observed, the meta-stable state must lggrécsintly higher
guantum efficiency compared to the dimer-state in order tmwaat for the
large disproportionality in population contribution. lmlpgmeric variants it
has been suggested that crystalline domains exhibit lousntgm efficiencies

than more amorphous regions[120, 98, 121].

7.5 Optical Manipulation

The effect of the initial OPE-1p concentration (densitytloa final melted
form can be examined by performing time-monitored laser RPthe drop-cast
and spun-cast films. The drop-cast films are expected to haighar density
of OPE-1p and form into a more ordered state (crystallinegegge domains)
because of it, while the spun-cast films tend to be more anooigphnd have a
lower OPE-1p density. These results are shown in Fig. 7.6e Hee can see
that over time under continuous irradiation, the PL intgnfsom the spun-cast
films decays almost completely, within 2 hours while the Rinirthe drop-
cast films decays te-50% of its original intensity, and remains indefinitely
stable at that intensity (Inset of Fig. 7.6). In additiore 8pectral shape of the
film PL initially resembles the liquid form of Fig. 7.5(A), &m transforms into

Fig. 7.5(B) over time. Most notably the 450nm peak (moledlifeér region)
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appears to quench more rapidly than the others (aggregata)e

The different PL behavior from the samples is examined mtogsety in
Fig. 7.7, where we have integrated the intensity over thiterent spectral
regions that correspond to dimer PL (1,1l) and aggregatelRL [n the spun-
cast film, we clearly see that the intensity of all three apphozero toward
the end of the experiment. However, the dimer states (lldarty decay at
a very different rate from the aggregate state (Ill). In tihepdcast films, the
dimer regions behave differently from each other with Redidacaying to a
lower overall PL than Region Il. In addition, Region Il doed decay below
the initial intensity and in fact grows in intensity as Regioand Region Il
decrease in their intensity. In the dc-Film, all three regiappear to approach
a stable intensity over the course of the experiment, wtach contrast to the
spun-cast film where the intensity fades completely. Alldoas in the drop-
cast film also exhibit step-like increases in intensity atib.;7/20 min. and 40
min. This phenomenon is also not present in the spun-casgfidncould be
due to discrete re-ordering of the structure that may cateeio the multiple
kinetically trapped endothermic transitions observehaDSC suggestive of

a glassy or liquid crystalline-like ordering.

At a constant temperature (295K), OPE-1p films display gfrBh inten-
sity and position instability, even in inert environme#isy 7.7). In order to
achieve this change in PL, there must be a correspondingyeharthe struc-
ture of the material, specifically, a transition from onerthedynamic phase
to the other. This transformation is achieved by the digspaof the absorbed

optical energy through thermal deactivation processes.hEat released in this
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way eventually builds up and causes the local temperaturetease eventu-
ally melting nearby chains. This process is very slow anohstly dependent
on the applied laser power. The effect of this process on theking phe-
nomenon can be seen in Fig. 7.6. The spun-cast sample is ressluénse
and the heat applied through optical pumping induces theoRlegirade com-
pletely (Fig. 7.7). This most likely occurs as a result of Wider separation
between the OPE-1p domains. As the system absorbs heagjnisbraelting,
proceeding to the liquid-like phase. However, since the @iomare spaced
further apart, cooling into the thermodynamically favdegphase does not oc-
cur and the sample remains in the liquid phase. Since thegPlalsappears to
decay completely and very rapidly, the liquid phase musehary low quan-
tum yield, very low optical cross section at the excitaticavelength, or both.
The drop-cast film PL possesses very different charaaterislthough the
film PL degrades, it does not degrade belowW®6f its original intensity. In
this case, the OPE-1p domains are spaced closely enougheogigat as the
melting point is surpassed, cooling of the material prosaatb the thermo-
dynamically stable phase, which is the final phase that thtenmaawill adopt
when completely melted. In addition, if the PL spectra arcsally analyzed
over regions chosen to display primarily aggregate, dinmer monomer PL
as done in Fig. 7.7, one can observe specific structuralftnanations occur-
ring. In the drop-cast PL, while both monomer and dimer regidecay, the
aggregate region increases in intensity, up to%2@ its original intensity.
This represents an increase in the population of the aggredese, which is

indicative of increased crystalline domains in the oligomacking.
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7.6 Energy Transfer

The ability to tune optical properties in these films via fas@adiation sug-
gests they may be practical for applications in optical mema@ the influence
on energy transport pathways. Excitation migration playgw@ortant role in
the PL properties of OPE-1p. Migration efficiency will be yeifferent among
each thermodynamic phase, and will be strongly dependetiiesize of the
local domains. For example, migration can be strongly imddbif the domain
size is much smaller than the excitation diffusion lengtbo formed films
have a significant number of microscopic cracks that reauKalated islands
of material, confining the migrating excitation. As heatppked, the material
melts and is allowed to cool, the cracks are reduced, frethi@gxcitation to
migrate between islands. In fact, because of the strondgsityiof the initially
formed OPE-1p films and both the liquified OPE-1p film and tHetsm-phase
dimer, we can infer that the island sizes are small enougdtiibalimer-PL ex-

periences very little environmental (e.g. inter-dimefjuances.

The diffusion of an excitation in a 3D matrix of donors is adtian of only
4 factors: D, the diffusion coefficient of the excitation;the donor lifetime;
ke.r(r — rpa), the energy transfer rate; and,, the number of acceptors
in the matrix. The rate of movement of the probability dey(git, ¢)) of an

excitation in the case of 3D matrix of donors is[75]:
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From Eqgn. 7.1, we can see that migration is favorable as lsrdjfusion

164



OPE-1p-CdSe Film (Spun-Cast) OPE-1p-CdSe Film (Drop-Cast)

\ gox10°{
20x10%
= 'S 60x10° -
S 15x10° 4 S
< 2
2 B
7] 3
E 10x10° 4 E 40x10
£ |
i o

5x1 03 4 20x1 03 b

0 . . . . 0 . . . .
450 500 550 600 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 7.8. The PL spectra of CdSe QD-doped OPE-1p films in-span(left)
and drop-cast (right) forms made fradentical stock solutions, immediately
after exposure to light.

proceeds faster than the self-decay of the excitation. kewave also see
that even in matrices with large migration rates, and camsetly distances,

the effective migration rate can be reduced linearly by thenlper of dopant

acceptors.

Now that we understand the physical, energetic and tempuddlition of
the host lattice PL, we can be confident about accuratelyprééng the QD-
doped system where excitation migration plays a role. Is $igstem, several
important changes occur that ultimately lead to the deteaition of the fate of
the excitation. An important aspect of host-guest systeneddctronic com-
munication between the host and guest, which can sometimesanifested
as migration of an electronic or optical species. Excitatigsigration can be
resonant or nonresonant (phonon-coupled), and coheretffasive. In this

system we expect the mechanism of migration to be largetynae® 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. WBerein a
CdSe-OPE1p film is prepared under two conditions. In the s@ast-form,
only OPE-1p PL is seen due to the low density of flm materiakrd{ ex-
citation migration is inhibited as the large gaps betweemaias prevent the
excitation from hopping from domain to domain. However,lesdomains are
brought closer together, as is representative of the dagpsample, excitation
migration increases. This increase in excitation migraticeans that the en-
ergy of optically absorbed photons will eventually makeittie lowest energy
trap centers in the material. One of these trap centers Qhewvhich acts as
an optical reporter for this phenomenon. As can be seen idrby@-cast film
of Fig. 7.8 this enhanced migration causes the CdSe to doatinatspectrum,

nearly triple the intensity of the OPE-1p film.

Primarily, the character of the excitation will couple diféntly to CdSe in
an energetically resonant sense, such that we can expaugstrenergy trans-
fer from more resonant states (like the dimer states). Dule®ensitivity of
the meta-stable conformations to preparative means, waiagahis system
under different preparative protocols, in a spun-cast arzddrop-cast form, as
shown in Fig. 7.8. Since we will be using CdSe in very small emtiations in
the doped films¢ 0.01%)), it is safe to infer thastructurallythe OPE-1 sys-
tem, which acts as the host, will largely behave as its undémen. Colloidal
additives are routinely added to plastics to improve progemithout signif-
icant impact on the structure. Thus the primary effect of@uSe QDs will

be to act as structural probes, functiongrgergeticallyas excitation traps for
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Figure 7.9. The PL spectra of CdSe QD-doped OPE-1p drop-tasté a
function of irradiation time. The inset shows the integdait&tensities in the
region of OPE-1p PL and CdSe PL

the migrating electronic excitation in the film. This is thenometer analogue
to acceptor-doped semiconductor lattices, where theaxtitcalizes at these

excitation traps, and strong PL is observed from them, iceeptor lumines-

cence.

In the spun-cast form, we observe only pure OPE-1p PL anc tiseno
evidence that CdSe is even present as a dopant. However, eevelasstrong
combination of OPE-1p and CdSe PL in the drop-cast samplereidre, the
PL that we observe must be a cooperative effect between teelprRnd CdSe,
since it is only the casting method that determines the dveta This result
also gives an example of the amount of PL from CdSe that refsaltsdirect

excitation of CdSe. At such low dopant concentrations, itassurprising to
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find that directly pumped CdSe PL is negligible. The diffeeeint PL most
likely results from differences in the film morphology anchdty. While both
systems are excited by excitation light, the drop-cast filowe for much bet-
ter energy migration, which in turn allows for better enetggnsfer to the

dopant and eventually higher acceptor PL.

Under continuous illumination, the PL of the drop-cast sgsivill evolve
to predominantly CdSe PL, as shown in Fig. 7.9. The data show#ig. 7.9
represents an experiment wherein the casting conditiodslapant concen-
trations were optimized to produce the most dramatic effacthe PL inten-
sity. Here, a thick dc-Film preparation has been used, goawto Fig. 7.4e,
such that a distribution of monomers, dimers and aggregattommations are
formed. Here, we clearly see that thermally induced cha(thesugh optical
excitation) in the OPE-1p system strongly influences thegaie dynamics
of the film PL. Over time, the OPE-1p PL will decay, while the @dJS_ will
rise at the same rate. This shift from OPE-1p as the domimaittieg species
to CdSe as the dominant emitting species is reflected in trsbésbic point

observed at 530nm.

7.6.1 Application: Optical Memory

An important application of this system is an all-opticdbirmation storage
and retrieval technology, an “Optical Memory” system. Asratptype, we
show how photothermal melting of the OPE-1p matrix indut¢esiger energy
transfer and migration to the CdSe QD, resulting eventuallpéreased CdSe

PL (Fig. 7.9). Therefore, we have used a laser to opticallytéhinto our film,
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Figure 7.10. Digital photograph of a OPE-1p/CdSe sc-Filomiiinated with
UV light from a Hg-lamp where an optical mask has been usettto’&) CSB”
prior to photography. Color decomposition profiles for tsage are shown
on the right for red and blue channels.

producing a spectrum with enhanced PL from CdSe. This enkddPicés then
optically ‘read’ by the monochromater/CCD we used, displgyn all-optical

read-only memory system.

To demonstrate the feasibility of using this system, we showig. 7.10
how an OPE-1p film can be “written” using only an optical maskl she col-
limated UV light from a Hg lamp. After exposure to this lightder a mask
with the letters "UCSB” cut-out, the mask was removed and aaligihoto-
graph of the film was immediately taken, while still under UNMmination. A
RGB color decomposition was performed on the color image @f Fil0 and

the red and blue color channels are shown on the right haedo$idig. 7.10.
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Clearly, we can see from the blue channel that the OPE-1p Ridpty blue-
emitting) is not present in the regions of the lettering,ibuwtery visible in the
regions surrounding it. In the red channel, where CdSe is ttineapy emis-
sive species, the letters clearly form a readable posithagge. Therefore in
this demonstration we have shown that exposure of the OPEdBe film to
UV-light results in primarily red light (from CdSe), the ca&usf which is di-
rectly linked to a photothermal melting and annealing of @HeE-1p domains
resulting in more efficient energy migration and transfeCttSe. As can be
seen from Fig. 7.10, using a crude writing method, millime&solution can
be achieved. Collimated light from the mask is shrunken uaitens system
and sub-millimeter writing resolutions were achieved,uiio they could not

be easily photographed.

Several factors exist that control the writing speed anatidly of the
memory system. These include film casting density, CdSe daumententra-

tion, optical laser excitation power and CdSe dopant size.

7.7 Chapter Summary

We have described three important areas to oligomer-QDactiens: 1)
the effects of structural phase transitions on the excitatts of the OPE-1p
film, 2) optically addressing and manipulating the film andi8hg these hy-
brid films to control energy transfer and migration for thegmses of optical
memory applications. The overall picture of the undoped QPHlm is that

heating of the oligomer film induces a melting of the metdistdilm states

170



and annealing it to a more tighter, crystalline packing oomfation. This is
supported by, a red-shift in the overall PL, a distortionhe PL profile and
a lowering of the quantum yield all indicating the formatiohelectronically
coupled states as well as the presence of energy migrationgh the matrix.
As the CdSe dopants are added, the energy migrating withimétex is fun-
nelled into the lower energy quantum dots and results iniefficQD PL. Since
the annealing process is relatively slow, we can easilyrobgbat the anneal-
ing process is coupled to the energy transfer process, arglimportantly, the

guantum dots act as the optical probes to this structunastoamation.

There is much more that needs to be explored in the study céxbtiéed
state decay dynamics of this system, in particular elugzidahe primary par-
ticipants in the energy transfer process as well as applyiisgtechnology to
more non-volatile memory systems (e.g. WORM, “Write Once Reaahy)

through control of laser power.
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