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Abstrac

Transparent conducting oxides are of great interest in semiconductor research and
industry. Their ability to carry electricity while remainingrisparent allows them to be used
different applications includinghotovoltaics, lightingandphotocatafsis. Among transparent
conducting oxides, G&®s has the widest band gap and is characterized by a strongliandd
blue-green afterglow emission, making it attractive for various lighting applications. The main
motivation of this thesis is to use theseque properties of G&s to design new phospl®with
targeted optical properties. The research described in this thesis specifically focuses on
generating white light by neradiative energy transfer between,Gananocrystals, as energy
donors, and oragered emitting semiconductor quantum dots, rergy acceptors, and using
dopantinduced trap states to extend afterglow emission.

Solution phase conjugation of colloidal nanocrystals allows for-shoge energy
transfer processes to occur with highkability, which is valuable for sensing alighting. The
first part of this thesis demonstrates the conjugation and electronic coupling®f Ga
nanocrystals with CdSe/CdS core/shell quantum dots. The introduction of a bifunctional organic
ligand to the gspension mixture of these nanocrystalsvedldor their conjugation. The resulting
Forster resonance energy transfer leads to quenching.Gk®mission and an increase in the
emission of CdSe/CdS quantum dots. As the ratio of CdSe/CdS quantum doi®30 Ga
nanocrystals increases, so does the cjueg of GaOs emission and the CdSe/CdS
photoluminescence intensity. The increase in quenching @3&anission was successfully
modelled assuming a Poisson distribution of CdSe/CdS quantum dots boun@®io Ga
nanocrystals. Owing to the good emissiorooolcomplementarity of these materials, white light

was observed for optimal nanoconjugate composition.

Next, we demonstrated that the same phenomenon can be achieved without the organic
linker by a careful depdson of the colloidal mixture on the glasabstrate to remove the empty
space between nanocrystals. This approach enables a suddded Brster resonance energy
transfer that allows for a design of-albrganic white light emitting phosphors. Thesulting

films were highly luminescent andane tuned to give CIE coordinates81, 0.28



Gallium oxide also has a long luminescence lifetime, compared to other nanoparticles
with similar emission strengths, enabled by its deamwreptor pair recombitian. This
phenomenon makes €2 nanocrystks a prime candidate for attempting to design persistent
afterglow nanophosphors through doping nanocrystals with selected trivalent rare earth metals.
These rare earth elements provide a mechanism for trapgiitgcefree carriers because
relaxation witlin these dopant ions is Laporte forbidden. As a result of dopin@s®ath Dy3*
the emission of G&®s nanocrystals becomes significantly longer at room temperature. More
interestingly, the temperatutiEpendeneémission of GgOs nanocrystals doped withy®" for
doping levels between 3 and 13 % increased between 50 K and 200 K, where typical
semiconducting nanocrystals show strong quenching. We attribute this anomalous behavior to
the carriers trapped in Byexdted states, that are thermally reactivated and subsequently relax
to GaOs native traps state$his assignment was validated by a kinetic Monte Carlo simulation,

which was in good agreement with experimental results.

As the importance of luminescentgterials particularly persistent phosphonscreases
it is imperative that undergraduate students in chemistry and materials science become familiar
with their properties and fabrication. A new laboratory exercise encompassing the combustion
synthesisprocessing, and characterization of S@d:(EL?*, Dy*") has been adopted by NE
320L course in the Nanotechnology Engineering program at the University of Waterloo. In this
laboratory, students produced crude strontium aluminate containffigvEich was
subgquently annealed under hydrogen gas, resulting in the red europium emission. This
emission becomes green upon reduction &f EUEW". Students performed XRD showing a
dramatic increase in crystallinity after annealing, while their SEM measurediénist show a
significant change in morphology. Mechanoluminescence was observed using a ballistic setup

and found to show a linear dependence on the projectile velocity.

In this thesis | demonstrated the extrinsic (external functionalization) andimtrins
(doping) manipulation of the electronic structure of gallium oxide nanocrystals. The obtained
results allow for technological application of the resulting materials (e.g., to generate white light
and extend afterglow emission), and provide a framewmeékrich upperyear undergraduate

curriculum in materials science and nanotechnology.
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Chapter 1introduction
1.1 Lighting

As the world attempts to reduce @sergy consumption argtoduction of greenhouse
gasses, improving lighting efficiency is a piipr* Lighting has accounted for as muchl&s%
of worldwide dectricity consumptiorf however, increasing the efficiency of lighting options
with functional materials is seen asappealing way to curb our usagdere have beenany
advanes insolid statelighting (SSL) because of its versatility compared to traditional light
sources Incandescent lightulbs have very low energy efficiency, while fluorescent Igiibs
have reasonable efficiency but produce poor quality of light ffadeoff between efficiency
and color quality occurs with both fluorescéighting and SSL* However SSldevicescan now
be manufacturetb produce lightwice as efficiently as fluorescent bufb$Decreasing the
lifetime cost to operate lights has the greatest impact on the adoptiem lichting

technologies, and this has typically been achieved by increasing luminous €efficacy.

1.1.1 Color Space

To be ommercialy viable,white light emitting deviesmustproducehigh color quality.
The most intuitive way to visualize this is the 1931 commission internagidadiéclairage’s
(CIE) CIE diagramFigurel.1), whee the outer black linis individual wavelength and colors
on the insideean be made by combining light of different wavelendthise CIE coordinates of

a light souce can be calculated in two steps:

where @ is one of three color matching functiofperformed for x, y, and z coordinategth
the corresponding spectshown inFigure 1.2) and Leq ,)4ds the emission spectrum of the

source. Théx) coordinatan the CIE diagram is the relati\&) contribution:
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On the CIE diagranm Figurel.1, pure white light is definedith 0.333, 0.333
coordinateshowever, our eyes dwt have the spectral sensitivity to resolve minute differences
in the color of a light sourcédumans eyes havadapted to function in light ranging from
slightly blue to slightly red, meaning that theciallyacceptable range for commercial ligpiaf
devicess quite largegenerally falling along the Planckian locus (the blagksein Figurel.1,
indicating the chromaticity of blaelzody raliation).

0.9

Figure 1.1 CIE 1931 colorimetry diagranshowing single wavelengifin nm) around the curved
boundary and the emission color of idealized Planckian radiators along the line lakg¢ked T
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Figure 1.2 CIE 1931 color matching functions for X, Y, and Z.

1.1.2 Correlated Color Temperature

The correlated color temperature (CCT) of a light source is the temperature, measured in
Kelvin, of the Planckian radiar (black line inFigurel1.1) with the most similar chromaticity.
Not all light sources that are assigned a CCT lie on the Planckian locus, however, the further the
chromaticity is from that of blackody emission, the $s valuale CCT becomes as a descriptor.
Correlated color temperature is commonly referred to in disciplines such as lighting,
photography, manufacturing and publishing for its ability to describe the color produced by a
light sourceé® A low CCT (2700 K to 3500 KFigure1.3 left) light source will appear yellova
lamp with a high CCT (above 4500 K) will appear hiwhile a Bmpwith a CCT between 3500
K and 4500 K will appear a neutral wh{téigure 1.3 right). Lower CCTs have been shown to be
more comfortable for humarsyhile higher CCTs are associated with higher productiigor

these reasons, it is incredibly important to consider CCT in the design of light sources.



Figure 1.3 The same calluminatedunder two different commercial lightvith diferent CCTs. &ft:
incandescentCCT ~2700 KRight: compact fluorescen€CCT 4100 K

1.1.3Color Rendering Index

The color redering index (CRI) of a light source igjaantitativedescription of the
ability for a light source to faithfully show the coloridfiminated objects when compared to an
ideal light sourceThe ideal light source used in the determination of CRI is the black body
radiator with the equivalent CCT under 5000 K or a phase of daylight if the CCT of the light
source is above 5000 ¥ The unfaithful display of objects under different light sounsih the
same chromaticityshown inFigurel.4) is caugdby the abilityof different spectra thave the
same chromaticityWhenlight from oneregionof the spectrum is present in one light source
(e.g, red), but not the othean observer will only be able to perceive the red in the pigment
when illuminatel by the light sourcavith red To determine CRI, thehromaticity of 8 or 12
standardss measured under the illumination of the test and standard light saactéhe
difference issubtracted from the maximum score of 1@0addition to unfaithful colodisplay,
light sources with a low CRunder 80*? cause various negative health effects such as seasonal

affective disorder sleep problem& and depressiot?:1®



Figure 1.4. An example of metamerism. Two panels are shown under three different light sources. Left:
daylight with a CCT of 6500 K, middle: an incandescenplavith a CCT of 2856 K, right: a fluorescent
tube light with a CCT of 4100.K

1.2 Defectsin Semiconductors

Using defetsto manipulate the properties of matesiahs been performed since
antiquity. Egyptians made brilliantly colored glasses by adding small amounts of transition
metals and metalfgists incorporated trace amounts of tin into copper to make an allog¢hron
with a lower melting temperaturthat was much hardé® The chemical and physical properties
of semicondutors, especiallyconductivityand carrier lifetimgcan be manipulated by the
introduction of small amounts of defects such as dopants of vac&hthesresearch in this
thesismakesuseof defects, both intrinsife.g., oxygen vacancieahd extrinside.g., Dy*), to

designfunctional materials.

1.2.1 Gallium Oxide

Gallium oxide isawide bandgap semiconductor (~4.9 eWhichhas long been known
to have an asily manipuatedelectronic structuré® When synthesized under reducing
conditions, GgOs NCs will be an intrinsic ftype semiconductpowing tolow lying oxygen
vacances (0.03 0.05 eV binding energyj*?2giving Ga0s ananomalously high conductivity
for such darge bandgap>?* Thanks to these unique properties,Gghas been studicdr
applications in spintrong?® lighting,2% 28 photodetectiorf’ and phobcatalysis’®3?



In ambient conditionspulk Ga0s is stable irb-phasgmonoclinic), howeverin
colloidal NCs under approximately 6 nm metastatjghase(cubic) GaOs can be synthesized
The cubic phase has a defective spimeicstire(shown inFigure1.5) with 2 Ga®* vacancies per
18 gallium sites?2 Ga** can occupy eitheetrahedrabr octahedral cationic sitewhere the
relativeoccupancyof each is governed by the methodpoéparation and crystal sizeAt
smaller crystallite sizes ¢hikelihood of gallium ions occupying tetrahedral sites is incre#sed.
At sizes relevant to this this €a.5 nm NCs)2-GaOz will have approximately 40 % of its
cations infour-coordinate site® While both tetrahedral and octahedral sites are defective,

octahedral sites exhibit more local disoréfer

(b)

Figure 1.5 Crystal structure of (a) marclinic Ga0sz and (b) cubic G#0s. G&* and & ions are
indicated by white and red spheres, respectively. The green and blue polyhedra illustrate six and four
coordinated G¥ sites, respectivel.

There have been three different types of emission associdte@GaDs: UV emission
from aselttrapped holé? blue emission only observed in conductive sasjptééand green
emission that is observed in the presence of a variety of dgpats.blue emission of these
Ga0s NCs was originally asserted to be from a quantemfined exciton (covered in depth in
Chapterl.3)% because of the strong sidependence of the emission. However, the absorption
of these nanoparticles is not accompanied byueshift of absorptiofand excitationgnergies,
meaning the bandgap is not sidependent, proving there is no confinement. Instead, the size
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dependent emission comes from a change in the démuaptor trap state separation as a
function of particlesize?*4°Theblue emission occurs through a pess called doneacceptor
pair recombination (DAP) (scheics shown inFigure 1.6) where an electron and holellwi
become bound to a donfmxygen vacancyand acceptor trapping stgtgallium-oxygen vacancy
pair), respectivelyGiven a strong electrostatic interaction, the electron will tuftosd the
donorto theacceptol(this is the ratdimiting step) where t will relax and releasa visible

photon?! The energy of the emitted photdEogr) can be expressed:as

(0] 0O O O —/—. %0 13
whereEg is the bandgapnergy Ep andEa arebinding energies of the donor and acceptor states
respectively The third ternrepresats the electrostati@ttractionbetweertwo sites (donor and

acceptor)with the elementary charge) in a material with dielectric constaft} separated by a

distance(r), and(Epnonon is the energy of phonons involved in radiative transitions.

Trapping

Tunneling

Relaxation

5 A

() Trapping

Figure 1.6 Scheme dDAP whereexcited electrons relax to donor sites (D), holes relax to acceptor sites
(A), the electron tunnefsom Dto an A site where radiative recombination occurs.

There are many donatates per NC, resulting in the formation of a small defect band just
below the conduction barfd While donor states are simply an oxygen vacancy, acceptor states
require an oxygen vacancy and a gallium vacancy adjacent to one aSotherGaOszis an n
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type semiconductoit is common to treat G&s NCsas having a single acceptor wittultiple

donors***2Furthermore, the acceptor state is much deeper than the dondt state.

The kinetics of this DARregoverned by electron transfer dynamics betwben
randomly distributed donor and acceptor sites, so the lifetime iexmorential. The separation
between donor states and acceptors states is reduced in $saglleNCs resulting in a shorter
fluorescerelifetime.*! The extent of this shortening is described by
Cl

- 14
Y

Wi w Agb

where(Wmay) is the maximum decay rate whichasonstantand(Rp) is the Bohr radius of the
donor#®In addition to thedistribution ofNC sizes, the distbiution of donoracceptor separations
within a single nanopartickmeans that the lifetime of @2z does not follow amxponential
decay*

Multiple studies of G#0z lifetimes haveeportedthat defects most likelyeside orthe
surface!*?which is in agreement with equilium vacancy concentratidithis suggests that
NCs are often too small to consistly form defects in their coré.Additionally, because of the
increased complexity of forming acceptor defects, it is likely that they are highly outnumbered,

with asfew as a single acceptper emissive nanopatrticle.

1.2.2 Persstent lLuminescence

The Chinese have observed persistent luminescence since antiquity, while the Europeans
produced the first scientific explanation of persistent luminescence in thé®ll64te 1900s,
ZnS doped with Cu, and later-doped with Co, waased as the persistent luminesaaterial
of choice in many commercial products, but the lifetimes achieved were shorter than desired for
many purpose® Strontium aluminate doped with Ethad been known to haleminescence
comparable to ZnS:GH however in 1996 Matsuzawa et*&codoped Eti:SrAl,04 with Dy3*,
allowingit to achieve much higher initial emission intepséts well as a dramatic increase in
lifetime. The cedoping of S¢AlyO, usheed in a new era of interest persistent luminescent
phosphorg®



Despite Eu dope@axAl yOz andSrxAlyOz beingfrequently cedopedwith trivalent rare
earth metalonssuch as DY/, Nd®*, and Cé&" to inducelong themoluminescentTL)
lifetimes?%484%there has been sordesagreement about the nature of trap states in these
systemsNevertheless, i accepted that the main carrier trapped is electfols? The
common qualityamongall materials that experience persisteminescencés they are able to
stably trap free carriers in excited states only to belfgain through thermal excitatioa (
schematis for persistent luminescenoé SrAl204 is shown inFigurel1.7. based on the Dorenbos
mode).>3 The ratelimiting step can be from thtermal reactivatiorof an electron (P** site
and procesk in Figure 1.7). or a hole ot show. In either case, the binding energy of the trap
must be overcome by the thermal energyilakbe to thematerial Once the carriers are excited
back into theirespective bands, they must be able to relax radiatidefyidted byEu**
emission inprocesesC and H. The ratelimiting step for this process is the thermal excitation
of trapped edctrons, where the lifetimé&)(can be well described by a modifiedridenius

equation:

Y i 15

wheresis the frequency factor or the frequency with which trapped cagitspt to escape
their trapping sitek is the binding energy of the trapping state &hds the thermal energy. To
determine the values of the frequency factor and activation enedgy firstorder kinetics, one
needgo simply perform lifetime anabis at a handful of temperatures anavith Equationl.5
using In() vs 1/T.>*If the decay is nathefirst order, the thermoluminescent intensity is
measured as the temperature is increased afeetcitation and the fit to a modesldepemlent
on the kinetic order oht detrapping®
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Figure 1.7 The Dorenbos model for tmeechanisnof EL#* emissionA-C) in SpAl:O4 and the
mechanism of lifetime ext@on by way of thermal reactivation ¢(B).53

Very shallav traps may onhhold carrierdor a shortime, while extremely deep traps
require additional heatingboveroom temperaturéor reactivation to occu>°>® Extremely deep
trapsare ideal for stress sensors or radiation detebwauseletrapping events are more likely
to occur fromphysical stress or radiation thambient condition8®®’ The SrAbO4:EL?*,Dy®*

system is considered to be an ideabsphoy because of iteigh quantum yield and intensit§

1.2.3 ThermalEffectsin Semiconductors

In a similar way to thermoluminescence, a catrigppedin anexcited state in a
luminescentnaterialmay be thermally excited to the band edge. In case thabghis &rpart of
theluminescene mechanism, thermaéactivation of these trapped carsatlows an additional
opportunity for norradiative quenching. As the temperature is increasedhd¢heased
guenching behavior becomes more prominent and thereoigeaall decrease in quantuield.

This is modeled by the following equatiéh:
‘Oon
p 6A@D

oY 50 16
Y

whereA is apreexponential fitting factandqk if the trap depth
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Additionally, the emission of semiconductors is typically-saiftedwith increasing
temperatures following Varshisnpirical formula®®
| 7Y

0"y - 17
O omn T Ty

whereUandb are both constasthat describe thehift. The origin of the shift is thought to come
from either tempraturedependent lattice dilatations or a shift in the relative position of the

conduction and vahce band from temperatutependent electrelattice interactions®

1.2.4 DysprosiumEmission

Dysprosium can havvo strong emissions originating fronf fransitions, one from the
electric dipole {For2 - ®H1312) occuring at around 580 npand one from the magnetic dipole
(*Far2 - ®H1s/2) occurring at around 480 nthAdditionally, there arealsoobservablgeaksfrom
(*Farz - ®H11/2) and ¢Fas2 - ®Har) transitionsdeepermto the red end of the spectrum, however
these transitions are much wealt@nthe previous twoBeing parity forbiddenhe electronic
dipole emis®n is much more sensitive to tleeal environment, meaning that in order to
observe emission from thetrsition, the DY cannot inhabit a centrosymmetric siteln
commercial SrAlOy, these transitions cannot be observed because the lattice alloetetii®n
of symmetry?2 However in Ga0s the smaller nossymmetic octahedral sites break this
symmetry and render these transitions at least partially allowed. As the host latticé of Dy
distorts the f orbitals more, there is an increase in emission from the electrictdipsigon
makingit possible toasses$ocal symmetry from the branching ratio of thieservedy3*
peaks®®

1.3 CadmiumBased Quantum Dots

Quantum dots have been an active area of researotaforyears, with different
materials allowing the probing of different regions of the spectfihfQuantum dots are of
interest in lighting’® sensitizing solar cel/¥"°and biological sensing.They are relatively easy

to make and manipulate, while also having amazing tunability across the visible sg&ctrum
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Quantum dotgsan also be made to have incredibly high QXypicaly achieved by the

preparation of core/shell QD%

Semiconduadr NCs smaller than the Bohr radius of its free excitons is called a quantum
dot becausi effectivdy exists in @dimensions and exhibits strong quantconfinement> The
confinement energy of @D is well described by the particin-a-box mode|’* for a QD with a
radiusR. Thebandgapenergy of the QDD is greater than the bandgap enesfjthe bulk

materal (Eg).”>"®*Themasses of the electr¢me) and holg(m,) are treated as the effective mass.

(@]
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Theseconderm ofEquationl.8 accounts for the particle in a box model used and the
third temm represents the Couldnattraction between the free electron and RbEhe effective
mass approximation breaks down Yery small QDs’" "8 Equation1.8 is frequentlyused to
determine the size of QDspWever researchers typically use an empirically derived equation
developed by Pengt al’® to determine the diameter of @dsed quantum dot®(in nm) based
on the wavelength of the lowest energy absorption maxinadim (m).The equation for CdSe

is given as

O pHpEHT_ CHULUXDT _
POCECT_ T8 CXXT@X

19

The extinction coefficientin mol-L lcm!) of QDs examine byPenget. al.increases
proportionally toapproximatelyjthe powernf 3 of thediameter D, in nm)of a nanopatrticleln
the case of CdSe, thislationship is?®

SRRV e 1.10

Quantum dat have a reduced numberesfergy levelsand are unable to form continuous
valence or conduction bandasteadtheir iband® exist as discrete energy levels with the sam

center of mass as the bulsshown inFigure1.8.”*# For this reasonQDs are often referred to
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as artificial atom$? Because of thdiscrete nature of QD bandbke absorption athe transition
between a pair of states appears agumctions. This holds true forthebandedge transitioras
well asinterbandiransitionsfrom stateswithin the bandswhich results in QDs having structd
absorption spectrabove their bandgap energyt typically seen ibulk semiconductor The
width of a single QD tragition is approximately 5 me\andif the emission or absorptiaf a
QD is wider than 5 me\t is generallydue tothe population distributiaf® Quantum dot
emission spectra do hsehow secondary peaks at high energy because intradlamdtion is a
much faster process tharterbarm recombinatior??
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Figure 1.8 Size dependence of semiconductor bandgap

A QD with a diameter of 5 nm will havea. 15 % of its atoms on the surfacesulting in
a strong surface influence on free carriers in the’®QIhesurfaces of NCs have a high defect
concentration that results ithe formation oenegy levels that will typically resideithin the
bandgap and can act as trapkese trap statesten lead to nonhative relaxationa decrease in
conductivity, ancbxidation or reduction of the Q#:**To reduce the negative effects of these
surface defectdwo approaches to passivation have beea iBassivation oftte surface can be
achieved using organic ligands sudphosphenes, phosphonic agidsd thiols. These ligands
are preferred because they can be adsorbed during syntinetast the surfacend allow for
the colloidal suspension @fDs in a variety ogolvents’28 Unfortunately, these organic ligands
are larger than individual atomend a particular ligand cannot passivate both cations and anions

meaningsome dangling bonds will always be presént

Alternatively, passivation can be achieved through the growth of additional layers of a
heterogeneous semiconductor, typically with a larger ban(gayal diagrams shown Figure
1.9).8! The shell should hawihe samerystal structure to that of the QD so thatgtowth does

not introduce new defects at the interf&&@/hen thiscondition is satisfied with a material with
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a larger bandgaxcitonconfinement in the core will be maintained, resulting in a dramatic
increase in quantum yield aadgmall redshift from strain induced by a lattice mismatch that
occurs to a greater geee at larger shell thicknes$é$or optimal emissionf CdSebased QDs,
the shell should berthiited to 2 monolayef'®’ or additional straircan casea reduction in
efficiency andthe emission to be further resthifted®’ The simplest and mopbpularapproach
is to use smaller elements of the same gréopthe shell. In the case of CdSe QDs: 2AS,
CdS® and Zr sCdysS™ are some of the most commsinell compositionsboasting QYo
greater than 0.9%,

Core Type-1 Type-2

Core. . ‘Shell

* Il ol il

Figure 1.9. lllustration of the ore,type 1 core/shell, andype2 core/shellquantum dotsvith
accompanying band structures and electron wave functions.

A small Stoke8&shift is observed in CdSe QBDdich increases witthe growth of a
small shelf’ Large shells have been observed to create a &taje$shiftin Type-1 cordshell
QDsbecausea large aountof absorptioroccurs inthe shell excited carriethen relaxn the
core, wherall of the emission occuré:®2Using QDs with larger shells, it is possible to engineer
the absorption spectrum of a QD sample so far as to make the QD appear trafispacent

improvespectral overlafor Forster resonance energy transfer.

1.4. ForsterResonancé&nergyTransfer

Forster resonance energy transfer (FRET) is a nonradiative form of energy transfer that is
caused by the interaction of transition dipoles of a dand an accepr species$? The
interaction of dipoless highly distancedependen but unlike nanyother types of quenching
does not require contaend can often occur over réieely large distances {50 nm) compared
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to the chemical bond distané&In order for a FRET donor and acceptor to be compatible, their
transitions must occur at similar energies, their transition dipoles must have some level of
alignment andthey must belose enouglspatiallysothat their dipoles can intera®FRET has
been useful imanyof differentdisciplinesbecause it allowkr the measurement of molecular
scale distances based on changes in fluoreséémmyding the measurement of molecular

concentrationg® binding interaction®, and catalytic activity®

The efficiency of FRETdrreT) between a sirlg donor and acceptor pair separated by a

distanceR, is modeled by:

_ L 111

whereRy is the Frster radius, the separation at which 50 % of energy is transferred from the
donor to he acceptor, and can be determined mathematically:

w0

S 112
pcWE & 7

wherea is thealignment between the donor and theegtor(sometimes refeed to as
orientation factor)Qp is the quantum yield of the don®v is Avogadro's numbe(p) is the
index of refraction of the medium between the donor and ac¢epibd(s) is the spectral
overlap integral of the active species (depicteBigurel.10). SincedrreTdecreases with a sixth
power dependence witRy, 2R, will be considered the limit for the purpose of tiissis beyond
which drretis less than 1.5 %.
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Figure 1.10. Absorption spectrum of CdSe/CdS NCs (orange line) and PL spectruref\Bas (blue
line). Shadedrea indicates a spectral overlap, as an essential requirement fordfdestonance energy
transfer (FRET.

The spectral overlap between donors and acceptors has the biggest infRdntcause
it can produce the largest magnitude of chaSgectral @erlap can be calculated as follows:

0 0 - 0 113

wherefp is the donor emission spectrum with the integrated intensity normalized to unity and

is the extinction spectrum of the acceptor.
The dignment of thedonor and acceptor transition dipoles is:

I CAFHAT-© OBEFOEHATX 1.14

where. is the angle between the two dipgldsis angle fromthe midglane to the donor dipole

plane anddx is the angldrom the midplane to the plane of the accepldrs notation is shown
visually inFigure1.11. Molecular species that rotate relative to one another at a speed on par
with their emission lifetime have essentially random alignment, allowing for an average 2/3 to be
used. Larger species, like proteitimtareunable to rotate at the same sperdy have &7 that
diverges from 2/3, which can lead thighet° or lower'? deretthan would otkiwise be

expectedMost nanoparticles are large enough that their rotation will be slower than their
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fluorescent lifetime, but the assumption that 2/3 has been shown to hold for species with

many possible binding sites and a large degree of symffétry.

Figure 1.11. Arepresentatiorof the donoi(blue)and acceptofred) transition dipoles with appropriate
notation f or ?tretusegEquatiorslid on of o

The most reliable method for the determination@kr is by lifetime shortening:

T
- P — 1.15
where ($») and (3) are the lifetimes of the donor with and withoutaameeptor present
respectivelyThe rate of energy transfer is given by:
a1 P Y 1.16
S

FRET occurs on the same time scale as the lifetime of the donor, and contrary to other

typesof quenchingwill not fully quench a fluorophore with an extremdédyg lifetime,the

FRET efficiencyonly depends otthe proximity of acceptorand the=¢rster adius If the

fluorescent acceptor has longer lifetime than the donor there should be no effect on the acceptor's

lifetime, however, if the lifetimes of the donis longer than the lifetime of the acceptor, the

observedifetime of the acceptor should irease as a result of delayed excitation events
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produced by FRE¥® When the quantum yield of the apter is close to 1, the shortening of the

donor lifetime can result in FRET complbgingmore efficient than the donor alorté&

When aergyis transferrel fromadonor toanacceptothe emission intensity of the
donor is quenched.he extent of this quenching can be usedeiermire the drret from steady

state luminescent data:

O
— - 117
P =5

whereFpa is the emission of theonor when coupled to the acceptmdFp is the emissiorof

the donor alon& If the acceptor is emissive, it is possible to usestiseapproach to calculate
thedrreTfrom the increase in the acceptor emisdgriaking the quantum yielof the acceptor
into accountlin this thesisgrreTis calculated from quenching die luminesent lifetime of

Ga&0s3, and the emission increassw £dSe/Cd)Dswasused as a qliative confirmation of
thevalues found usingquationl1.15. In a system with aemissive acceptor, energy receinsd
the acceptomay be emitted. If the donor and acceptor are complementary, they can produce
white light solelyby exciting the donqgreffectively makingjuastsinglechromophore white light
mediated byFRET27:105.106

Original FRET experiments were carried out with molecules that had one bingiffy si
however NCs have many possible binding sites, ar@iff\ims allow the interaction of many
acceptors with aingle donorThe population of FRET donors of acceptors has beenrstmw
follow a Poissordistribution®”1%which can be modeled using a modified formEguation
111

1.18

s ) &Y

wherezis the average number of acceptors per donor(r@ns the whole number of acceptors a

specific donorcan inteact with
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Confirming the presence of FRET requires an agreement between all observable methods
of quantification. In the case of two emissive nanocrystals, this means that we are looking for a

decease in donor emission, an increase in acceptor emissbaortaning of the donor lifetime.

1.5 Purpose and Scope of Thesis

The main motivation othe research discussedtims thesis is to manipulate the unique
properties of G#Ds to design new phospl®with targeted optical propertiés patential
lighting goplications and te design of a new class of persistent luminescent phospihors

reduced dimensions.

In Chapter 2colloidal GaOs NCs were used as a blue source and attached to CdSe/CdS
QDs using an organic linker. Functiorzaiion allowed for FRET to excite the QRstivating a
newsinglewhite-light-emitting nanoconjugate. Emissive properties were measoigetermine
the efficiency otheenergy transfer and to demonstrate the gdwdmaticity achieved with this

approach

In Chapter 3Ga0s was cedeposited on a substrate with CdSe/@Qi3,and FRET was
observedThe ceposition simplified thapproach useth Chapter 2and allowed foproducing a
brighter sample. ivas shown that this hybrid nanoparticle approach allowed the generation of

singlefluorophore white light.

In Chapter 4colloidal GaxO3 NCsweredoped with Dy*. Dysprosium is betived to
occupy octahedral sites on the surfat&a0s NCs. The introduction of DY resulted in the
extersion of theroom temperaturBuorescentifetime of GaaOz NCsas wellasan increase in
luminescent intensitipetween 50 K and 200.K hese resultsrpvide a guidline for the design of

afterglowphosphor in reduced dimensions.

In Chapter Swe applied the expertise gained in other sections of this thesis ® aneat
upperlevelundergraduate lab experiment. In this experiment, students used combustion
synthesis to cate SrAbO;4 particles doped with Btiand Dy*. The students then anneal the
particles resulting in green luminescence from newly reduced*Eand a prolonged

luminescence whethe excitationsourceis removed. Students then performed SEM and XRD
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measuements which confirmedthe synthesiand morphology of SrAD4. Finally, students
measured the mechanoluragence of their samples with a bsiic apparatusndobserved a

linear dependence between mechanoluminescence and the impact velapitgjetile.
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Chapter 2EnergyTransferbetween Conjugated Colloidal
Ga0Osz and CdSe/CdS Core/Shell Nanocrystals for White Light
Emitting Applications

Developirg solid state materials capable of generating homogeneous white light in an
energy efficient and resourseistanable way is central to the design of new and improved
devices for various lighting applications. Most currenutbed phosphors depend on siyatelly
important rare earth elements, and rely on a multicomponent approach, which produces sub
optimal qualitywhite light. Here, we report the design and preparation of a colloidal-Wigtite
emitting nanocrystal conjugate. This conjugate is obtaigdohking colloidal GaOz and i VI
nanocrystals in the solution phase with a short bifunctional organic melghkidglycolic acid).

The two types of nanocrystals are electronically coupled by Forster resonance energy transfer
owing to the short separati between G&®s3 (energy donor) and core/shell CdSe/CdS (energy
acceptor) nanocrystals, and the spectral ovértyween the photoluminescence of the donor and
the absorption of the acceptor. Using steady state anddsod/ed photoluminescence
spectrosopies, we quantified the contribution of the energy transfer to the photoluminescence
spectral power distributioand the corresponding chromaticity of this nanocrystal conjugate.
Quantitative understanding of this new system allows for tuning of theiemissdor and the

design of quassingle white lightemitting inorganic phosphors without the use of #eaieth

elements.

2.1 Introduction

Colloidal nanocrystals (NCs) offer a substantial promise for the design and fabrication of
solid state structures anl@vices. Sizéunable electronic structure and optical properties render

this class of materials attractive faarious applications in photonics, optoelectronics, and

I The results ofhis chapter have been published:

Reprint (adapted) under the Creative Commonildition 4.0 Licence fromStanish, P; Radovanovic, P.
Energy Transfer between Conjugated Colloidai@and CdSe/CdS Core/Shell Nanocrystals for White
Light Emitting Applications.Nanomaterial2016 6, 32). Copyright 2016 MDPI (Basel, Switzerland)
Unless otherwise stated, all of the work reported in this chapter was performed and analyzed by the
candidate.
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sensors® The size and shape of colloidal NCs can be controlled in situ by adjusting the
synthesis condition8? allowing for the exploitation of quantum confinemenmnanipulate their
optical properties. Furthermore, colloidal NCs can be modifiedgyoghetically by
functionalization and conjugation with organic or biomolectiésy by forming a composite

with polymers or other nanostructuré$'*3This ability to @mbine solid statéike optical and
mechanicaproperties of NCs with the opportunities for their chemical modifications in solution

opens a number of possibilities to use them as building blocks in optical and photonic devices.

With increasing concerns aiit the global energy supply and sustainabéeaisiatural
resources, the search for new foast materials for energy efficient lighting has intensified in
recent year$* The total amount of electrical energy used for lightsgear20% at the global
level, with residential and commercial sectoesng responsible for the majority of lighting
electricity consumptioh!® Light-emitting diodes (LEDs) have emerged as a kbegn
alternative to traditional incandescent light bulbs, owing to their efficiency, durability, and
reliability.*® The most promising approach to white LEDs has been to combine GaN blue LED
with remote phosphors, most notably yeltlemitting yttrium aluminum garnet doped with
cerium (CeYAG)."However, the adoption of such white LEDs for general lighting
applications has been rather slow because of the high manufacturing cost, -@ptimah
characteristics of lighlow color rendering index and high correthtolor temperaturé)® The
deficiencies of the spectral properties have been addressed by the addition of other rare earth
elementbased phosphors to augment thecsral density in the regkgionof the spectrm, 19120
further increasing the complexity and cost of the fadwlices and making it difficult to obtain
homogeneous white light in a reproducible manner. ColloidaVlIINCs with selected average
sizes have also been used in combination with remote phosphors to gémamnafevhite
light.*21

We have recently demonstratee thbility to produce white light and tune its
chromaticity by conjugating transparent metal oxide NCs with organic fluorophores (dyes)
emitting in the complementary spectral raRg¥°The core of this phenomenon is a defect
based photoluminescence of thes&Gam&lEsdhe oxi de
emission is based on electron deacceptor pair (DAP) recombinatiéhlt arises from the
recombination of an electron trapped on an oxygen vacancy fotaualized electron donor
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states with a hole trapped on a galliwrygen vacancy pair acting as an electron accéptét®

A range of distances between electron donor and acceptor sitesd| as woupling of the
electronic transition with lattice phonons are likely reasonsifjnificant broadening of this
emission band?212*Owing to the proximity bthe NC surfacéround organic fluorophore to the
DAP recombination sites, and the deg of its absorption spectrum with the DAP
photoluminescence (PL) band, the photoexcitegDaBCs can transfer the excitation energy to
the conjugated dye moleculesthe Forster resonance energy transfer (FRET) mechaifism.
This approach has allowed us to obtain a hybrid nanoconjugate acting as a single white light

emitting fluorophore19120

In this work, we demonstrate the design and preparation of new colloidal white light
emitting nanocomposite obtained by controlled conjogatf II'V |  a@agD3 NCs using a
simple molecular linker. The ability to manipwdahe PL spectra of CdSe/CdS (core/shell) NCs
by changing the core size and/or shell thickness allows for fine tuning of the red side of the
nanocomposite emission to geate white light with the desired chromaticity. The spectral
overlap between the PLf the energy donor (G&s NCs) and the absorption of the energy
acceptor (core/shell CdSe/CdS NCs) enables their electronic coupling by FRET. Using the PL
guenching of th energy donor determined from the steatiite and timeesolved PL
measurements, wepantified the contributions of the direct excitation and energy transfer to the
emission of CdSe/CdS NCs. The nanocomposite demonstrated in this work represents an
important step toward singlghased atinorganic rare earth elemefmee white lightemittiing

phosphor.

2.2 Materials andMethods
2.2.1 Materials

All materials are commercially available, and were used as received. Gallium
acetylacetonate (Ga(aca®p.99 % was puchased from Strem Chemicals (Newburyport, MA,
USA). Cadmium oxid€99.99 %) selenium(99.99 %) dodecanethiof98 %) 1-octadecenéd0
%), trioctylphosphine (TOP), oleylamir{@0 %), oleic acid(OA, 90 %) thioglycolic acid
(TGA), trioctylphospine oxide (TOP®O0 %), tetradecylphosphonic ac{@7 %) and
tetrahydrofuran (THF90 % were al purchased from Sigma Aldrich (St. Louis, MO, USA).
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2.2.2 Synthesis of G&®; NCs
The synthesis of G&; NCs was carried dwaccording to previously reported mettdd.
Briefly, 0.5 g of Ga(acaeglnd 14 g of oleylamine were loaded into a 100 mL tmesek round
bottom flask. The reaction flaskas filled with argon and heated to 300 °C over the course of an
hour. The reaction mixture was held at this tempeedtr an hour, and thehe heating mantle
was and the was left twol to room temperature. The obtained productsuspended in 20 mL
of ethanol and centrifuged at 3000 rpm. The washing procedure was repeated three more times.
The NCs were finally capgal with TOPO, as previously descrit’édhe capped NCs were
dispersed in THF.

2.2.3 Synthesis of CdSe NCs

The synthesis of CdSe QDs was carried out according to previously reported Hethod.
CdO (60 mg), tetradecylphosphonic acid (210 mg), and TOPO (3 g) were combined in a 100 mL
threeneck round bottom flask. The flask was degasse8@tQ for 1 h, then back filled with
argon. The reaction mixture was brought to 320 °C and 1 mL ofS&Prepared separately by
dissolving 60 mg Se in 1 mL TOP, was injected rapidly. The reaction was allowed to proceed
until the desired NC size is acheely then cooled using compressed air. When the temperature
reached 80 °C methanol was injected, and the precipitated NCs were isolated by centrifugation at
3000 rpm. The NCs were then dispersed in hexane, and their concentration was determined from

the absrption spectrd?®

2.2.4 CdS Shell Growth

The growth of CdS shell was performegdapreviously reported methddIn summary,
assynthesized suspension of CdSe NC cores (ca. 100 nmol) was placed inreethkreaund
bottom flask containing 3 mL oleylamime&d 3 mL 1octadecene. The reaction flask was held
under vacuum for 1 h and subsequenthgpdrwith nitrogen. The shell was grown from
cadmium oleatand dodecanethiol as precursors. Cd(f£ugs prepared by dissolving 1 part
CdO in 4 parts oleic acid 280 °C, while dodecanethiol was dissolved{actadecene. The
temperature of the flask comang NC cores was increased to 320 °C, and the dropwise injection
of 6 mL Cd(OA) and dodecanethiol solutions started at 240T1& additionwas carried out for

3 h, after which 3 mL of oleic acid was injected and the colloidal mixture was further Faated
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1 h. The reaction mixture was cooledspended iacetonecentrifuged at 3000 rp@andthe

precipitate waslissolved in THF.

2.2.5 Functionalization of CdSe/Cd$¥Cs with TGA

The capping of CdSe/ CdS NCs with TGA was
CdSe/CdINCs in hexanes, 1 mL acetone, and 0.2 mL TGA in a 25 mL scintillator vial under a
nitrogen atmosphere, and stirring for 30 min. 0.5 mL ethanol was added to the vial and the
mixture was stirred for another 15 min. The product was isolated by ogimigfa 3000 rpm.
The precipitate was washed again in ethanol, and the supernatant liquid was collected. This
process was repeated once more, and the resultingcB@ped NCs were dispersed in THF. The
amount of unbound TGA linker in the supernatant weterhired by absorption spectroscopy,
using a calibration curve established by measuring the absorbance of TGA solutions of known

concentrations.

2.2.6 Preparation of the Nanoconjugate

One milliliter of stock suspensiqn4 . 4 Sf Ga®k)NCs in THF was placed in &2
mL vial. Varying amountef TGA-bound CdSe/CdS NC8.@, 0.4, 0.6, 0.8and 1.0mL stock
suspension) were added to these vials, and the mixture was diluted with additional THF to the
final volume of 2 mL. Tiese suspensions were left for 4 h and therackenized

spectroscopically.

2.2.7. Spectroscopic Measurements

Absorption spectroscopy measurements were performed with a Varian Cary 5000 UV
vis-NIR spectrophotometer (Agilent Technologies, Santa Clara, CA, WSiAY standard 1 cm
path length quartz cuvettesnm bandpass, scanning at 120 nm/rRimotoluminescence spectra
were collected with a Varian Cary Eclipse fluorescespmrtrometewith 5 nm excitation and
emission bandpasand<ex = 250 nm Timeresolved PL measurements were performed with a
Horiba dbin Yvon iHR320 timecorrelated single photon counting spectrometer (Edison, NJ,
USA) using a 249 nm NanoLED and a Horiba Jobin Yvon TBX picosecond detector.
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2.2.8 Nanocrystal Characteation
The phase of G&3 NC wasdeterminedy X-ray diffraction (XRD) measurements.
XRD patterns were collected with an INEL powder diffractometer featuring a peséiusitive

detector and copper KU source (& = 1.5418 ).

Size, morphology, and comptisin of the NCs were determined usifigOL-2010F
transmission electron microscopgerating at 200 kVThe specimens for transmission electron
microscopy TEM) imaging were prepared by dropping a hexane suspension of NCs on a copper
grid containing carbosupport film (Ted Pella, Inc). Energy dispee X-ray spectroscopy
(EDX) was used to map Ga and Cd.

2.3. Results and Discussion

The average size and morphology of colloidad@aNCs used in this study were
determined by transmission electron microscopyMJ.E he NCs argenerallyquasispherical
and have an average diameter of ca. 5.5 Rigure2.1a). The Xray diffraction (XRD) pattern
confirms that these NCs exhibit cubic crystal structure characteristiceforGinOs (Figure
2.1b). We chose CdSe/CdS core/shell NCs as a complementargstédemitter because they
possess a strong siamable red emission, which could allow for the generation of white light
when copled with the GgO3z DAP PL. A typial TEM image of CdSe/CdS NCs is shown in
Figure2.1c. Assynthesized CdSe NC cores have an average size of ca. 2.2 nm, as determined
from the band gap absorption enefgifrom the comparison of the average Nif2s before and
after the shell growth, the average thickness of the shell was estimated 1@ I3,
consistent with the core/shell NCs prepared under similar condtfidinese estimates were

confirmed using the corresponding band edge absorption erieggy&2.1d).
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Phase and pity of Dy*":Ga0Os NC products were confirmed by-d&y diffraction (XRD
measurementXRD patterns were collected with an INEL powder diffractometer featuring

positonsensi tive detector and copper KU sou

Size, morphology, and compitisn of the NCs were determined usidigOL-2010F
transmission electron microscopeeiating at 200 kV The specimens for transmission electr
microscopy TEM) imaging were prepared by dropping a hexane suspension of NCs orea
grid containing carbosupport film (Ted Pella, Inc). Energy dispersiveay spectroscopy

(EDX) was used taharacterize the elemental composition of the samples.
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To facilitatethe conjugation of G&®s and CdSe/CdS NCs we used thioglycolic acid
(TGA), which can bind to NC surfaces through both thiol and carboxylic acid functional
groupst?® Thiols are known to bind strongly to the CdSe or CdS quantum dot sutta¢&snd
in our previous studies we showed that carboxadic group reacts with the surface of.Ga
NCs1%1%An gverview TEM image of the CdSe/CdSo n j u gGaOsdNEs isosshown in
Figure2.2a. Thee was no segregation observed betweeiDeldCsand CdSe/CdS QdBigure
2.2b shows digh-resoluton TEM image ofconjugated NCthesenanocrystals aggregatand
wereidentified by measuring their lattice spacing. The close proximity eDgand CdSe/CdS
NCs shown irFigure2.2b indicatesthat therads nomutual NCsegregation ansuggeststtat the
two types of NCsnay beconjugaed To determine the overall homogeneity of the colloidal NC
conjugate we performed enerdispersive Xray spectroscopy (EDX) elemental mapping in the
scanning transmission electron microscopy (STEM) mode. A STEdenand the
corresponding maps of Ga and &re shown ifrigure2.2ci e, respectively. The Ga and Cd
maps are well correlated, indicating homogeneous distribution of both types of NCs within the

aggregate.

CdSedS NCs are excelleRRET acceptors because their absorption spectrum strongly
overlaps with the emission spectrum 0bGaNCs (Figure2.3), providing a basis for theRET
mechanism. Furthermore, the quantum yield of these NCs is very high, in asesereaching
over 90%'%° The spectral overlap is calculated as:

0 O _ - Q 21

where(Fp( $i3 the emission of the FRET donor with an integrated intensity normalized to
unity, and((A( »)s t he mol ar extinction coefficient
overlap is the key parameter determining the critical radig)s &lso known athe Forster

radius, which is defined as the separation at which the enengfdrafficiency is 50%.

wmnm Tpiyl 0 o 29
p Cu.Pl’-’) é =
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In this expressiofQo) is the donor quantum yield in absence of the accefuigris the
indexof refraction of the solvent, Nis the Avogadro's number ag@f) is the dipole alignment
factor which we define as 2/3. This value is appropriate when donor and actppler
orientations are random and experience no ordé?i§®3n the casef GaOs and CdSe/CdS
NCs, the Forster radius was calculated to be 7.13 nm. In wrdbserve FRET in colloidal
suspension, G&s and CdSe/CdS NCs must be within 21.4 nmgj3Rhis distance is much
smaller than the average separation of free standirgyilNeblution phase, which was estimated
to be over 250 nm even for the highest dédcentrations used. To induce FRET in solution, the
NCs were conjugated with a bifunctional TGA linker, as described in the Experimental Section.
Based on the TEM imageet average sizes of €2 and CdSe/CdS NCs are ca. 5.5 and 6.8
nm, respectively. Aguming the length of TGA of 0.5 nm, the certiecenter separation
between NCs should be ca. 6.7 nm, well within the limit of 21.4 nm.

500 nm

Figure 2.2. (a) TEM image oé cluster 0iGa,03-CdSe/CdS NC conjugabbtained using NCs shown in
Figure 2.1; (b) High resolution TEM image of the same sample. Orange and blue circles indicate
CdSe/CdS and G@s NCs, respectively; the lattice spacings shown correspond to {002} and {311} planes
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of CdSand GaOs, respectively; (te) Scanning transmission electron microscopy (STEM) image of the
nanocrystal conjugate (c); and the corresponding Ga (d) and Cd (e) edegrsive Xray
spectroscopy (EDX) elemental maps.
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Figure 2.3. Absorption spectrum of CdSe/CdS NCs (orange line) and PL spectrurs®fiBas (blue
line). Excitation wavelength for Gas; NCs is 250 nm. Shaded area indicates a spectral overlap, as an
essential requirement for Forster resonamceergy transfer (FRET

Figure2.4a shows PL spectra of &%-CdSe/CdS NC conjugates having different
CdSe/CdS to G&3 NC concentration ratio, upon excitation at 250 nm (corresponding to the
Ga0s3 band edge). The concentration@dSe NC cores was determined from the absorption
spectrum using the extinction coefficiet} yalue reported for the samples prepared under
similar conditions’® which allowed us to estimate the concentration of CdSeMZSas FRET
acceptors by assuming quantitative extraction and uniform coating of the cores with CdS shell.
Therelative concentrations of @z NCs in the conjugate samples were inferred from EDX
elemental analysis, accounting for an average NC voluneeittission intensity of G&z; NCs
is quenched up to ca. 40% concurrently with an increase in CdSe/CdS N@emissi
Deconvoluted spectra of CdSe/CdS NCs in the nanocrystal conjugates are shauneA .1
(Supplementary Materials). This observation is consistent with the FRET coupling of the two
components. However, CdSe/CdS NCs also kghit upon excitation at 250 nm. The PL spectra
of CdSe/CdS NCs, treated exactyyia the preparation of NC conjugates but without@3a
NCs, are shown with dashed linedhigure2.4a. Higher PL intensity of CdSe/CdS NCs in the
conjugated form attests to FRET between@and CdSe/CdS NC§&igureA.1,

Supplementary Materials). In contrast to the NC conjugate, a suspension containing the same
concentrations of G&s and CdSe/CdS NCs without the linker éts only about a 10%

decrease in G&s DAP emission intensityHigure2.4b). This reduction in the DAP emission
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occurs because of the direct excitation of CdSe/CdS NCs by a fraction of the excitation source,
and is an unavoidabfgthenomenon when styihg FRET between nanoparticles. Similarly, a
solution containing G&®3 NCs and the relevant amount of TGA linker (vide infra) leads to only

a 7.5% reduction in the DAP emission. To determine the concentration of TGA bound to the
surfa@ of CdSe/CdS NCshe absorbance of TGA in the supernatant obtained upon precipitation
of TGA-bound NCs was measured. After the initial wash ca. 94.5% of TGA remained in the
supernatant. Additional washing resulted in further removal of the TGA loossdyledl on the

NC sufaces, suggesting that only ca. 0.3% of the original amount of TGA is actually bound to
CdSe/CdS NCs. Hereafter, the concentration of TGA is given in terms of the equivalents of
CdSe/CdS NCs added to 428 NCs (i.e., the amount of TGAooresponding to ceatn acceptor

to donor concentration ratio). It is evident that some of the reductione@®:®4& intensity also
comes from competitive light absorption and/or quenching by the TGA lifkgureA.2,
Supplementy Materials), but the extent to which £&&a NC emission is quenched by energy
transfer is far greateF{gure2.4c). The existence of FRET is also evident from the excitation

spectrum of CdSe/CdS acceptor in the NC conjudgatrifeA.3, Supplementary Materials).
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Figure 2.4. (a) PL spectra of colloidal G&s-CdSe/CdS NC conjugates (solid lines) having different
CdSe/CdS to G&s NC concentration ratio, as dicated in thegraph. PL spectra of thioglycolic acid
(TGA)bound CdSe/CdS NC suspensions having the same concentration as in the NC conjugate are
shown with dashed Iines (a&aexc = %0 CdSeIiCdSCy b) PL
prepared inthe same way as the NC conjugate but without the TGA linker; (c) Quenching efficiency of

the donoracceptor pair (DAP) emission of & NCs in the conjugate (squares), mixed with CdSe/CdS

NCs (circles), and mixed with TGA but without €3 NCs (triankgs).

The energy transfer efficiency is defined by the Forster theory as:

&Y 23
eY &Y
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where(Rpa) is the average separation between donors and acceptors, and acisfter to
donor ratio. FRET efficiencydj can also be determined experimdégtay measuring the donor

lifetime shortening in the presence of the acceptors:

where(() and((») are the lifetimes of the donor alone and in the presence of the asgeptor
respectively. Since DAP emission does not follow a simple exponential timede¢cay,
integrated lifetimes were used to calculdténstead of the time components obtained as the
fitting parameters. The ligands bound to @&@0Oz NC surface can compete with native defects
for trapping of the photogenerated free carriéfherefore, the DAP emission can also be
affected by the molecules bound to the surface oRtbe. When TGA replaces TOPO on/Ga
NCs in the amount equivalent to that used to conjugaBe@tS NCs, the DAP emission
experiences a negligible reduction in lifetinkeégure2.5a). The original DAP PL lifetime is
decreased by aximum of ca. 3% for the amouot TGA corresponding to the highest
CdSe/CdS to G&s NC ratio explored in this study (aqua blue trace). On the other Rande
2.4b shows progressive shorteningloé GaOs NC PL lifetime with hcreasing concentration of
TGA-bound CdSe/CdS NCs, confirming that FRET is the dominant quenching mechanism.
Figure25cc ompar es t he g u e n c #OsNCgcomgugdted with €d5e/@dS( d) of
NCs via TGA with that of G#3 NCs capped with TGA, for different concentrations of the
corresponding quencher, calculated using Equ&itbnCdSe/CdSonugated GaOsz NCs show
significantly higher efficiency for all quencher concentrations confirming the FRET fro@sGa
donor to CdSe/CdS acceptor NCs.
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Figure 2.5. (a) Timeresolved DAP PL decay of & NCscontaining different amounts of surface

bound TGA without CdSe/CdS NCs. TGA equivalents and absolute concentrations (in parentheses) in
GaOs NC suspensions are indicated in the graph (aqua blace (0.84 mM) represents TGA
concentration for the higheatceptor to donor ratio); (b) Timeesolved DAP PL decay of & NCs in

the NC conjugates having different CdSe/CdS #DaHC concentration ratio, as indicated in the

graph; (c) Quenching efficiency of the DAP PL obGaNCs in the NC conjugate (squajeand with

bound TGA (triangles).

Forster resonance energy transfer efficiency betwee@4&ad CdSe/CdS NCs,
calculated usg Equatior2.4, was corrected for possible quenching of the donor emission by
TGA (triangle symbols inigure 5c¢), and displayed Figure2.6 as a function of the acceptor to
donor ratio (n). The acceptor to donor ratio was determined to be 0.9 when 1 mL of CdSe/CdS
NC suspension (the largest amount) was added to 1 mL.QkBEC sbck suspension. The
expression for FRET efficiency (Equati@r8) is an average approximation when the majority of
binding sites are occupied or the stoichiometric ratithe donor and acceptor can be
controlled®®1%.131The colloidal NCs generally have a large surface area, leading to a large
number of possible binding sites, some of which are unoccupied, invalidating this basic model.
Instead, the distribution of the acceptors per donor will obey Poissonian statmid=livhen
most binding sites are unoccupi®di®®

-, hY 25

EA Y &Y

where(3) is an average number of acceptors per donor, while n is asvhoiber acceptor to
donor ratio. The FRET efficiency datakigure2.6 were fit using Equatio.5 (dashed line).

The fit is of a reasonable quality, witimn R? value of 0.87. The Poissonian fitfigure2.6 is
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