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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 %.

15



4350

=X
T

— Ga 203 4
— CdSe/CdS 4300

—~ 0.8} 3 =
5 i J250
(] - . e
= o6l 3200 T
2 T
- E 7] o
< 04} 51503
A 4100 °

©
N
T

350

O 1 acasaills al s a Loslxinalh i O
300 350 400 450 500 550 600 650
Wavelength (nm)

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.

25

c



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).

26



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
Ga03 NC suspensions are indicated in the graph (aqua biace (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 tg&BC 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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distinctly different from the energy transfer efficiency predicted by the Foérster themrat{&n
2.3) using theRy andRpa values of 7.13 and 6.7 nm, respeely (solid line).

The ability to control FRET efficiency in Gas-CdSe/CdS NC conjugates by adjusting
the acceptor to donor ratio can be used to control thelbebromaticity of the emitted light.
Figure2.7 shows an International Commission on lllumination 1931 (CIE 1931) color space
diagram of the NC conjugates consisting of different average number of acceptors per donor.
The photogaphs of thecolloidal suspensions of the conjugates corresponding to the symbols
labeled in the graph are shown as insets. Thecoajugated G#s NCs emit blue light (inset
1). The addition of CdSe/CdS NCs increases the oresdjeontribution to the sp&al power
distribution, owing to both energy transfer and direct excitation. For an optimal ratio of
CdSe/CdS to G&3 NCs the colloidal NC conjugate suspension has color coordinates in the
white light emitting region (0.345, 0.282) (inset 2). The oramgkcontrbution becomes
dominant for high concentration of the CdSe/CdS NCs (inset 3), reaching bright orange color for
pure CdSe/CdS NC suspension (inset 4). The CIE 1931 diagram for the mixture®oa&h
CdSe/CdS NCs is shown ngureA.4 (Supplementary Materials) for comparison. These results
demonstrate the promise of using inorganic building blocks to generate tunable white light with

characteristic spectral and colooperties.
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Figure 2.6. FRET efficiency in Gfs:-CdSe/CdHC conjugate (circles) determined from the DAP PL
lifetime data corrected for the lifetinshorteningdue to TGA binding. The experimental data were fit
using Equatior2.5 (dashed line). Solid line is the FRET efficiency predicted by the Forster theory

(Equation2.3).

Figure 2.7. International Commission on lllumination 1931 (CIE 1931) color coordinggrém for
Ga0s-CdSe/CdS NC conjugate having different acceptor to donor ratio. The photographs of the
colloidal nanoconjugates corresponding to data points labeled in the graph are sisowsets.

2.4. Conclusions

In summary, we demonstrated a new whig@tiemitting colloidal NC conjugate
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chain of TGA molecule, the NC conjugate is a demcceptorsystem undergoing FRET, where
Ga0s3 NCs act as energy donors and CESSNCs as energy acceptors. In spite of the direct
excitation of the acceptor NCs, the FRET mechanism is evident through quenching of the donor
PL, shortening of the donor emission lifetime, and an increase in the acceptor emission. The
control of the C&e/GIS NC excitation by simultaneous light absorption and energy transfer

from GaOs NCs allows for the control of the overall emission chromaticity of the NC conjugate,
including the generation of the white light. The results of this work representtawsed the

design of alinorganic white light emitting phosphors for various lighting applications.

2.5. Supplementary Materials

The following are availablen Appendix A FigureA.1: deconvoluted PL sp&a of
CdSe/CdS NCgsigureA.2: absorption spectrum of TGAjgureA.3: excitation spectra of
CdSe/CdS NCs in the NC conjugatggureA.4: CIE 1931 color space diagram for mixtsiief
nonlinked CdSe/CdS and @az NCs.
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Chapter 3SurfaceEnabled Energy Transfer in ¢ai
CdSe/CdS Nanocrystal Composite Films: Tunablelddrganic
Rare Earth Elemesfiree WhiteEmitting Phosphar

Development of inorganic phosphors capable of generating wdtitarh a homogeneous
and reproducible fashion without the use of rare earth elements can lead to an efficient, long
lasting, and sustaable solid state lighting. The design of such phosphors requires that different
inorganic components emitting in compientary spectral ranges are electronically coupled to
avoid the challenges associated with a multicomponent approach, such as inhagnqueore
chromaticity control, and low color rendering index. Heve demonstrate coupling between
electronically exded blueemitting GaOz and orangeed-emitting CdSe/CdS core/shell
nanocrystals by surfagmnabled Forster resonance energy transfes dnergy transfer process
is evident from quenching of @2z (donor) and an enhancement of CdSe/CdS (acceptor)
nanocrgtal emission and is further confirmed through the diminished lifetime £d4zad
significantly extended lifetime of CdSe/CdS nanotaigsin the composite films. Controlling the
energy transfer efficiency by adjusting the separation and distributimodeposited CdSe/CdS
and GaOs nanocrystals allows for tuning of the emission color. White light is reproducibly
generated for [CdSe/CiifGa0s] & 0.5 by tuning energy transf
using 4.5 £ 0.3 nm G&s and 6.4 + 0.3 nm CdSe/Cdf@nocrystals. The main goal of this work
is to quantitatively explore the energy transfer coupling between heterogeneous nanocrystals
having comptmentary optical properties, anchored without the application of organic linkers.
These broadly relevant rdtuare applied to demonstrate a path toradtganic rare earth
elementfree nanocrystal phosphors for potential application in white-kghiting diodes and

other lightemitting devices.

2The results presented in this chapter have been published:

Reprint(adapted) with permission fronstanish, P. C;, Radovanovic, P. VSurfaceEnabled Energy
Transfer in GgOsi CdSe/CdS Nanocrystal Composite Films: Tunablel@drganic Rare Earth Element
Free WhiteEmitting Phosphor]. Phys. Chem. €016 120, 19566 19573.). Copyright 2016 American
Chemical Society.

Unless otherwise stad, all of the work reported in this chapter was performed and analyzed by the
candidate.
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3.1 Introduction

Solid state lighting (SSL) has gradually matuirgd a mainstream technology, with the
prospect to fully replace incandescent and fluorescent lamps for general lighting applications in
the nearditure. This paradigm shift is motivated by the necessity for a reduction in the global
electrical power consuption, of which ca. 20% is used for lightif§.Inorganic semiconductor
light-emitting diodes (LEDs), as the most promin88i. technology, have a number of other
advantages over incandescent light bulbs, including small size, mechanical durability, and long
lifetime 115132These characteristics make LEDs suitable for a host of other applications,
including automotive industry, enitectural lighting, and displays. On the basis of the United
States Department of Energy (DOE) estimates, projected conversion to LEDs by 2080 wo
reduce annual electricity consumption by ca. 300 TWh and carbon emission by 210 million

metric tons:3®

However, the design of white LEDs (WLEDs) remains challegmgnd their adoption by
consumers relatively slow. The generation of white light by WLEDs is generally based on
combined emissions from multipledependent component¥,which leads to inhomogeneous
and inconsistent output. The RGB approach involves combining three sepadateamitting
primary colors, red (R), blue (B), and green (G), in a single light BtiTthis approach proved
to be complex and stly owing to the challenges in fabricating devices with the optimal balance
of the primary colors necessanyobtain white light with desired characteristics. In an
alternative strategy, light emitted by blue or ultraviolet (UV) LEDs is partially dovwested
using a selected phosphor or a combination of phospfdiSWhite light is then generated by
combining the emissions from LED and/or remote phospt®té213#136The most common
remote phospdr in commercially available WLEDSs is yelleemitting Cé*-doped yttrium
aluminum garnet (C&YAG).1*8In this case, WLEDs are fabricated by incorporation of
Ce*":YAG into a blue InGaN/GaN LED. The combinationtbé LED and phosphor emissions
approximates a white light, although with a low color rendering index (CRI) and high correlated
color temperatureGCT). The main reason for low CRI and high CCT is the lack of sufficient
spectral density in ret*® necessitating thedaition of suitable re@mitting phosphors, usually
containing europium ion82*29Although the phospheconveting LEDs are easier to

manufacture than RGB diodes, they depend on rare earth elements, which are critical for a
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variety of civilian and militarytechnologies, including renewable energy, electronics,
telecommunication, and advanced defense syst&rsaddition, rare earth phosphor
converting WLEDs lack the consistencytbé generated light, due to challenges of matching the

emissions of multiple components.

In recent years aumber of approaches to inorganic phosptamverted WLEDs without
the use of rare earth elements have been demonstrated. Examples of whateitigig
phosphors include mixtures of semiconductor nanocrystals (NCs) of varying sizes and
compositiong?+138140 |1 v| NCs that combine excitonic and surface defect emis$forn&,
Mn?*-doped IT VI quantum dots exhibiting surface defect and dopant intraionic emiséions,
and codoped ZnSe quantum dots which combine excitonic emission with luminescence of
multiple dopant centeré?! Although these examples represent significant dwpard rare earth
metatlfree LEDs, they require sensitive control of the surface states and dogapbration and

speciation and generally yield only specific emission chromaticity values.

Continuous tuning of the emission color has been achieved iyl lorbganid inorganic
nanostructures obtained by conjugating luminescent colloidal metal oxiderpstals with
organic fluorophores emitting in the complementary spectral Ari§aNe developed acile
procedure for binding of the selected organic dye molecules to NC surface sites via carboxylic
functional groups* This procedure relies on the transport of organic fluorophores from aqueous
solution to a nonpolar solvent containing suspended NCs. Using functionalized colloidal metal
oxide NCs, we were able to expand the PL range of the eedsetd NC emission via Forster
resonance energy transfer (FRE®thereby creating an efficient white ligamitting phosphor.
The obtained hybrid meatial acts as a single illumination entity, rather than a mixture, and
provides a homogeneous and uniform white light emis€i&@mission chromaticity tuning has
been achiewi by controlling the average NC size and the type and number density of surface
bound molecules. potential drawback of this system is the presence of organic molecules,
which may be sensitive to thermal and photodegradation during LED operation.ibnredahe
above considerations, exploring the design of tunable, fully inorganic whiteelgititng
phosphors consisting of coupled, rather than separate, components that do not contain rare earth

metals could lead to the new paradigm in the fabricatfdighting devices.
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We have recently shown that CdSe/CdS core/shell NCs can bedior@@a0s; NCs
using an organic linker and undergo excitation by FRET analogously {fcodyegated G#s3
NCs% The ability to tune PL energy of colloidal semiconductor Mgghanging both the core
size and the shell thickné&%or compositiof*” makes them ideally suited for the design of
light-emitting phosphors. Here, we demonstrate substradbled~RET between codeposited
Ga0s and CdSe/CdS NCs, which allows for generation of tunable whiteitiga reproducible
manner without the use of an organic linker or fluorophore. While FRET between the same type
of molecularly linked NCs having differenzes has been studied extensively, the coupling of
different types of NCs can lead to unique fimaeal properties and targeted applicatiéfisThe
results of this wrk demonstrate a path to-atlorganic rare earth elemefmee NC composite for

potential application in WLEDSs.

3.2 Expirimental Section

3.2.1 Chemicals

All chemicals are commercially available and used as received. Gallium acetylacetonate
(Ga(acaq) (99.99%) was purchased from Strem Chemicals. Cadmium oxide powder (99.99%),
selenium powder (99.99%);dctadecene (90%);dodecanethiol (98%), oleylamine (70%),
oleic acid (90%), tributylphosphine (TBP) (92%), tetradecylphosphonic acid (TDPA) (9786), an
trioctylphosphine oxide (TOPO) (90%) were purchased from Sigladach.

3.2.2 Synthesis of G#3; Nanocrystals

Gallium oxide NCs were synthesized using the previously tepgroceduré? Briefly,
0.5 g ofGa(acagwas placed in a 100 mL threeck rounebottom flask with 14y of
oleylamine The flask was purged with argon and heated to 250 °C over the period of an hour.
The reaction was held at this temperature for 1 h; then the flask was cooled naiurcain
temperature. The product was precipitated ®@mL ethanol and centrifuged @000 rpm.
Washing with ethanol was repeated three more times. The NCs were then capped with TOPO by
submersion in 4 g of molten TORM 90°C and then precipitated angashed with ethanol two
more times to remove excess TOPO. TGfaPped G#O3z NCs were ihally suspended in

hexane.
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3.2.3 Synthesis of CdSe/CdS Core/Shell Nanocrystals
CdSe NCs were synthesized using a reported méftiriefly, 60 mg of CdO, 210 mg
of TDPA, and 3 g of TOPO were placed in a 100 mL #meek rounebottom flask. The
reaction vessel was heated to 150 °C, degassed for 1 h, and then backfilled with aegon. Th
reaction flask was then brought to 320 °C, and 1 mL ofiT®Psolution (prepared separately by
combining 1 mL of TBP and 60 mg of Se in a degassed container) way iajdted. The
flask was held at 320 °C until the desired NC size was achievedemddbled using
compressed air. When the temperature reached 80 °C, methanol was injected and the product

was centrifuged at 3000 rpm and then suspended in hexane.

For S shell growtl¥? 100 nmol of synthesized CdSe NCs was placed in a 100 mL
threeneck rounebottomflask containing 3 mL of each oleylamine anddtadecene. The flask
was degassed under vacuum for 1 h and purged with argon. The temperature was then increased
to 320 C. Meanwhile, a dropwise injection of Cd(OA¢prepared separately by heating a 1:4
molar ratio of CdO to oleic acid in 6 mL of octadecene to 220 °C in an oxygertontainer)
and dodecanethiol was started at 240 °C and carried out for 3 h. A 3 mLtavholeic acid
was then added, and the reaction mixture was left at the designafeddame for an additional
hour. The obtained reaction product was cooled to room temperature using compressed air,

washed with acetone, and centrifuged at 3000 rpnrdelispersing in hexane.

3.2.4 Preparation of Composite Films

0. 5 mL o403 NE steckdus@emsion was placed in a vial, a different volume of
CdSe/ CdS NC suspension (5 €M) was added, and
brought to 1.0 mL. Glass subates, having a surface area of approximately 7 x 7 mm, were
cleaned with ethanol. Tare 100 e€L al i quots of a NC suspensi

on the substrate and allowed to dry.

3.2.5 Sample Characterization

The size and morphology of colloiddCs were characterized by transmission electron
microscopy (TEM) imaging using a JEE€X10F microscopeperating at 200 kVThe
specimens were prepared by depositing NCs from dilute colloidal suspensions on copper grids

with lacey Formvar/carbon supporinii purchased from Ted Pella, Inc.
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The crystal structure was confirmed byray diffracion (XRD) performed with an INEL
diffractometer equipped with a positisne ns i t i ve det ect or and monoch
source (& = 1.5418 ).

The composite NC films were examined by scanning electron microscopy (SEM). SEM
imaging and energgispersve X-ray spectroscopy (EDX) elemental mapping were performed
with a LEO 1530 microscope. The macroscopic film thickness and its variation were estimated

by scratching the film at different regions and scanning with a KLA Ten&opf®filometer.

3.2.6 Spectr@copic Measurements and Analysis
Absorption spectra were recorded with a Varian Cary 5006/is\WIR
spectrophotometavith 1 nm bandpassSteadystate PL spectroscopy measurements were
performed using a Varian Cary Eclipse fluorescespertrometer. Unlasstated otherwise, the
PL spectra were collected upon exci-GaGsi on at
NCs). Timeresolved PL measurements were performed with a Horiba Jobin Yvon iHR320 time
correlated singlghoton countingTCSPC) spectromet equipped with a 249 nm NanoLED
excitation source (1.2 ns fwhm pulse width, 100 kHz repetition rate) and a Horiba Jobin Yvon
TBX picosecond detector. Threimensional (3D) TCPSC maps were constructed by collecting
the PL time decay pfiles at wavelengits from 320 to 600 nm in 5 nm steps with a 540 s

integration time.

3.3. Results and Discussion

Resonance energy transfer involves a nonradiative coupling of the electronic transition
moments of the donor and acceptor species, which isgmaddo coupling othe electronic
oscillators®® For weakly coupled fluorophores, the energy transfer requires proximity of the
donor and acceptor, as shown schematicalligure3.1a for GaOs as the donor (blue sphere)
and CdSe/Cd8&s the acceptor (red sphere) NCs. This energy transfer process is effectively
described by Forster theo¥which allows for quantitativanalysis of the electronic coupling
and the extraction of geometric parameterghefdonoiacceptor pairs using steadiate and
time-resolved spectroscopic data. In colloidal NC suspensions, the average separation between
donors and acceptors is gengratio large (>250 nm) for any appreciable energy transfer

between NCs acting aguors and acceptors to occeigure3.1b, top left)14° However, linking
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Ga0s and i VI NCs with a short bifunctional ligand can lead to FRET between the two types
of NCs Figure3.1b, top right)'°> Owing to thepossibility of tuning the blugreen and orange

red emission by adjusting the size o,Gaand CdSe/CdS NCs, respectively, this NC conjugate
can in principle be usdd generate white light with desired chromaticity. This approach to
generating white ligt still involves organic linkers, which may be sensitive to degradation by
heating and UV exposure. Furthermore, it results in a low concentration limit of the FIRET p
in the final suspension as well as a significant probability of dalomor and acqeori acceptor
binding, which reduces the effectiveness of FRET. Our goal in this work was to explore the
possibility of inducing and controlling FRET between metatlexdonor and 1lVI acceptor NCs

to obtain tunable white light emission without the userginic molecules or rare earth
elements. Surprisingly, simple codeposition 0f@zand CdSe/CdS NCs on a transparent
substrate allows for tight packing of the NCishathe controlled ratio of the energy acceptors
and donorsKigure3.1b, bottom), enabling the generation of homogeneous white light with high

brightness and desiretiaracteristics.
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Figure 3.1. (a) Schematic representation of the resonance energy transfer betw#era@ad CdSe/CdS
core/shell NCs. (b) Schematic representation of the spatial correlation betweateindiag (left),
molecularly linked (right), and substrate codeposited (bottom) donor (blue) and acceptor (red) NCs.
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TEM images of G#D3 and CdSe/CdS NCsed in this study are shown kigure3.2a
and3.2b, respectively. Spherical &% NCs have an average diameter of 4.5 + 0.3 nm and cubic
crystal St r uct gphase Gah (RKigueeB.1).«Corédsketl Cd&Se/GdS KCs,mcting
as energy acceptors, have an average size of 6.4 £ 0.3 nm, with a core size of caFig8ram (
B.2). A typical SEM image of a composite white ligdmnitting film obtained by codeposition of
2- Ga0s and CdSe/CdS NCs (vide infra) is showrFigure3.2c. The substrate is relatively
evenly coated with some microscopic roughness and voids formed during the drying process. A
representative profile of the film cross section is showfigure3.2d, indicating a film
thickness of ca. 30 em. Additional profil omet
substrate suggest a uniform topology of the fiig(reB.3). SEMEDX elemental mapping
demonstrates homogeneous disttibn of GaOz and CdSe/CdS NCs within the filriigure
3.2and3.2f), confirming the proximity of the donor and acceptor NCs.
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Figure 3.2. (a) TEM image of CdSe/CdS NCs. (Inset}itatresolved TEM image of a single NC (scale
bar, 5 nm). (b) TEM imge of GaOs; NCs. (c) SEM image of a composite white lghtitting film
prepared from colloidal CdSe/CdS and-GaNC mixture. (d) Thickness profile of a typical NC
composite film. SENEDX elemental maps of the white liggrhitting NC composite film for)&a and

(f) Cd.

We previously reported the generation of white light by-dyejugated metal oxide NCs,
enabled by FRET from electronically excited NCs to organic fluorophores bour@ to N
surfaceg*3144The ability to control blue emission by controlling the size of metal oxide NCs
and the orangeedemission by selecting a dye molecule with optimal PL spectrum allows for
the design of homogeneous qusisigle white lightemitting phosphor. Quantum ddiased on
CdSe have sizaunable PL throughout the visible range and can also be excited by a FRET
mechanismt**1%9making them an attractive material for the design of composite inorganic white
light-emitting phophors. In this work we used @ NCs as a blue emittét:?’ These NCs
display a broad PLdmd in bluegreen Eigure3.3a, blue trace), which arises from the
recombination involving defeghduced electron donor and acceptor states within the NC band
gapl??21ZSijgnificant broadeing of this dondracceptor pair (DAP) recombination band is
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as®ciated with a range of separations between donor (oxygen vacancy) and acceptori (gallium
oxygen vacancy pair) sites, which defines the Coulomb interactions amon¢fttwmchose
CdSe/CdS core/shell NCs asecondary solidtate emitter because they possess a strong
orangered emission that can be tuned by controlling the NC core diameter and shell thickness
(Figure 3.3a, red dashed trace). These dimensional parameters were optimized to allow for the
generation of white light when CdSe/CdS Blcombined with the DAP emission of &g (vide
infra). Furthermore, the PL band of £&£8 NCs strongly overlaps with the absorptispectrum

of CdSe/CdS NCsHgure 3.3a, red trace), enabling their excitation by FRET mechaffism.
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Figure 3.3. (@) PL spectrum of G&s; NCs (blue line), and absorption (solid red line) and PL (dashed red
line) spectra of CdSe/CdS NCs deposited on glass substrates. Shaded area indicas:®epeajr as

an essential requirement for FRET. PL spectra of (b) composite NC films and (c) colloidal mixtures
containing different acceptor to donor ratios upon excitation into th€eland gap. Spectra are
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normalized at the maximum of theGaDAP AL b a q& 426 am), and [CdSe/CdS]/[Gas] NC
ratios are indicated in the graphs.

PL spectra of the composite NC films containing different ratios of CdSe/Cad&@
NCs upon excitation into th@a0s band gap are shown Figure 3.3b. Although increasing
concentration of CdSe/CdS NCs results in quenchirgeg®s emission (se€igureB.4), the
spectra irFigure 3.3b are normalized at t8a03 DAP PL band to emphasize the tela
increasan CdSe/CdS NC emission intensity. In addition to FRET, CdSe/CdS NCs are also a
subject to direct excitation and reabsorption of light emitte@&®{pz NCs. To elucidate the
effect of FRET in the composite films we collected the PL spectrallofidal mixtures used for
preparing the NC filmsHigure 3.3c). In contrast to codeposited NCs, these spectra exhibit a
smaller decrease iB&0s PL intensity and a smaller inciain the CdSe/CdS emission
intensity (see alsbigureB.4). A decrease iG&03 PL intensity is mostly due to competitive
absorption by CdSe/CdS NCs and possibly occasional collisiddg0k NCs due to Brownian
motion in a suspension. Similarly, an increase in CdSe/CdS emisgnsity arises from direct
excitation at ca. 250 nmmé to much smaller degree reabsorption of blue light emitteslab®s
NCs. Consequently, bothaxOs PL quenching and an increase in the CdSe/CdS NC emission in
the composite films are consistent WRRET.

An important manifestation of FRET is diminishiafjthe donor excited state lifetime in
the presence of acceptdPigure3.4a shows the PL intensity time decay of @@Oz NCs for
different concentradns d CdSe/CdS NCs in the composite films. As expected, with increasing
amount of acceptor NCs, the rate of the DAP emission decay increases, consistent with FRET
coupling. FRET efficiencyd) can be calculated from the reduction in the lifetime of theod

excited state in the presence of the acceptors as

! 31
n .

where(() and((») are the lifetimes of the donor aloard in the presence of the
acceptors, respectively. The DA&Riission time decay does not follow a typical exponential or
hyperbolic form?1384hence, integrated lifetimes were used to calculaléhe FRET
efficiency, calculated usingquation3.1, as a function of the relative amount of CdSe/CdS NCs
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is shown inFigure3.4b. According tohe Forster theory, the energy transfer efficiency can be
expressd as
eY
gY &Y

where(Roa) is the average separation between donors and acceptors, n is the acceptor to
donor ratio, andRo) is the critical (Forster) radius. The Forstatius is defined as the dofior

acceptor separation corresponding|te 0.5

wn T pQl 0 33
— 0_ :
p Yl &

where(Qo)is the donor quantum yield in the abse of the acceptor, nr is the index of
refraction of the surroundi (@ @) he shecwmahoverldpA i s
integral, ad (2?) is the dipole alignment factor which we assumed to be 2/3 based on random
orientation of the acceptddCs1%313°Equation3.2 is found to be valid when the ratio of the
donor and aweptor can be accurately controlled or if all donor binding sites are fully
occupiedt®®131These conditions are satisfied only in a limited number of chm®. often the
distribution of acceptors per donor follows the Poissonian stat8fit€for which the FRET
efficiencyattains the form

§ ) &Y

i : 3.4
EA £Y Y

where(3) is an average number of acceptors per donor while n is asvboieer
acceptor to donor ratio. The best fit te #xperimentally determinafusingEquation3.4 for Ry
= 6.65 nm is shown iRigure3.4b (dashed line), wheipa is the fitting parameter. The
resulting value oRpa is 6.8 nm, which is very reasonablegn the sizes adonor and acceptor
NCs and their random packing. Tlisa value was used to calculagen Equation3.2 for

different acceptor to donor ratios (solid lineFigure3.4b). Forster theoryHguation3.2)
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provides a better match to the experimentah datiow acceptor to donor ratios. However, due to
the absence of specific binding sites and \defined number of acceptors per donor, the
Poissonian fitEquation3.4) shows significantly better agreement with the experimental data at
high acceptor to donor ratios. The overall discrepancy between the two functions and the
experimental data is likely due éowide range oRpa values associated thithe nature of the

system and sample preparation.
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Figure 3.4. Normalized timeaesolved PL data of the composite NC films measured at 425 nm (the
maximum of the G&s; DAP PL band) upon excitation at 249 nActceptor to donor concentration ratios
([CdSe/CdS]/[Ga0s]) are indicated in the graph. (b) FRET efficiency as a function of
[CdSe/CdS]/[Ga0s] NC ratio. Solid and dashed lines are best fit€tuatiors 3.2 and 3.4, respectively.

Figure3.5a shows timeaesolved PL decays of composite NC films monitored at 575 nm
(CdSe/CdS NC emission maximum) upon excitation at 249 nm for increasing CdSe/CdS to
Ga03 NC ratio (direction of the apw in Figure3.5a). Unlike DAP emission of G&z NCs,
which has a lifetime of several microseconds, CdSe/CdS NCs have an average excited state
lifetime of ca. 16 ns,uto 103 times shorter than £&& NCs. In addition to shorteningf the
lifetime of the GaOs DAP emission, FRET should also lead to the elongation of the CdSe/CdS
NC PL lifetime. The energy transfer adopts the dynamics of th@{3C PL decay, effectivgl
extending the apparent lifetime of the CdSe/CdS NC emisgiam excitation into G&3 band

49



gap. To separate the effect of FRET from the residual DAP PL at 575 nm, we constructed

delayed PL spectra by recording decay curves at different emission wgitisl€igure3.5b
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Ga0s NCs remains strong. However, in the composite film, a significant emission intensity of

CdSe/CdS NCs persists at ca. 575 nm upon excitation at 249 nm (blue line). The maps of the PL

decay dynamics as a function of wavelength fofdzand compose NC films are shown in
Figure3.5¢c and3.5d, respectively. The PL intensity of CdSe/CdS NCs clearly follows that of
Ga0s NCs. This result serves as another evidence thaktitaton of CdSe/CdS NCs occurs
by FRET, allowing fo convenient control of the chromaticity of the emitted light.

Intensity (a.u.)

= Ga203
— CdSe/CdS

(a) 300

350 400 450 500 550 600

Wavelength (nm)

Figure 3.5. (a) Normalized timeesolved PL data of the NC films measured at 575 nm upntagon at
249 nm for different acceptor to don@tios (arrow indicates an increase in the relative amount of
CdSe/CdS NCs). (b) Delayed PL spectra constructed by collecting the decay curves at different
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Gax0s3 NC films and (d) composite NC films deposited on a glass substrate.

The ability to control FRET in composite films fabricated by simple codeposition of NC

building blocks emitting in complementargextral regions paves the way for a convenient
fabrication of allinorganic white lightemitting structures and devices with tunable lighting

characteristics. To demonstrate the flexibility of this approach, we plotted the CIE 1931 diagram
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color coordinats for a series of composite films containing différ@a0s to CdSe/CdS NC

ratio (Figure3.6a) with the ratio of G#D3 to CdSe/CdS NCs indicated in the inset. Thercolo
coordinates of the colloidal mixtures used for preparing the films are shdwiguire3.6b. The
comparison of the two diagrams reveals a significant difference in the chromaticity of the
composite films and analogous colloidal mixtures. The photographs showing the emission of
thesecolloidal mixtures and the corresponding composite filmsanepared irFigure3.6¢. The
visual difference in PL chromaticity is a direct consequence of FRET, erab&tchoring NCs

on a solid substrate. The composite film prepared with the NC concentration ratio
[GaxOs]/[CdSe/CdS] = 2 eits white light with the color coordinates (0.31, 0.28), based on the
optimized energy transfer parameters. Determination of taguelquantum yield of this film is
complicated by the fact that the samples are not in the solution phase, which mékeslitd
consistently measure and compare their absorbance and integrated PL intensity to those of a
reference fluorophore soloti. Furthermore, the PL efficiency is impacted by the fact that there
is a relatively significant direct excitation of CdSd5 NCs in the composite films, together

with some reabsorption of the & NC emission, as described above. However, the overall
guantum yield can be estimated based on the FRET efficiency and the ratio of acceptors and
donors in the composite films. Albugh defecbriginated trap emissions are generally less
efficient than the PL arising from exciton transitions, the DAP emisdi@afs; nanocrystals is
determined to be up to ca. 348 which is an appreciable value with a prospecsfone

practical applications. By introducing an energy acceptor with a superior quantum yield relative
to the donor, an increasettme overall quantum yield can be achieved via FRET. This is indeed
the case for our system, given that the quantum yie@H&e/CdS NCs can be as high as 90%,
depending on the NC core size and shell thickness. On the basis of the determined FRET
efficiency (25%) and the estimated fraction of the incident radiation used for i €
excitation (ca. 65%), routinely achievgdantum yield of 50% for CdSe/CdS NCs results in the
overall efficiency of the white ligh¢mitting composite films of 40%. The quam vyield of the
analogous colloidal NC mixture is estimated to be ca. 37%, suggesting that FRET increases the
emission efitiency of the composite white liglemitting film by ca. 10% relative to the

colloidal mixture, in addition to tuning its chromaticiSurfaceenabled FRET allows for
seamless integration of NCs as a remote phosphor into LEDs and other optical desiogddoy

spin coating of colloidal suspensions. Fabrication of practical LEDs using this approach would
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require further developmenndaluding investigation of the optimal phosphor configuration (i.e.,
codeposition vs laydoy-layer deposition of G&®3z and @Se/CdS NCs on LED chips) and the
design of donor NCs absorbing in the nBaf region. Importantly, it is expected that these

resuls are transferable to other composite multifunctional materials requiring electronic coupling

between NCs having complemerytg@roperties.

(a) 0.8 |
0.6
0.4

0.2

Figure 3.6. CIE 1931 diagrams for (a) composite films prepared épasiting colloidal GgOs and
CdSe/CdS NC mixtures on a glass substrate and (b) correspondi®g &a CdSe/Cd&olloidal NC
mixtures. (c) Photographs of the samples in the colloidal form and deposited on glass substrates.
Numbers indicated on the graphs represent&BH[CdSe/CdS] NC concentration ratios. White light
emitting composite film corresponding to [f&8]/[CdSe/Cd$= 2 is indicated in c.

3.4. Conclusions

In summary, we demonstrated a new approach-o@iganic tunable white light
emitting phosphor based on surfam®abled FRET between codeposited@and CdSe/CdS
core/shell NCs. The emission of 88 NCs arisesrbm recombination of an electron trappa
a shallow defeebriginated electron donor state with a hole trapped in an electron acceptor state.
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This DAP emission band is strongly broadened due to the large surface area and a range of
separations betweennpiaipating defect sites, necessitatimgly a small additional spectral
density in the orangeed to produce white light. The ability to control the emission energy and
optimize the quantum yield of core/shellVl NCs by controlling the core size andetih

thickness renders these materiasywpromising candidates for energy acceptors. In this work
we demonstrated the generation of tunable white light by composite films consistingDaf Ga
and CdSe/CdS core/shell NCs. Fabrication of composite filmariplescodeposition of G&3

and CdSe/C8 NCs allows for a control of the NC distribution and separation without the use of
an organic linker. The proximity of the constituent NCs enables their coupling by FRET. The
electronic coupling between two complertagy coloremitting NCs allows for thdesign of
homogeneous and tunable white phosphor by controlling the CdSe/Cd8®N&aratio. The
results of this work demonstrate a path taradrganic rare earth elemefnee NC composite for
potential applicatin in WLEDs and more broadly multifumabal inorganic materials requiring

electronic coupling of heterogeneous NCs.
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Chapter 4Extending Afterglow Emission of G@s
Nanocrystals by DY Dopantinduced Carrier Trapping

Design and preparation of persistently lunsicent nanostructured phosphors is of a
significant interest in lighting, photonic, and photovoltaic technologies. Among other
applications, this class of materials could enable seamless integration with the next generation of
nanocrystal solar cells andgtbcatalysts, where they could provaléght source in the absence
of natural lighting. However, afterglow generally occurs in bulk phosphors synthesized by high
temperature solidtate reactions. Here we report the synthesis of colloidiiped GaOs
nanocrystals and demonstrate an esitamof the nanocrystal afterglow, arising from native
defectbased doneacceptor pair recombination, relative to undopeedzaanocrystals. Using
temperaturaependent steaeltate and timeesolved photoluminescea measurements we
show that Dy* doparts reside in the vicinity of NC surfaces and generate trap states that are
significantly shallower than donor states originated by the presence of oxygen vacancies in
Ga0s3 nanocrystals. This defect configuration alfofor thermal reactivation of kinetically
trapped electrons in Byexcited states, resulting in an increase in the nanocrystal emission
intensity and an extension of the afterglow lifetime with temperatuesertesults are supported
by kinetic Monte CHdo simulation based on the probability of different electron transfer
processes. The results of this work demonstrate a pathway to extending afterglow emission and
designing longpersistent phosphors of reduadithensions.

4.1 Introduction

One of the intriging properties of inorganic solstate phosphors is a lotasting
luminescence, often referred to as afterglow, which persists for a long time (microseconds to
hours) after the excitation source had beenchei off*>* Such longlived emissim allows for a
slow release of the accumuldtexcitation energy in the form of light, making the afterglow
phosphors an important component of various decoration products and electronic di$plays,
emergency and traffic signg¥>*as well as the platforms for optical imagitg*°medical
diagnostics?" %% and sensind®®%to name a few. Another emerging application of this class of
materials is to use stored energy to provide radiative excitation in photovoltaic devices and

photocatalytic systems in the absence ofstiidight or other external lighting sour¢é€$The
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possibility to use delayed luminescence in the next generation of nanocrystal (NC) solar cells and
photocatalysts largely rests upon the ability to design persistently luminescent nanostructured
phosphaes that can be integrated with NC structuaed devicesDesign and synthesis of

afterglow phosphors in colloidal NC form and understanding their afterglow mechanisms is therefore

of significant fundamental and practical importance for new erangyersbn technologies.

A variety of inorganic perstent phosphors having different chemical nature and
compositior®® (e.g., oxides? nitrides!®* sulfides!® halides'®® etc.), luminescercproperties (e.g.,
emission energy and lifetim&,and type of excitation (e.g., photolinescence,
cathodoluminescence, thermoluminescence, mechanoluminescence, chemiluminescence, etc.) have
been developed over the past few decades. The common characteribtsosphors exhibiting
persistent luminescence is the coexistence of aatv@atsually luminescent dopant ions that act as
emission centers) and carrier traps (impurity sites responsible for storage and slow release of the
excitation energy)> The prototype material for persistent lunsioence applications is strontium
aluminate codoped with Euand Dy* (EL?*, Dy®*: SrAlLO4),*® where EG' ions act as emission
centers due to strong interconfigurational parity allow&sct4 4f’transitions, while DY sites
provide trap states for energy storage (for detailsrispreC.1).485315L1684owever, the solid state
reactions typically used for the synthesis of oxdseed inorganic phosphors require a prolonged high
temperatte treatment, resulting in an average particle size in the micrometer range, significant
particle agglomeration, as well as heterogeneity in particle size and morphélSgpaking these

phosphors incompatible with various nanophotonic structures and d&%é&

We have previously demonstrated a-sme compositiostunable afterglow of colloidal
Ga0Os NCs containing both donor and acceptor impuritié&1?414vhere likely donors are

positively charged oxygen vacancieg J and possible acceptors are negatively charges gallium

oxygen vacancy pairgV,,V.,)il->**"**When opticaly excited above the NC band edge,

electrons and holes can be bound forming neutral dongjsad acceptors(Vo, Vel ),

respectively, which recombine giving rise to deacceptor pair (DAP) emission

(Vo Ve +VE - (VoV )i ¥ hs(PL) 41
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The energy of a photon emitted through DAP recombination can be defined as:

e2

EDAP:Eg '(ED EA) 44,07' 4.2

wherer is the separain between the given donor and acceptor sites in NiSghe dielectric
constant, anétg, Ep, andEa arethe band gap, donor, and acceptor binding energies,

respectively. The last term represents stabilizing Coulomb interaction, which is responsible for a
perturbation of théonized donor and acceptor leggébward the conduction and valence band
edges, regrtively. Consequently, the emission energy variesragdabling a blue shift of

DAP PL band with decreasing NC size. The DAP recombination involves a tunnel transfer of an
electron froma donor to amcceptoyas the rate determining step, and is asponsible for
persistent luminescence of colloidalGaNCs and for sizelependent decay dynamfdg!!42.122

The temperature dependence of the DAP tunnel transfer can be viewed analogously to the
thermal component of the tunnel current density in insulating film between two espsaigd

metal electrodes™

2 31A9 2
JVT = JVo ?é 4-6]'?/—ng 4.3
¢

where J, is the current density of tunneling at 09is the electrode separation (analogous to

in DAP recomimation mechanism), is the height of a symmetric barrier that an electron must
tunnel throughT is the temperature, andis the potential across the barrier. In case of a single

excited electronJ, is related to the probability of a tunneling eveaturring.

The fact that G#Ds; NCs contain native defects as afterglow activators that can be
controlled via reaction conditioffs implies that only the dopants responsible for energy storage
need to be externally introduced to desidormer lasting nanophosphor based op@zaThis is
particularly important given the wellocumented challenges associated with doping colloidal
NCs1’8178 and the possibility of mutual exclusion of different types of dtsdn light of Dy**
acting as an electron trap inEuDy?*:SrAl,O4, we sought to exploit its role in @2; NCs.
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Delayed PL spectra of Byions alowed us to assess the change in dopant speciation with
respect to the doping concentration. Using variidheperature steaestate and timeesolved

PL measurements we demonstrated th&t Dyleed forms trap states in £88 NCs, and
established the caglation between the doping concentration and the electronic structure of trap
states. Importantly, the fomtion of these trap states leads to an increase in the DAP PL
intensity, and an extension of the DAP emission lifetime at room temperature. This egdhis
work demonstrate the possibility of compositional manipulation of afterglow in colloidal NC
sysems, and provides a guideline for the design and preparation of persistent nanostructured

phosphors.

4.2. Experimental and Theoretical Methods
4.2.1 Materials

All chemicals are commercially available and used as received. Dysprosium nitrate
hydrate (Dy(NQ)sA n.6) (99.9 %), oleylamine (70 %) and trioctylphosphiméde
(TOPO)(90%) were purchased from Sig#larich. Gallium acetylacetonate (Ga(aca(99.99

%) was purchased from STREM Chemical. All chemicals were used as received.

4.2.2 Synthesis of DY:Ga03; NCs

Dy3*:Ga&0s NCs were synthesized according to poesly reported methoi:17°:189
Briefly, 500 mg of Ga(acagpand a desired amount of Dy(N@were dissolved in a 3 ok
round bottom flask and heated to a desired teatper over the course of 1 hour. Once the final
temperature was achieved, the reaction was allowed to proceed at this temperature for 1 hour.
The flask was then removed from heat and allowed to cool dbwnproduct was flocculated
by the addition of ~4@nL of ethanol and the precipitate was collected by centrifuging at 3000
rpm for 10 min; this procedure was performed 5 times to ensure high purity of the colloidal NCs.
The isolated product was then addeanolten TOPO at 90C for 1 hour to remove loosel
bound Dy* and replace coordinated oleylamine from NC surfaces. The final product was

washed with ethanol additional 2 times before being dissolved in hexane.
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4.2.3 Nanocrystal Characterization
Phase and pity of Dy**:Ga0Os NC products were confirmed by-pay diffraction (XRD)
measurementXRD patterns were collected with an INEL powder diffractometer featuring a

positonsensi tive detector and copper KU source (¢

Size, morphology, and compben 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 dispersiveay spectroscopy
(EDX) was used to characterize the elemental composition of the samples.

X-ray absorption spectra were collected at the Advanced Photon Source (APS) using 20
BM beamline All dysprosium Ls-edge spectra were recorded in the fluorescence mod
employing a Si (111) monochromator and a germanium detector. A rhadiated harmonic
rejection mirror was set at 6 mrad, and the monochromator was detuned 15% CCW at 7708.9
eV. A mixture of 50 % Nard 50 % He gas was used as an ionization gas imthehambeto.
Ultrahigh purity N gas was used as an ionization gas in ion chaniemsllrr. A cobalt metal
foil was measured simultaneously in standard transmission geometry betwhemthes
chambers which were used for energy calibration. Samples weighing ca. 30 mg were prepared
by pressing the powder into Teflon washer which was seated with a Kapton tape.
Fluorescence data was measured in a standard geometry with the samples thiedtigent
X-ray beam, using a i@ement liquidnitrogencooled germanium detector which was position

90° with respect to the incidentpay beam

4.2.4 Photoluminescence Measurements
PL emission spectra were recorded with a Cary Eclipse fluorescencespatet by
exciting NC samples into the & band gap at 230 nm. For tingated PL spectra the
measurement delay time was set to 0.2 ms, detewtiwdow (gate time) to 5 ms, and the total
decay window to 20 ms. PL lifetime measurements were performedyusia 40 ¢e€s del ay,
gate time 0sDAP @i fssi o@a*emissiort Low mperature Dy
measurements were performed using afof@ Instruments Optistat CF cryostat cooled with
liquid helium and controlled by an Oxford Instruments H®35 controller.
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4.2 5 Monte Carlo Simulation

Monte Carlo simulation was performed using a sample size of 1 million excited NCs with
a singleexcited electron per NC. This configuration was chosen to avoid the effects associated
with electron interactions, vith has been shown to provide a good model in the past.36
Electrons in the conduction band could be trapped by an oxygen vacancy dopsnt site,
forming dysprosium excited state (Dy*), or undergo nonradiative recombination with a hole in
the valencdoand. Electrons trapped in the aforementionedbgautsgap states could be excited
back to the conduction band, relax radiatively (charstie DAP or Dy intra-4f emission), or
just remain trapped. Probabilities of these processes were first tunedlipémmatch
measured temperatudependent PL spectra and lifetime data for undope@®{34¥Cs (without
Dy** trapping). Once a good agreem for undoped NC sample was achieved, the likelihood of
electron trapping on DY site was introduced and the siratgdd DAP PL intensity compared to
the analogous experimental data for 3.6 %'0¥a03 NC sample for different temperatures.
Full descripton of the simulation is given ippendix C

4.3. Results and Discussion

We prepared a sed@f Dy?*":Ga0s NCs samples having different doping concentrations
(0, 3.6, 9.2, and 13.3 %)ypical XRD patterns of colloidal G@s and Dy*:Ga&0s NCs are

shown inFigure4.1a. Unlike bulk sampleshathave monoclinic crystalstu ct ur e (b phas

room temperature, colloidal @ NCs (gray trace ifriguredla) are stabilized

and exhibit alefective spinetype structure £d3m).!8! Detailed structural analysis and modeling
have revealed that metastai€&a,03 has a complex structure in whicba®* cations partially
occupy two pairs of octahedral{)@nd tetrahedral ¢J sites in the total ratio G§On)/Ga**(Ty) &
1.35:118135 Upon doping with DY, the XRD peaks broaden significantly. This broadening is mostly
attributed to an increased structutmorder in the presence of dopant impurities. Under the given
synthesis conditions in thigork, an average size of undoped@&NCs is ca. &t0.4 nm Figure
4.1b). The size of NCs decreased upon introducingf Rythe reaction mixturé={gure4.1c and
Table C.2)The actual doping concenirat for the sample ikigure4.1c was determined to be
9.2+1.1 % using EDX elemental analysis. The doping efficiency remains similar for low to
intermediate DY precursor concentrations, but begins to saturate at highgtotrentrations of
Dy®* (TableC.1).

59

|



I nt erfasui X vy

2030405060708
2t he@® a

Figure4.1. (a) XRD patterns of 3¥:Ga,0Os NCs having different doping concentrations as indicated in
the graph. (b,c) TEM image of (b) undoped@Gsand (c) 9.2 % DY :Ga,Os NCs.

Figure4.2a shows PL spectaf Dy*":Ga:Os NCs having different doping concentrations,
together with a spectrum of undopedG#aNCs, upon excitation at 230 nm (NC band edge
excitation). With an in@ase in doping concentration the DAP emission band shifts to higher energies,
suggestig a decrease in the average derumeptor separatid?’ This decrease in the distance
between donors and acceptors is associated with an incrdzsaumtber density of oxygen
vacancies with increasing Bydoping concentratiors we discussed elsewhéféthe formation
of oxygen vacancies can be stimulated by substitutional doping of an ion hawvergdnization
potential relative to the G§*®2which is indeed the caer Dy>*. At high doping levels a weak
narrow band is observed at ca. 580 nm, arising froff 5,4 ®Hisz intra-ionic f-f transitions.
Photoluminescenoexcitation (R.E) spectra oDy*":Ga0s NCs are showin Figure4.2. The
excitationspectra corresponding to §&a NC DAP (430 nm) anthe delayed excitation spectra
Dy** “Fai2A ®Hi32 (580 nm)emission are in excellent agreement, confirming a sensitization of
Dy3* emission by the NC host lattice. The lifetime of the DAP emission is &ignify shorter
than that of Dy emission Figure4.2c). This difference in the PL lifehe allows for using time
gated PL spectroscopy to characterize th& Bgpant speciatiorkigure4.2d shows timegaed
PL spectra of D¥:Ga0s NCs fromFigure4.2a, collected 0.2 ms upon termination of the

excitation pulse. In addition to the strongbgt* *Fo/2A ®His2 peak, two other features
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characteristic for DY are observed at ca. 48trand 675 nm which are assignedfeA ®His:.
and*Fo2A ®Hi12 transitions, respectivelyn contrast to electridipole *Fo2A ®Hizs transition,
4Far2A ®Hisi2 transition in magnetic dipole allowed, and its intensity is indeperafethe local
crystal field. Hence, the branching ratio®%,2A ®His2 to *FarA ®Hispintensitiescan be used to
gauge the DY site symmetry, where the dominance of #hgA ®His2 band generally suggests
alow site symmetry. This type of spectrosimoanalysis for Etdoped GOz NCs has
demonstrated that a significant fraction ofEdopants substitute for octahedralPGsites on

NC surfaces® which have higher symmetry compared to bulk'G@n) sites. Given the
comparabe intensities ofFo2A ®H1s2 and*Far2A ®His2 bands, in the ratio that does not change
significantly with increasing doping concentratianisilikely that the same phenomenon holds
for Dy** dopants. The presence of Dyn the immediate vicinity of NCwsfaces is also
consistent with a large discrepancy between ionic radii éf 862 A) and Dy* (0.91 A).
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Figure 4.2. (a) PL spectra of G#s NCs (bottom panel) and ByGa,Os NCs (top three panels)king
different doping concentrations, as indicated in the graph. (b) PLE spectra of NCs in (a@r[13eP
emission at 430 nm (solid lines) and®Dgmission at 580 nm (dashed lines). PLE spectra fdf Dy
emission were collecteéfdr delayed PL. (c) Timeesolved PL intensity for 9.2 % ByGa,Os NCs
corresponding to DAP and Byemission (purple lines). Tirrsiecay DAP PL intensity for undoped
GaOs NCs having nearly identical average NC size (gray line) is shown for compaid3dogdm
temperature delaad PL spectra of BY:Ga,0z; NC having different doping concentrations. Assignments
of the characteristic DY intra-4f transitions are labeled in the graph.
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To confirm these conclusions and further characterize dopant speciaBafCGnNCs
we performed Xray absorption spectroscopy measuremdfitpifeC.3). Dysprosium ki edge
X-ray absorption neagdge structure (XANES) spectra of ¥5a03 NCs for different doping
levels are shown iRigure4.3a. All spectra have nearly identical structure, characteristic for
Dy®*, with a sharp intense peak (known aswiéte line) at ca. 7790 e¥#2However, thee is a
significant decrease in the amplitude of the white line with increasing doping concentration. The
relative intensity of the white line insktedge XANES spectra has been associated with the
symmetry of the absorbing id#! Specifically, a decrease in the intensity of the white liag
been correlated with a lower degree of local distortion. The d&tligume4.3a suggests that
increasing doping concenti@n results in a lower average distortioithe Dy** sites, consistent
with conclusions derived from the PL spectrdigure4.2d. We also collected extendedrXy
absorption fine structure (EXAFS) spectfeDy>":Ga:03 NCs (FigureC.4). Figure4.3b shows
the Fouriettransformed EXAFS spectra of the NC samples fragure4.3a. The band
correspondinga the first Dy* coordination shell is shifted to largerdial distances with
increasing doping concentration. These results suggest an elongation of an ave@ageridy
length due to an expansion of the NC lattice associated with the substitutio?f efiBdarger

Dy3* cation.
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Figure 4.3. (a) XANES spectra of ByGa,0; NCs having different doping concentrations, as indicated
in the graph. (b) Fourietransformed EXAFS spectra (pseudalial distribution functions) of
Dy*":Ga,0s; NCs in (a).

The effect of ** dopants on carrier trapping and DAP afterglow was investigated by
temperaturalependent PL measuremeriigyure4.4a shows PL spectra of 9.2 % Dy5a0s3
NCs collectedit different temperatures from 5 to 300 K. With increasamgperature, the DAP
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band shifts to lower energy (longer wavelength) and increases in intensity. On the other hand, no
shift is observed in OV f-f spectra, but there is a significant increastFnpA ®Hizz to

4FarzA ®Hisizintensity ratio with increasimtemperature, as evidenced from the tijaged PL

spectra Figure4.4b). This temperatursnduced change in the Bypeak intensities is observed

for other doping concentrationBigureC.4). These resultsdicate a change in the local

environment of DY dopants with increasing temperature, such that tHé $itg symmetry is
effectively lowered. We believe that this is largely due t3'Dgsiding in the vicinity of NC

surfaces. The local coordination sirface or neasurface sites is more sensitive to thermal

fluctuations than the coordination of the sites buried deeper in a NC.

Figure4.4c and dsummarizehe effect of temperature on the energy and intensity of the
DAP luminegsence (PL spectra collected at different temperatures for differéhdbging
concentrations are shown FigureC.5). Figure4.4c plots the DAP band maximum energy as a
function oftemperatureBpar(T)) for Dy>*:Ga:03 NC having different DY doping
concentrations. The data ar d&igureddc) twhichVar shni 6s
establishes an empirical relationship between ¢n@snductor band gap energy and

temperature:

_ar’
b+T

Epae (T) = Epe(0) 4.4

whereEpap (0), U, andb are materials constants. In this ca&spe (0) represents the DAP
emission energy at 0 K, and is determined as a free parameter for thé&igsrav.4c. Epap (0)
increases from 3.07 to 3.23 eV by increasing the dagangentration from 0 to 9.2 %. An
increase irEpar (0) has been suggested to reflect a reduction in the smallest averageisep
between donors and acceptors in@ENCs1?2 As the Dy* doping concentration increases, so
does the number density of oxygen vacan@ssliscussed above. Consequently, the separation
between nearest donors and acceptors will also become smaller, leatimgharige ifEpap

(0).
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A more intriguing and unique behavior is observed for temperature dependence of the
DAP PL intensity. The BP emission intensity dependence on temperat(if§) for
Dy*:GaOsNCs i s related toEaste activation energy

—_ IO
(M= 1+ Aexp(- DE/KT) 45

whereA is the preexponential factor anklis the Boltzmann constant. The data for undoped
Ga&0s3 NCs are fit very well witfEquation4.5 (FigureC.6). The thermal quenching of the [PA
intensity is due to detrappirgd the electrons bound to the donor sites. Surprisingly, upon doping
a small amount of DY into GaOs NCs, the thermal quenching becomes less pronounced (blue
spheres iFigure4.4d), andwhen dopd with 9.2 % Dythe DAP intensity even increases with
temperature (purple sphereshigure4.4d). This phenomenon can be explained leyrtial
reactivation of carriers trapped in shallow®Dgtates. With increasing temperatulectrons
trapped on DY can be thermally promoted to the conduction band, forcing their subsequent
trapping on the oxygen vacancies and eventual radiative reaxhtough the DAP mechanism.
These results also suggest thatiyap states are shallowan the trap states originating from
oxygen vacancies, allowing for a slow transfer of electrons frofi Dythe donor sites via
conduction band delocalizatiommportantly, it should be mentioned that this delay in electron
trapping on the donor sitéss a larger effect on the afterglow than the above mentioned

decrease in the average doacceptor separation induced by*Dgopants.
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Figure 4.4. (a) PL spectra of 9.2 % B¥. Ga,.0s NCs collected at diérent temperatures, as shown in the
inset. (b) Delayed PL spectra of 9.2 %*Dga,0s NCs collected at different temperatures, as shown in
the inset. The spectra were normalized to th& BRe,Y °His. transition. (c) Temperature depdence of
the relative PL intensity for Y. Ga,Os NCs having different doping concentrations, as shown in the
inset. (d) Temperature dependence of the DAP PL band maximum energy fas®@s; NCs having
differentdoping concentration, as shown in ihset.

Figure4.5 compares the PL lifetime data for &8 and Dy**:Ga&0Os NCs at 5 K Figure
4.5a) and 300 KKigure4.5b). At low temperatureBy*":Ga:0s NCs have a shorter PL lifetime,
indicating a maller electron tunneling distance, which is consistent with a smaller average
separation between donors and acceptors. However, at room temperature, the prese¥ice of Dy
dopant centers extends siigantly the DAP afterglow. These results suggest thaiteo
electrons in the conduction band are trapped in metastabKivedgDy** states, delaying their

trapping on the donor sites and a subsequent DAP recombination.
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Figure 4.5. Timeresolved DAP PL intesity data for typical G#0s NCs and 9.2 % D¥:Ga,03 NCs
having similar average NC sizes, collected at (a) 5 K and (b) 300 K.

To test this hypothesise designed a Monte Carlo simulation based simale kinetic
model (see Experimental and Theoretical Methods Agmendix Cfor details). In this model an
electron generated in the conduction band upon NC excitation could be trapped irfthe Dy
excited state (Dy*) or an ggenvacancybased donor state (D), relax nadiatively to the
valance band, or remain in the conduction band. Electrons in Dy* and D stalsatax

radiatively, be excited back to the conduction band or remain in the excited-gjare4.6a).

The probability of thermal activation of the electrons ip states (Dy* and D\(OX )) is

determined by trap depth (i.e., probability that an electron can overcome the energy gap between
the trap state and tleenduction band minimum), and the probability of the temperature

dependent DAP turah transfer is described Iquation3 (FigureC.6 and the associated

discussion ilppendix Q. Comparative simulatioof the relative DAP PL intensities with

respect to temperature for &8 and Dy*:Ga0s is shown inFigure4.6b. Even though this is a
relatively simplistic model, the simulation results and the experimental data are in a very good

agreement. The results leigure4.6 further suggest that a smaller depth of Dy* relative to the

depth of GaOs donor states‘(/g) causes an increase in electron rovVgﬂp as the prinary trap.

This process results in an increase in DAP emission intensity with increasing temperature (see
alsoFigure4.4d) until detrapping of the electroff®m the deeper primary trap states becomes

significant. Further increase temperature causes a decrease in DAP emission intensity.
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Figure 4.6. (a) Schematic presentation of the electron pathways h:Gg0s; NCs used in Monte Carlo
simulations. Dashed lines indicate nadiative electron pathways (relaxation, trapping, or transfer),
and solid lines indicate observed PL processes. (b) Temperature dependent PL intensities for 0 % and 3.6
% Dy**:Ga,03 NCs. Solid lines represent Monte Carlo simulated results.

4.4. Conclusions

In sunmary, we synthesized colloidal Bydoped GgOs NCs, and explored the effect of
Dy3* dopants on the PL properties of the NC host lattice. Based on structural characterization
ard steadystate PL measurements we proposed that a majority Bfddpants aréocated on

NC surfaces and lead to amcreased concentration of oxygen vacancies relative to undop@g Ga
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NCs. Surprisingly, in contrast to undopecdGeNCs,Dy**-doped GgOs NCs exhibit an
enhancement in the DAP PL intensity with temperature uponxXgitagon into the band gap,
which is attributed to the thermal reactivation of electrons kinetically trapped in shalfsw Dy
states. This trapping is also responsible foexansion of the G#s DAP emission lifetime at
room temperature. Using a kineltonte Carlo simulation based on the probability of different
electron pathways, we demonstrated that a smaller activation energy*dfdpystates relative

to oxygenvacancybased donor states in g&&x NCs leads to a controlled release of electrons

from Dy3* and their subsequent capture\fg/ sites. This process results in a delayed DAP

emission, despite a decrease in the average @meeptor separation caused by thé' Dy
incorporation. The results of this work demonstrate thehaugism of generating or extending
afterglow in luminescent NGbat are only a few nanometers in size, and could allow for the

design and preparation of nanophosphors with persistent luminescence.
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Chapter 5Inorganic Phosphors for Teaching a Holistic

Approach taFunctional Materials Investigatién

Inorganic phosphors aregimain component of light emitting diodes which have caused
the revolution in lighting industry as an enesgfficient and longasting replacement of
traditional incandescent light bulbs anddiescent tubes. They are also used in various
consumer produs and displays and can potentially find applications in photocatalysis, solar
cells, optical thermometers, and stress indicators. {adteyglow phosphors provide an
opportunity to visually olerve and test different phenomena in sgligte materials anchn be
used as an effective teaching tool at the undergraduate level. We developed devabper
undergraduate laboratory experiment that integrates the synthesis, processing, structural and
spectroscopic characterization, and applications of stroi@luminatebased phosphors.
Observation of the intensity and duration of the phosphor afterglow under different conditions
reinforces studentsd | ear ni n guctord and/propertiesuasid ¢ o n ¢
spectroscopic principles, in angaging and impactful way. The phenomena of
thermoluminescence and mechanoluminescence, and their potential applications in thermal
sensors and ballistics, respectively, are also introducednDeépen g on t he i nstruct
described laboratory expment can be used in a modified form in inorganic or physical
chemistry laboratory courses, but we believe it is particularly-sveled as a module for
advanced laboratory courses in intecgpinary programs.

5.1 Introduction

Functional optical materialhave become an important part of different industries and a
focus of significant fundamental reseatéhlncorporation of the topics on functional optical

materials into chemistry cuculum requires an interdisciplinary approach and the devedapm

3 The results of this chapter have been published:

Reprint(adapted) with permission fronstanish, P. C.;Siu, H.; Radovanovic, P. V. Inorganic Phosphors
for Teaching a Holistic Approach to Functional Materials Investigation: From Synthesis and
Characterization to Applications of Therrend Mechanoluminescenck.Chem. Educ2019 96, 1008

1014.). Copyright 2019 American Chemical Society.

The candidate conceived of the idea, created a proposal to the instructor of NE 320L and developed the
experiment. H. Siu and the candidate developed the Mechanoluminescence setup and apparatus.
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of laboratory experiments and demonstrations that are both engaging and educational.
Luminescent materials offer an opportunity to introduce undergraduate students to this broad
class of fustional materials, while providing a vehicle for haroisleaning about materials

synthesis and characterization, electronic structure and spectroscopy, and surface chemistry, as
well as rel evant nr estfeinavganiclpldosphoasp idely usedtinioarns . S
daily lives, with the applications raimg from consumer products such as decorating stickers,
glow-in-the-dark toys, and wristwatch displays, to safety and security signs, optical
thermometers, probes in bioimaging and moleculasisgnand general lighting sources

(compact fluorescent lampsid light emitting diodesy>'#?Phosphes are often characterized

by long afterglow, which allows th&udents to visualize the performance of these materials in

real time and gain an intuitive understanding of their properties, while offering the instructors an
opportunity to be creative in gigning the laboratory experiments.

The phenomenon of luminesce, i.e., the emission of a photon of light, occurs when an
electron in an excited electronic state relaxes to a lower’sfeypically, at room temperature,
electrons of mostampounds are in their ground state. However, these electariseqpromoted
to the excited state upon absorption of photons of specific energies. Strictly speaking, there are
two types of luminescent materials: (i) fluorescent materials, which emit aimostdiately
(typically a few nanoseconds) after excitatiomg &i) phosphorescent materials, which continue
to emit for a long time (milliseconds to hours) after initial excitation. In typical phosphorescent
molecules, the slow relaxation of the excistates is associated with the transformation of the
excited éectron to a triplet state by a process known as intersystem crossing, which can then
return to the ground state-fonlby ddiea®®Bytquarsti um
contrast, in solidstate phosphors which are a subject of tlbdratory Experiment, the
afterglow occurs because charge carriers become trapped in a state that energetically prevents (or

delays) its immediate relaxation to a lower energy $tate.

The electronic structure of solgtate mateals is typically represented by the valence
and conductiondnds separated by a band gap. Dopants are small amounts of impurity elements
that, depending on their nature, can introduce energy levels into the band gap. Excited electrons
in the conduction &nd are mobile and can relax into a trap state created lpaatdérom there,
electrons may be fexcited into the conduction band, or relaxed into a lower energy trap or back
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into the valence band. Photons produced by the electrons relaxing fronwéthiaghe band

gap into the valence band are-sddfted reldive to the initial excitation wavelength of light.
Traditionally, afterglow phosphors have been primarily based on zinc stiffitféAlthough

widely used, zinc sulfide phosptschave some significant drawbacks such as being sensitive to
moisture, as well as only maintaining its glow for relatively short periods of time (tens of
minutes) in the dark. A class of matdsi that promises major improvements over-zulfide-

based posphors are metal aluminates doped with lanthanide ions. Of these doped metal
aluminates, a particularly popular phosphor is strontium aluminate(&)Adoped with

europium and dysprosium (@pO4:Eu,Dy or SAED)*® The advantages that &® has over

other phosphor materials aret it is chemically inert, maintains its glow for tens of hours in the

dark, and is relatively nontoxic.

In the SrAbO4:Eu,Dy system, Eif and Dy** dopants substitute Brsites in the crystal
structure and beconteaps for excited electrords! Ew?* dopants form traps from which electson
can relax and which are responsible for the phosphor emission, wiiled@pants provide traps
that hold excited electrons, thereby delaying luminescence. The various pathways of excited
electrons in SrA04:Eu ard SrALO4:Eu,Dy phosphors are illustratén Figure5.1. Upon
excitation by an appropriate wavelength of light, an electron is promoted from the valence band
to the conduction band. In the wake of the exiaimta positively chamegd hole is created in the
valence band. Once in the conduction band, the electron is free to migrate throughout the crystal
lattice, thus allowing it to encounter a dopant trap. Upon falling into*&atEyp, the electron can
recombne with a hole, therebgmitting a photon of light resulting from par&iowed (or
Laporteallowed) Ed* *fs>chY *f7 intraionic transition Figure5.1, left panel). Tle Laporte
selection rule for electridipole transitions states that in centrosymmetric molecules formally
all owed transitions are t hodelantharadeiorisitvol ve a
practically means that in ideally octahedral coordinafidriransitions do not change parity and
thus are formally forbidden, whiléi t r ansi ti ons are gzu, givVving
intensity. More details regarding the spestopy selection rules relevant for this Laboratory

Experiment are given in thippendix Dinstructor materials.
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Figure 5.1. Schematic representation of the energy levels atrentrapping pathways (dynamics) in
SrALO, doped with E& (left panel) and SrAD, co-doped with Eti and Dy* (right panel).

Other electrons in the conduction band can encount&rtEps, which hold the
electrons and prevent them from further moeanorrelaxation. An electron locked in a By
trap can only escape by beingexcited thermally back into the conduction band. From there,
the electron can be trapped by arf'Eand finally recombine with its counterpart hofégure
5.1, right panel). Thus, it is the presence of Oy SAED that facilitates the delayed
photoluminescence (or afterglow) effect. The ability of DAIEuU,Dy to store energy and
release it ovea long period of time in the form of light emission f@asnd many interesting
applications beyond glown-the-dark displays#? Examples include solar cells and
photocatalysis, in whicBrAl.O4:Eu,Dy can continue to provide a source of lighting to an active
component (light converter or photocatalyst) even when sunlight is not available due to the
weather conditions or time of da@ne of the lesser known properties of SGMEuU,Dy
phosgors is that their emission can also be caused by a mechanical force as a source of
excitation, a phenomenon known as mechanoluminescence. Upon subjecting a SAED phosphor
to a mechanical stress e, the trap depth is reduced such that the rate of elettoapping
increases. Empirically, this was found to result in a linear relationship between

mechanluminescence intensity and impact force per unit area (pré€8ure).

Previously reported undergraduate educational activities involving phosphor materials
have focused mostly on coppsmped zinc sulfidé®-189194yjith the goal of visually
demonstrating luminescence mechanism or teaching the kinedielsnusing afterglow. The
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laboratory experiments on Se@l4:Eu,Dy phospbrs reported in J. Chem. Educ. are based on the
synthesis and structural characterization of the obtained prddtiats] basic

photoluminescence measuremeéfitaVe designed and implemented a new laboratory
experiment that encompasses the synthesis 06GyAu,Dy phosphor using a range of

materials synthesis and procegstechniques, comprehensive materials characterization,
spectroscopy, @happlication in ballistics and thermal imaging. The purpose of this Laboratory
Experiment is to enable students to develop a comprehensive approach to materials chemistry
research tat would stimulate their interest, creativity, and engagement, and enleancing

outcomes.

5.2 Learning Outcomes

This Laboratory Experiment was designed
knowledge and skills, while simultaneously providing students avitbmprehensive and
enjoyable laboratory experience. The pedagogicdbgddhis Laboratory Experiment are as

follows:

1 To develop conceptual understanding of different methods used for the synthesis of
inorganic solidstate materials, including solutiqogihase preparation and processing,
high-temperature combustion, and sediite reactions in a controlled atmosphere;

1 To become familiar with standard materials characterization tools and develop the ability
to critically evaluate materials structure amdgerties;

1 To improve practical understanding of the electronic structiiselid-state materials and
the experimental techniques used for its investigation;

1 To understand the role of dopants in modifying the electronic structure and
photoluminescence pperties of soliestate materials and to be able to distinguish the
luminescence mechanisms in different systems;

1 To gain the concept of carrier dynamics in salidte materials and its importance in
defining the optical and/or electrical properties ofenats;

1 To learn about thermoluminescence and mechanoluminescenceeagkiesvn
properties of phosphor materials, and gain exposure to interesting practical applications
of these phenomena.
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5.3 Experimental Overview

This Laboratory Experiment has been asone of the modules in the thiydar
undergraduate Materials Laborat@ourse in the Nanotechnology Engineering program at the
University of Waterloo (NE 320L). It is also suitable for sedtdte materials chemistry, physical
chemistry, or even inoagic chemistry laboratory courses. Approximately 90 students are
enrolledin the course each year. The experiment is performed in groups of four students, who
are in the same session with two other groups doing different experiments. Each group of four
students is supervised by one Teaching Assistant (TA) and receives oneaaéhagl of the
instructords time during the session. Il n this
in running this Laboratory Experiment for 90 students. The expetimn divided into two 3 h
weekly sessions. The first session is deditab the SrAIO4:Eu,Dy synthesis, processing, and
observation of photoluminescence, and the second session, to materials characterization and
guantitative measurements of the batlisbrce using the samples prepared in the first session
(seeAppendix Dfiles for more detail). Because the topics investigated in this experiment are
likely to reeive limited attention in courses preceding this lab, tHabrdiscussions in the first
session focused on the theory behind thermwlastence and mechanoluminescence followed
by the students applying that knowledge to their analysis during the sexssnohs Template
reports (seéppendix Dinstructor materials) were filled out individually by each studernt

submitted electronically 3 days after the secondsé&ssion.

5.4. Experimental

5.4.1 Procedures

All precursors and solvents for this Laboratory Experiment were used as received without
further purification. Two samples were prepared in parallel by studsradpr further treatment
by annealingnpeal edoedampl @3 @dad the other on
Acrudeo sample). The experiment is organized
sample while the other prepares theealed sample. The annealing is performed in a flow of
nitrogen and hydrogen gases. The students subsequently characterized both samples by scanning
electron microscopy (SEM) and powderrdy diffraction (XRD). Proper SEM imaging
technique was demonstratia the students by the instructor, after which theyengven the
opportunity to capture images of their samples. The students were required to match the results
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of the acquired XRD patterns and identify the obtained material. For mechanoluminescence
measurements, the samples were excited using a projeatiteter, and the luminescence signal
was measured with a photodetector. The experimental procedures are described in detail in the
instructor notes iMppendix D

5.4.2 Hazars

Before the laboratory session, the students must complete a prelab safety questionnaire to
demonstrate the awareness of potential hazards and precautioApgeadix Dinstructor
materials). As with any uppéevel chemistryab, wearing standard personal protective
equipment such as lab coats, safety glasses, and appropriate clothing and footwear is required.
Whenever handling the precursors or productslestts are required to wear impermeable
gloves. In consideration ohg potential exhaust fumes, both the higimperature furnace and
tube furnace were located inside the fume hoods. Insertion and removal of sample vials from the
furnaces required the usélong metal tongs. Handling of the hot fused silica tube after
anrealing requires students to wear protective heat resistant gloves. Hydrogen gas, being in
compressed form and extremely flammable, should be handled with great care. As with all gas
cylinders, the hydrogen gas cylinder needs to be fixed either to thenaabench to prevent it
from tipping over. For additional instructor notes on safety’gg®endx D.

5.5 Results and Discussion

Prior to the first session, students were required to complete a prelab assignment that asks
them tocalculate the stoichiometric amounts of all metal nitrate precsireeeded to prepare
SrAl,O4 co-doped with 1% Etf and 2% Dy, including a 50 mol % excess of urea to ensure
that the reaction proceeds to completion. In addition to calculating the anmbetsveighed,
students are asked questions in the prelab amsigiiregarding the role of the dopants and

annealing to ensure key concepts are understood prior to coming into the lab.

The prepared samples glow green or red depending on whether orynwetieeannealed
under hydrogen. The origin of this luminescersc&#om the E (x = 2 or 3) iong*>1%whose
luminescence iBrAl2O4 lattice is welldocumented. All annealed samples display some level of
delayed luminescence from the slow release of trapped carriers. There is some disagreement in

the literature abut the true nature of the trap states, witi'yiginally thowht to be a hole
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trap*® More recently, traptates have been associated with oxygen vacancies, because some
delayed luminescence is still observed in this system withotitd3ya dopamt?°>21%8|n this
Laboratory Experiment we reference the mechanism proposed by DorEithos%.1),>3 where
Dy3* acts as an electron trap, because it provides the simplest introduction to the principles of
persistent luminescence and trapping. This allihnesstudents to focus on the broader
implications of this expement as opposed to worrying about quasi particles or oxygen vacancy

states.

During the first session, students observe the photoluminescence of the crude and
annealed samples under a hdwetd UV lamp in a dark roomRigure5.2). As they contrast the
weak red emission of their crude samples with the strong green emission of their annealed
samplesFigure5.2b), they are asked to recall the purpose of the annealing process, i.e., the
reduction of E&" to EL?*, which they had answered in the prelab assignment. In addition to the
emission color, thetudents are asked to comment on the time in which the glow visually
disappears after the UV lamp has been switchedajti(e5.2c). Sincetheir annealed samples
all cease to luminesce after a few minutes, the students were then led, using targeted questioning
by the TA, to the conclusion that the crystal lattice structure was still less than optimal and that

this product deficiency is assated with the limitationsn annealing time and temperature.
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Figure 5.2. Photographs of SrAD.:Eu,Dy samples before (left vials) and after (right vials) annealing in
hydrogen atmosphere. (a) Isolated sdspn powder form. (b) Sar@s in dark under excitation by UV
lamp. (c) Samples in dark 1 min after turning off the UV lamp.

Although a red emission characteristic fo?E(i f transitions) was observed in the
crude samples, it was weak and showed nassij afterglow. Annealed sgles showed a
stronger green emission that is characteristic féf i f transitions). This observation serves as
an excellent vehicle to remind students about the spectroscopic selection rules, and particularly
that allowedransitions must involve ghange in parity (Laporte selection rut€y!**The
annealedamples retained their emission for well over 1 min. The lifetime of emission follows

the Arrheniustype equation:

where(E) is the trap depthkB) and(T) are the Boltzmann constant and temperature,
respectively, ancs) is the frequency factor. According to Matsuzawa et®ahe trap depth for

SrAl,O4:Eu,Dy is 0.65 eV, which is considered ideal for room temperature delayed luminescence

77



applications. The most intuitive way to explain frequency fator to the students is that it
represents a number of times per second that a trapped electron will attempt to escape the
trapping site. Consequently, the students come to the realizatidegination3.1 represents

product of the electron escape (detrapping) time and the probability that an escape event will be
successful. The frequency factor depends on the environment of the trapping site. Poorer crystal
quality, hgher doping concentration, or both yield a larfyjequency factor. Combustion

synthesis is a higthroughput method, which yields the best crystal quality when annealed at
1400 °C for at least 4 h. Since the samples made in this lab are not anndaikedxtent (1000

°C for 1 h, because of the equipnt and time constraints), the frequency factor will be
significantly higher than for commercial SAED made through the combustion orstatied

syntheses. Crystal quality will also have a direct effe¢herbrightness of the emission due to

the preserne of nonradiative defects in the crystal lattice. These issues are discussed with the

students in the prelab and during the lab session.

Luminescent intensity of these Sg@k:Eu,Dy systems is strongly depkmt on
temperature. The thermoluminescent intignsf materials also carries an exponential

dependence on temperature:

0 6Q 7 5.2

where(C) is a temperature normalizing factor. At the entheffirst session, the students also
explored the effect of temperature on the photoluminescence. Using a vietyéstimdded with
SrAl204:Eu,Dy, students induced the film to glow using a hhaldi UV lamp. They

subsequently placed their hands treaker with warm tap water onto the film to warm up a
specific area. When the object was removed, they could obsesi@atsette glowing brighter
than the rest of the filmF{gure5.3), demonstrating the sensitivity to thermal excitation and thus

introducing them to the aspect of thermoluminescéffce.

78



Figure 5.3. Photographs of phosphorescing vinyl sheet embedded withO&EU,Dy (a) immediately
upon placing a beaker with warwater onto the sheet and (b) upon removing the beakeradlvaving
the sheet to heat up locally.

In the second session, students prepared their crude and annealed samples for
characterization by XRD and SEM. After obtaining the diffraction patternsofibr samples,
students were asked to search the databasesaftwhes. To refine their search, students were

asked to deduce what elements should be used to search for the crystal structure match. The most

common error made by students was to assume #&divthconcentrations of Eu and Dy would
be observable in thdiffraction patterns. In addition to characterizing the crystallinity of their
samples, XRD measurements also allow students to gain understanding of the difference
between doping, alloying, artde formation of a new compound. The crude and annealed
diffraction patterns measured by students (provided iAppendix Dinstructor materials) often
differ significantly. Crude samples may show the presence of unreai@s¥, while
annealed samples were mostly composed of28vAlith a secondary phase of28I20e. Thus,

the XRD patterns enabled the students to reaffirm that the purpose of annealing was achieved.

After giving the students a 30 min-irgroduction to te SEM (they would have already
received some training on that exact microscope in an earlier course), covering sample
preparation, troubleshooting, and finaing of measurement parameters, they were given free
rein to collect images of their samples (8gpendix Dinstructor materials for representative
images). Students found that both crude and annealed samples had a large degree of
agglomeration, but they were able to isolate and image individualparat the nanoscale.
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The mechanoluminescence experiment was subsequently added to the second session of
this Laboratory Experiment and has so far been successfully performed by 50 students who have
taken this course. The setup for this experimentasvahin Figure5.4. In this class of materials
mechanoluminescence occurs because of the piezoelectric bending of the band structure of
SrAl,04.188When a ball bearing strikes a sample, the activation energy referreBdaations
5.1 and5.2 is reduced, allowing thermal energy to drive the electron detrapping at a noticeably
highe rate. Owing to the nature of a projeetithe pressure felt by the samples is alleviated
within 0.1 s, and the sample showed a brief flash as opposed tolasting glow. The
mechanoluminescence intensity (I) has been empirically shown to be lidepdgpdent on

projectile velocity (V)22

‘0 0 QU 5.3

where the kinetic ener gy c anthivegperomeritllt mi ned us
bearings used as projectiles were approximately 20 g and fired at a speed between 3.5 and 7 m/s.
The observed mechanoluminescent emission typically shows a strong linear depsiiRférce (

0.91 + 0.08) on the projectile velocitlyigure5.5). The standard deviation of the slope (k) of the
detector response versus muzzle véjoaf the projectile was 8%, which can be explained by

minor differences itompound stoichiometry and crystal quality. It should be noted that a

number of student groups found a negatiaxig intercept @) for many of these fitting lines
(Figureb.5). With some guidance, the students were able to reason that this was likely due to a
ball-bearing speed threshold required to induce sufficient band distortion to observe emission. A
linear increase is only seen once a certain minirband displeement is experienced by a

sample. It is more intuitive to consider thexis intercept irFigure5.5, which reveals the

amount of energy required to reach the limitlefection. The standard deviation of this indgitc

is ca. 21%.
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Figure 5.4. Photographs of the mechanoluminesceseteip showing views from two different angles: (a)
facing the powder Sr&D.:Eu,Dy sample attached to the transparent screen and (b) bdterstreen.
The key components of the setup are shown with red arrows.
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Figure 5.5. Dependence of the mechanoluminescence intensity on the projectile velocity. Different

symbols show experimental data colésd by different student groups, demonstrating measurement
reproducibility. Coefficients of determinain (F) for the linear fits are shown in the inset.

5.6. Assessment of Teaching Objectives

After the second lab session is completed, students were cetpuiit out and submit a
lab report template within 3 days thenceforth. The questions asked ipthewere based on
the observations and analyses gained from the two sessions. Specifically, many of the concepts
that they needed to reason out durimg $essions, such as the differences in composition
between crude and annealed samples, the effeetmfetrature on the photoluminescence, and so

81



on, were asked in the template report. This helped further reinforce the concepts learned. The lab
report wagyraded by the assigned TA. Depending on the focus of a particular laboratory course,

the versatility dthis exercise allows for testing of a variety of other concepts in the lab report,
including general spectroscopic principles and selection ruled, gefects and discrete

electronic states in sokstate materials, or even the use of mechanoluminesdennvestigate

classical mechanics and object velocity. The experiment garnered significant attention from

students, who would often enter the labiexced fr om t heir peersd descr
results. A feedback from the students in the m@ogsuggests that they generally like laboratory
experiments where fastccurring dynamic processes can be observed and measured. In that

context, the itroduction of mechanoluminescence and its practical application for pressure

sensors and ballistcsineeased the studentsd interest, | ear

this laboratory exercise.

Although the brightness of the prepared phosphors agnamong the groups, all
students over the 2 year period obtained an observable afterglow. The secerager all
students on the prelab exercise is 80%, and on the final report 72%, which are reasonable scores

given the overall complexity of this Lataiory Experiment.

5.7. Conclusion

In summary, we designed the upferel undergraduate integrated mattrichemistry
Laboratory Experiment based on the synthesis, characterization, properties, and applications of
SrAl204:Eu,Dy phosphor having prolongedeafjlow. The experiment covers the full cycle of
materials chemistry research, from synthesis and pmggsia structural and spectroscopic
characterization and evaluation, to innovative applications. The exercise is designed to allow
students to buildgactical knowledge and gain a range of hand®xperiences in this important
area of chemistry. In adtn to performing materials synthesis involving both solution and
solid-state methods, this Laboratory Experiment allows students to develop amentuiti
connection between materials processing and their properties. By using luminescent phosphors
as thefocus of investigation, the structiiproperty correlation and the spectroscopic selection
rules can be effectively demonstrated through visual obsenvatithe glow, allowing students
to review and discuss many concepts they learned in inorganic ahg&ycal chemistry

courses. The ability to directly and visually observe the properties of the obtained product can
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serve as a vehicle to introduce igling, unique, and engaging applications. This was realized
by demonstrating the use of mechanolunieese and theromoluminescence, which are
typically not covered in undergraduate laboratory courses, in ballistics and thermal imaging,
respectively.

5.8. Additional Information

Additional information for isntructors provided Appendix Dto provide additional
context for this experiment. This information includes a more detailed procedure, materials used
to test students understhng of lab concept and safety, and s@rample student data for XRD
and SEM.
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Chapter 6 Conclusions anéerspective

Semiconducting NCs are of particular interest for many functional applications because
of their intrinsic tunability. Both the emission and absampspectra of many NCs are able to be
modfied because of either quantum confinement or changes in native defect structure. Gallium
oxide is a large bandgap semiconductor (~4.9 eV) which typically has a broegtdxune
emission resulting from oxygen vacaes, making it interesting for a variety photonic
applications explored in this thesis. Gallium oxide NCs were linked to CdSe/CdS quantum dots
by an organic molecule, thioglycolic acid, to achieve FRET in solution. Building on these results,
complex stutions of these nanoparticles were detauson glass substrates by drcgsting to
make a near homogeneous film that undes§&ET by virtue of the packing density of the
NCs. To further realize the usefulness 0b@gas a primary fluorophoré&a03 was doped with
Dy®*, which resulted in thextension of the luminescent lifetime at room temperature and an
increase in the emission intensity of:Gabetween 50 K and 200 K. Meanwhile, the expertise
gained through these experiments was practically apipligee classroom of NE 320L
laboratory course, where students synthesized.SiAlanoparticles, which were analyzed

visually, by SEM, XRD and by a@shanoluminescence sgb that was built in house.

In this thesis | built upon the research that has pusliydbeen performed in this lab in
which gallium oxide NCs were functionalized with organic dyes such as rhodamine B or Atto
590. In these cases wharybrid nanoparticle conjugate was deposited on a glass substrate or a
UV LED used to excite the remotagsphor, the dye emission could be impacted by its thermal
stability. In my work, | used CdSe/CdS ceieell quantum dots as the orarrgd componenio
generate white light with a comparable color rendering index to the previously formed
nanocrystabrgarnc dye complexes, but with lower FRET efficiency (max ~30 % vs. max ~50
%) because of the exceptionally strong emission of CdSefSUnfortunatey, as can be
seen in Figure 2.4 there was some issue with the quenching of our gallium oxide and cadmium
sdenide that was not seen in the previous dye samples. This is likely caused by the nature of

ligand that we use in this study.

Combining nanopartictein a film also proved to make the creation of these LED type
devices easier and brighter. Our lab iswell prepared to perform highuality device

fabrication, but the robustness of the materials used was showcased in Chapter 3. The framework
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exploredin Chapter 3 has the possibility to produce kigtality white light with targeted
characteristics, but Wwould best to attempt this approach with materials that are naturally more
emissive thaitca0s. Zinc oxide has been shown to have a similarly strongpd, bluggreen
emission, and excitation that occurs in the-toithearUV as opposed to being optimakxcited

at 220-250nm. That being said, ZnO was the first material that we attempted to use for
conjugation, but its emission was strongly quendtethe thiol in our linkers, whil&a03
immediately showed promigy results While GaOs LEDs may not yebe commercially viable
thedesign of alinorganicquastsinglewhite light emitting nanophosphonsth tunable lighting
parameters has significeilundamental and practical importanééeresultsof thisresearch are
generally applicabland can servas a guidelinéor the preparation of other composite systems

with optimal propertie$or variousniche applications, including health and agricutlighting.

Donoracceptor pair recombination &0z has a long photoluminescent lifetime
compared ther emissive NCs because trapped electrons must tunnel to the acceptor for
recombination to occur, howevV sisshoremharmhomaash s ol u
can perceive. Gallium oxide NCs were doped witR'Thy an attempt to further extd the
lifetime of theseNCsto a range where we would be able to develop additional uses for this
material. The introduction of BYinto theGaOs lattice resulted in a decrease of the average
donor acceptor separation which caused a blueshift of thedb#gsion. The decrease in donor
acceptor separation is usually associated with a decrease in luminescent lifetime, however, we
observed an extensiatf the lifetime of doped NCs at room temperature. This counterintuitive

effect of doping makes this lifetie extension more significant.

The most valuable insight of this work is that we can control the emission intensity of
semiconductor as a function teimperature by introducing a secondary trap site. Typically,
semiconductors have the highest PL quantwstdyat lowest temperatures, and the quantum
yield will decrease with temperature becausmofeasedonradiative quenching. In all B
dopedGa&0s, we observed an increase in PL quantum yield with temperature, reaching the
maximum at around 100 K. Araple kinetic model was made and validated based on Monte
Carlo simulation, showing that this phenomenon occurs because thddpgnts form much
shallower trapping states that the donor states associate@eith DAP emission. These
insights arealsogeneral anctan aid inthedesign of new nanophosphors.
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SrAl204 is an insulating oxide with a great deal of commercial appeal because of its
ability to be doped with many rare earth elements to impart interesting properties. In this thesis, |
designed an ugr-level undergraduate chemistry or engineering lab involving the synthesis,
processing, and analysis of phosphorescent nanomaterials. In thisnexpestudents
synthesized Eu,Dy:SrA0D4 particles by combustion, and then annealed them in a reducing
environment containing hydrogen, well above the temperature at which the initial synthesis was
performed. Students compared the two samples excitedarkaoom (shown in Figure 4.2) and
remarked that reduction from Euo Ewf* caused a qualitative changedmission intensity and
color. When the excitation source was removed the annealed sample retained its emission

indicating an improvement in crystguality, which students confirmed by XRD analysis.

This experiment has all the characteristics to makeeessful undergraduate teaching
lab. Students get to see and manipulate physical and chemical principles that are otherwise
difficult to visualize;when the annealed samples are removed from the furnace, students can
immediately see the difference in esi@and in some cases, their samples even glowed green
in a sunlit room. The effect of annealing is made even more clear when the students examine
their samples by SEM and XRD. Finally, the incorporation of mechanoluminescence into this lab
shows studestlesser know physical properties, and demonstrates the importance outside the box
thinking. All of this combines to providevaluableteaching exprience for students studying

inorganic chemistry, nanoscience, material science, and engineering.

86



Lettersof CopyrightPermission

10/22/2019 Rightslink® by Copyright Clearance Center

. Copyright ) e -
" Y1~ b=~ -~ | - Account
@2 cenmee  RightsLink 23

D Center : j '

ACSPublications Titie: Surface-Enabled Energy Transfer Logged in as:

W Mast Trusted. Most Cited. Most Read. in Ga203-CdSe/CdS Paul Stanish
Nanocrystal Composite Films: University of Waterloo

Tunable All-Inorganic Rare Earth

Element-Free White-Emitting
Phosphor

Author: Paul C. Stanish, Pavle V.
Radovanovic

Publication: The Journal of Physical

Chemistry C
Publisher: American Chemical Society
Date: Sep 1, 2016

Copyright © 2016, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and
translations.

= If figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of it to your publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

BACK CLOSE WINDOW

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServiet

87

17



10/22/2019 Rightslink® by Copyright Clearance Center

4~ Copyright - & T T
E Y ccoun
@ cene  RightsLink [ vome [ iz v JROETER
S Center
ACSPu blications Title: Inorganic Phosphors for Logged in as:
w Most Trusted. Most Cited. Most Read. Teaching a Holistic Approach to Paul Stanish

Functional Materials University of Waterloo

Investigation: From Synthesis

and Characterization to
Applications of Thermo- and
Mechanoluminescence

Author: Paul C. Stanish, Howard Siu,
Pavle V. Radovanovic

Publication: Journal of Chemical Education
Publisher: American Chemical Society
Date: May 1, 2019

Copyright © 2019, American Chemical Society

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no
fee is being charged for your order. Please note the following:

= Permission is granted for your request in both print and electronic formats, and
translations.

= [f figures and/or tables were requested, they may be adapted or used in part.

= Please print this page for your records and send a copy of it to your publisher/graduate
school.

= Appropriate credit for the requested material should be given as follows: "Reprinted
(adapted) with permission from (COMPLETE REFERENCE CITATION). Copyright
(YEAR) American Chemical Society." Insert appropriate information in place of the
capitalized words.

= One-time permission is granted only for the use specified in your request. No additional
uses are granted (such as derivative works or other editions). For any other uses, please
submit a new request.

BACK CLOSE WINDOW

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServlet

88

7



References

(1)

(2)

(3)

(4)
(5)

(6)

(7)

(8)

9)

(10)

Liu, L.; Keoleian, G. A.; Saitou, K. Replacement Policy of Residential Lighting
Optimized for Cost, Energy, and Greenhouse Gas Emis&ongon. Res. LetR017, 12,
114034.

Gago, E. J.; Muneer, T.; Knez, M.; Koster, H. Natural Light Controls andeSun
Buildings. Energy Saving for Electrical Lighting, Reduction of Cooling Lé&sehew.
Sustain. Energy Re2015 41, 11 13.

Pust, P.; Schmidt, P. J.; Schnick, W. A Revolution in Lightihgt. Mater.2015 14, 454
458.

Schubert, E. F. Soli®tate Light Sources Getting Sm&tience2005 308 1274 1278.

Lux. LED breakthrough promises ultra efficient luminaires
http://luxreview.com/article/2018/01/Ieloreakthrougkpromisesultra-efficientluminaires
(accessed Jun 7, 2018).

Today, SSamsung achieves 220lm/W luminous efficacy with newpaaer LED
package http://www.semiconductor

today.com/news_items/2017/fisamsung_160617.shtml (accessed Jun 7, 2018).

Smith, T.; Guild, J. The C.LE. Colorimetric Standards and Their TUs&s.Opt. Soc.
1931, 33, 73 134.

Choudhury, K. RPrinciples of Colour and Appearance Measurement: Object
Appearance, Colour Peeption and Instrumental Measureneioodhead Publishing,
2014.

Sivaji, A.; Shopian, S.; Nor, Z. M.; Chuan,-K.; Bahri, S. Lighting Does Matter:
Preliminary Assessment on Office WorkePsocedia- Soc. Behav. Sc2013 97, 638
647.

Mills, P. R.; Tomkins, S. C.; Schlangen, L. J. The Effect of High Correlated Colour
Temperature Office Lighting on Employee Wellbeimgl&Vork Performancel.
Circadian Rhythm&007, 5, 2.

89



(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

Hunt, R. W. G.; Pointer, M. RMleasuring ColourJohn Wiley & Sons, td: Chichester,

UK, 2011.

Hsiao, S\W.; Hsiao, Y:T.; Chen, SK.; Hsu, C:F.; Lee, C:H.; Chiang, Y-H. An
Ergonomic Stdy of Visual Optimization by Light Color Managemen@alor Res. Appl.

2016 41, 72 84.

Anderson, J. L.; Glod, C. A.; Dal,; Cao, Y.; Lockley, S. W. Lux vs. Wavelength in
Light Treatment of Seasonal Affective Disord&cta Psychiatr. Scan@009 120 203

212.

Partonen, T. Effects of Morning Light Treatment on Subjective Sleepinddglaod in
Winter Depressionl. Afect. Disord.1994 30, 47 56.

Eastman, C. I.; Young, M. A.; Fogg, L. F.; Liu, L.; Meaden, P. M. Bright Light Treatment
of Winter DepressiorArch. Gen. Psychiatr§998 55, 883 889.

Hye Oh, J.; Ji Yang, S.;d& Do, Y. Healthy, Natural, Efficré and Tunable Lighting:
FourPackage White LEDs for Optimizing the Circadian Effect, Color Quality and Vision
Performancelight Sci. Appl2014 3, el41el41l.

601, T. File:Metamerie.jpg https://commons.wikimedig/wiki/File:Metamerie.jpg.

Drabold, D. A.; Estreicher, S. K. Defect Theory: An Armchair HistoryT tieory of

Defects in SemiconductgrSpringer Berlin Heidelberg; pp 128.

Queisser, H. J. Defects in Semiconductors: Some Fatal, Sometiéaicel998 281,
945 950.

Lorenz, M. R.; Woods, J. F.; Gambino, R. J. Some Electrical Properties of the
Semi c on-Ga@.t).dhys. Ehem. Solid967 28, 403 404.

Bi net
1998 59, 1241 1249.

L.; Gourier, D. O°rGa@:iJnPhysChem. BaidsB| u e

Ueda, N.; Hosono, H.; Waseda, R.; Kawazoe, H. Synthesis and Control of Conductivity of
Ul travi ol e t-Gal0g %ingls @nystalsApph BhysbLett1997, 70, 3561 3563.

¢ . Qriging af Coeristence & Conductivity and fisparency in Sn®
90

L



(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

Phys. Rev. LetR002 88, 095501.

Wang, T.; Farvid, S. S.; Abulikemu, M.; Radovanovic, P. V. Siarable
Phosphorescence i nGaOoNarowystasd.lAm. @eemaSeR0E)b | e
132, 9250 9252.

Xiao, W-Z.; Waryg, L.-L.; Xu, L.; Wan, Q.; Pan, AL. Electronic Structure and Magnetic
Properties in Nitrogeioped from Density Functional Calculatioisolid State Commun.
201Q 150, 852 856.

Stanish, P. CRadovanovic, P. V. Surfadenabled Energy Transfer inegDsi CdSe/CdS
Nanocrystal Composite Films: Tunable Alorganic Rare Earth ElemeRtee White
Emitting Phosphord. Phys. Chem. 2016 120, 19566 19573.

Wang, T.; Chirmanov, V.; Chiu, W. H. MRadovanovic, P. V. Generating Tunable White
Light by Resonance Energy Transfer in Transparent-Ogajugated Metal Oxide
NanocrystalsJ. Am. Chem. So2013 135, 14520 14523.

Maximenko, S. |.; Mazeina, L.; Picard, Y. N.; Freitas, J. A.; Bermudelk].; Prokes, S.
M. Cathodoluminescence Studies of theomogeneities in SBoped GaOs Nanowires.
Nano Lett2009 9, 3245 3251.

Zhao, X.; Wu, Z.; Cui, W.; Zhi, Y.; Guo, D.; Li, L.; Tang, W. Impurity Compensation
Effect Inducedby Tival ence G®agSng®s Thindrilms.ACS Appl. Mater.
Interfaces2017 9, 983 988.

Ghodsi, V.; Jin, S.; Byers, J. C.; Pan, Y.; Radovanovic, P. V. Anomalous Photocatalytic
Activity of -Rmmse&®yEnpableday Uongdived DefectTrap States].
Phys. Chem. @017, 121, 9433 9441.

Zheng, B.; Hua, W.; Yue, Y.; Gao, Z. Dehydrogenation of Propane to Propene over
Different Polymorphs of Gallium Oxidd. Catal.2005 232, 143 151.

Yoshioka, S.; Hayashi, H.; Kuwabara, A.; ®I-.; Matsunaga, K.; Tanaka, I. Structures
and Energetics of G&3z PolymorphsJ. Phys. Condens. Matt2007, 19, 346211.

Nishi, K.; Shimizu, K.; Takamatsu, M.; Yoshida, H.; Satsuma, A.; Tanaka, T.; Yoshida,

91

0]



(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

S.; Hattori, T. Deconvolution Analysis &a K-Edge XANES for Quantification of
Gallium Coordinations in Oxide Environmenis.Phys. Chem. B998 102 10190
10195.

Coallins, S. E.; Baltanas, M. A.; Bonivardi, A. L. Hydrogen Chemisorption on Gallium
Oxide PolymorphsLangmuir2005 21, 962 970.

Playford, H. Y.; Hannon, A. C.; Tucker, M. G.; Dawson, D. M.; Ashbrook, S. E.;
Kastiban, R. J.; Sloan, J.; Walt onrGaOsR.
J. Phys. Chem. €014 118 16188 16198.

Ghodsi, V.Modulating Opticalnd Photocatalytic Properties of Transparent Metal Oxide

Nanostructures via Defect Engineering, University of Waterloo, 2018.

Bl asse, G.; Bril, A. Some 0O&aOel RhgstGheam s
Solids197Q 31, 7071 711.

Harwigp T.; Kell endonk, F. Some Observ-ations

Galliumsesquioxidel. Solid State Chermh978 24, 255 263.

Chen, T. ;-GaDQuantum Bots with Visible Blu&reen Light Emission
Property Appl. Fhys. Lett2007, 90, 053104.

Thomas, D. G.; Hopfield, J. J.; Augustyniak, W. M. Kinetics of Radiative Recombination
at Randomly Distributed Donors and Acceptétsys. Rev1965 140, A202  A220.

n

t

C

Hegde, M.:; Wang, T.:; WM®. Y. lO0ginbofiszeDependent. ; Rad o\
Phot ol umi nescence De c-@g0s:NapocrgstalsApm. PhysaiLletCo | | o

2012 100, 141903.

Fernandes, B. ; Hegde, M. ; Stani sh, P. C.

Photoluminescence Decay Dynamiks iGaOs Nanocrysals: The Role of Exclusion
Distance at Short Time Scal€&hem. Phys. LetR017 684, 135 140.

Simmons, R. O.; Balluffi, R. W. Measurements of Equilibrium Vacancy Concentrations in
Aluminum.Phys. Rev196Q 117, 52/ 61.

Freysoldt, C.; GrabowskB.; Hickel, T.; Neugebauer, J.; Kresse, G.; Janotti, A.; Van de

92



(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

Walle, C. G. FirstPrinciples Calculations for Point Defects in Soligdev. Mod. Phys.
2014 86, 253 305.

Harvey, E. NA History of Luminescence from the Eest Times until 19QCAmerican
Philosophical Society, 1957; Vol. 44.

Van den Eeckhout, K.; Smet, P. F.; Poelman, D. Persistent Luminescencé-Dofad
Compounds: A ReviewMaterials201Q 3, 2536 2566.

Abbruscato, V. Optical and Electridatoperties of SrAD.:Eu?*. J. Electrochem. Soc.
1971, 118 930 933.

Matsuzawa, T.; Aoki, Y.; Takeuchi, N.; Murayama, Y. A New Long Phosphorescent
Phosphor with High Brightness, Se8l::Eu?*,Dy**. J. Electrochem. So996 143
2670 2673.

Lan,Z.; Chengyu, L.; QiangS. Long Lasting Phosphorescence id*Eund Cé* Co-
Doped Strontium Borate GlassdsRare Earth2006 24, 196 198.

Aitasalo, T.; Der e &, P .-C.;Lastudaasi2M.; J. ; Jungnert
Legendziewicz, J.; N stent Lunyineszende iPhenodhenain St r n k ,
Materials Doped with Rare Earth lods.Solid State Cher@003 171, 114 122.

DorenbosP. Locating Lanthanide Impurity Levels in the Forbidden Band of Host
Crystals.J. Lumin.2004 108 301 305.

Clabau, F.; Roguefelte, X.; Jobic, S.; Deniard, P.; Whangbo;H\. Garcia, A.; Le
Mercier, T. Mechanism of Phosphorescence Appropriatthé&ltonglLasting Phosphors
Ew’* -Doped SrA}O4 with Codopants DY and B*. Chem. Mater2005 17, 3904 3912.

Dorenbos, PMechanism of Persistent Luminescence id*Emd Dy* Codoped
Aluminate and Silicate Compoundk.Electrochem. So2005 152 H107 H110.

Bube, R. H. Luminescence and Trapping in Zinc Sulfide Phosphors with and without
Copper ActivatorPhys. Rev1950, 80, 655 666.

McKeever, S. W. SThermolummescence of Solig€ambridge University Press, 1985.

Sahu, I. P.; Bisen, D. P.; Brahme, N. Dysprosium Dope8tiintium Magnesium Di
93



Silicate White Light Emitting Phosphor by Solid State Read¥iethod.Displays2014
35, 279 286.

(57) Shi,C.; Fu, Y.; Liu, B.; Zhang, G.; Chen, Y.; Qi, Z.; Luo, X. The Roles of'Bnd Dy*
in the Blue LonglLasting Phosphor 8vlgSi,O7: EL?*, Dy**. J. Lumin.2007, 122 123,
117 13.

(58) Dean, P. J. Inteimpurity Recombinations in SemiconductoPsog. Solid Site Chem.
1973 8, 1i 126.

(59) Varshni, Y. P. Temperature Dependence of the Energy Gap in SemicondBbimisa
1967, 34, 149 154.

(60) Li, Z.-F.; Zhou, L.; Yu, JB.; Zhang, HJ.; Deng, RP.; Peng, ZP.; Guo, ZY.
Synthesis, Structure, Photolum&mence, and Electroluminescence Properties of a New
Dysprosium Complex]. Phys. Chem. €007, 111, 2295 2300.

(61) Aggarwal, N.; Vasishth, A.; Kaur, K.; Verma, N. K. Role of Dysprosium Doping on
Structural Optical, Magnetic and Electrical PropertiesZoiO NanorodsJ. Supercond.
Nov. Magn2018 32, 685 691.

(62) Katsumata, T.; Sasajima, K.; Nabae, T.; Komuro, S.; Morikawa, T. Characteristics of
Strontium Aluminate Crystals Used for Lomration PhosphatJ. Am. Ceram. Soc.
2005 81, 413 416.

(63) Seltzer, M. D.; Wright, A. O.; Morrison, C. A.; Wortman, D. E.; Gruber, J. B.; Filer, E. D.
Optical Spectra, Energy Levels and Branching Ratios of Trivalent Dysprd3aed
Yttrium Scandium Gallium Garnel. Phys. Chem. Solids996 57, 1175 1182.

(64) Ruan, C.; Zhang, Y.; Lu, M.; Ji, C.; Sun, C.; Chen, X.; Chen, H.; Colvin, V.; Yu, W.
White LightEmitting Diodes Based on Aglp&nS Quantum Dots with Improved
Bandwidth in Visible Light CommunicatiotNanomagrials 2016 6, 13.

(65) Lim, S.Y.; Shen, W.GGao, Z. Carbon Quantum Dots and Their Applicati@isem. Soc.
Rev.2015 44, 362 381.

(66) Dai, X.; Zhang, Z.; Jin, Y.; Niu, Y.; Cao, H.; Liang, X.; Chen, L.; Wang, J.; Peng, X.

94



(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

SolutionProcessed, HigPPeformance LightEmitting Diodes Based on Quantudots.

Nature2014 515 96 99.

Yang, Y.; Zheng, Y.; Cao, W.; Titov, A.; Hyvonen, J.; Manders, J. R.; Xue, J.; Holloway,

P. H.; Qian, L. HigkEfficiency LightEmitting Devices Based on Quantum Dots with
Tailored Nanostructureslat. Photonic015 9, 259 266.

Shirasaki, Y.; Supran, G.
QuantumbDot Light-Emitting TechnologiedNat. Photonic013 7, 13 23.

J.

Bawendi , M. (

Ruhle, S.; Shalom, M.; Zaban, A. Quantldut-Sensitized Solar Cell€hemPhysCha

201Q 11, 2290 2304.

Nozik, A. . Quantum Dot Solar CellBhys. E Lowdimensional Syst. Nanostructures

2002 14, 115 120.

Shi, L.; De Paoli, V.; Rosenzweig, N.; Rosenzweig, Z. Synthesis and Application of

Quantum Dots FREBased Protease Sems.J. Am.Chem. Soc2006 128 10378

10379.

Dabbousi, B. O.; Rodrigue¥iejo, J.; Mikulec, F. V.; Heine, J. R.; Mattoussi, H.; Ober,

R. ; Jensen, K. F.

Bawendi

M.

G.

(CdSe) Zn ¢

Characterization of a Size Series of HighlUminescent Nanocrystallited. Phys. Gem.

B 1997, 101, 9463 9475.

Alivisatos, A. P. Semiconductor Clusters, Nanocrystals, and Quantum3aaeacel 996

271, 933 937.

Efros, A. L.; Efros, A. L. Interband Absorption of Light in a Semiconductor SpBexe.

Phys.- Semicond1982 16, 772 775.

Brus, L. E. A Simple Model for the lonization Potential, Electron Affinity, and Aqueous
Redox Potentials of Small Semiconductor Crystallile€hem. Phy<sl983 79, 5566

5571.

Brus, L. Electronic Wave Functions in Semiconductlus@rs: Experiment and Theory.

J. Phys. Chenl986 90, 2555 2560.

95



(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

Wang, Y.; Herron, N. Nanomet&ized Semiconductor Clusters: Materials Synthesis,
Quantum Size Effects, and Photophysical Properdig3hys. Chenl991, 95, 525 532.

Murray, C. B.; Norris, D. J.; Bawendi, M. G. Synthesis and Characterization of Nearly
Monodisperse CdE (E = Sulfur, Selenium, Tellurium) Semiconductor Nanocrystdllites.
Am. Chem. S0d.993 115, 8706 8715.

Yu, W. W.; Qu, L.; Guo, W.; Peng, X. Experimenidtermination of the Extinction
Coefficient of CdTe, CdSe, and CdS Nanocrystalem. Mater2003 15, 2854 2860.

Alivisatos, A. P. Perspectives on the Physical Chemistry of Semiconductor Nanocrystals.
J. Phys. Chen1996 100, 13226 13239.

Bera, D.; Qian, L.; Tseng, ‘K.; Holloway, P. H. Quantum Dots and Their Multimodal
Applications: A ReviewMaterials201Q 3, 2260 2345.

Hawrylak, P.; Narvaez, G. A.; Bayer, M.; Forchel, A. Excitonic Absorption in a Quantum
Dot. Phys. Rev. LetR00Q 85, 389 392.

Norris, D. J.; Bawendi, M. G. Structure in the Lowest Absorption Feature of CdSe
Quantum DotsJ. Chrem. Phys1995 103 5260 5268.

Bang, J.; Yang, H.; Holloway, P. H. Enhanced and Stable Green Emission of ZnO
Nanoparticles by Stace Segregation of M@Nanotechnolog®006 17, 973 978.

Kucur, E.; Bucking, W.; Giernoth, R.; Nann, T. Deterntioia of Defect States in
Semiconductor Nanocrystals by Cyclic VoltammefryPhys. Chem. B0O05 109, 20355
20360.

Colvin, V. L., Goldstein, A. N.; Alivisatos, A. P. Semiconductor Nanocrystals Covalently
Bound to Metal Surfaces with Selissembled MnolayersJ. Am. Chem. So&992 114,
5221 5230.

Chen, X.; Lou, Y.; Samia, A. C.; Burda, C. Coherency Strain Effects on theaDpt
Response of Core/Shell Heteronanostructitaso Lett2003 3, 799 803.

Grabolle, M.; Ziegler, J.; Merkulo\A.; Nann, T.; Resclésenger, U. Stability and

Fluorescence Quantum Yield of Cd&eS Quantum Dotinfluence of the Thickness of

96



(89)

(90)

(91)

(92)

(93)

(94)

(95)

(96)
(97)

(98)

the ZnSShell. Ann. N. Y. Acad. S&@008 113Q 235 241.

Chen, O.; Zhao, J.; Chauhan, V. P.; Cui, J.; Wong, C.; HarriK,;Wei, H.; Han, HS.;
Fukumura, D.; Jain, R. K.; et al. Compact HiQbality CdS&CdS Cor&Shell
Nanocrystals with Narrow Emissidinewidths and Suppressed Blinkingat. Mater.
2013 12, 445 451.

Xie, R.; Kolb, U.; Li, J.; Basché, T.; Mews, Bynthesis and Characterization of Highly
Lumi nescent Cd&eSZ0S Multisheall Sandcrystald. Am. Chem.
Soc.2005 127, 7480 7488.

Kundu, J.; Ghosh, Y.; Dennis, A. M.; Htoon, H.; Hollingsworth, J. A. Giant Nanocrystal
Quantum DotsStable DowrConversion Phosphors That Exploit a Large Stokes Shift and
Efficient Shellto-Core Energy RelaxatioiNano Lett2012 12, 3031 3037.

Chen, Y.; Vela, J.; Htoon, H.; Casson, J. L.; Werder, D. J.; Bussian, D. A.; Klimov, V. |.;
Hollingswot h, J. A. fAGianto Multishel!]l CdSe Nanc
Blinking. J. Am. Chem. So2008 130 5026 5027.

Meinardi, F.; Colombo, A.Velizhanin, K. A.; Simonultti, R.; Lorenzon, M.; Beverina, L.;
Viswanatha, R.; Klimov, V. |.; BroJuk, S. LargeArea Luminescent Solar Concentrators
Based o BhifoESnt goikneeser e d 6 N a nPRolymeyized PMMA Mdtrin. a Ma s
Nat. Photonic2014 8, 392 399.

Forster, T. Zwischenmolekulare Energiewanderung Und FluoresZenzPhys1948
437, 55 75.

FRrster, T. 10th Spiers Memori al Lecture. 1
Discuss. Faraday So&959 27, 71 17.

Lakowicz, J. RPrinciples of Fluorescence Spectroscopsd ed.; Springer: Boston, 2006.
Tsien, R. Y. The GreeRluorescent Proteifinnu. Rev. Biochem998 67, 509 544.

Miyawaki, A.; Llopis, J.; Heim, R.; McCaffery, J. M.; Adams, J. A.; Ikura, Tien, R.
Y. Fluorescent Indicators for EBased on Green Fluorescent Proteins and Calmodulin.
Nature1997 388, 882 887.

97



(99) Chan, F. K-M.; Siegel, R. M.; Zacharias, D.; Swofford, R.; Holmes, K. L.; Tsien, R. Y.;
Lenardo, M. J. Fluorescence Resonance Energy Transfer Analysis of Cell Surface
Receptor Interactions and Signaling Using Spectral Variants of #enGiluorescent
Praein. Cytometry2001, 44, 361 368.

(100) Jones, J.; Heim, R.; Hare, E.; Stack, J.; Pollok, B. A. Development and Application of a
GFRFRET Intracellular Caspase Assay for Drug Screerdingiomol. Screer200Q 5,
307 317.

(101) Khremova, M.; Topol, I.;Collins, J.; Nemukhin, A. Estimating Orientation Factors in the
FRET Theory of Fluorescent Proteins: The TagiRHHP Pair and Beyondiophys. J.
2015108 126 132.

(102) Xu, Q-H.; Wang, S.; Korystov, D.; Mikhailovsky, A.; Bazan, G; ®loses, D.; Heege
A. J. The Fluorescence Resonance Energy Transfer (FRET) Gate: AREsodved
Study.Proc. Natl. Acad. ScR005 102 530 535.

(103) Clapp, A. R.; Medintz, I. L.; Mauro, J. M.; Fisher, B. R.; Bawendi, M. G.; Mattoussi, H.
Fluorescene Resonance Enerdyansfer Between Quantum Dot Donors and -Dye
Labeled Protein Acceptord. Am. Chem. So2004 126, 301 310.

(104) Kang, J. S.; Piszczek, G.; Lakowicz, J. R. Enhanced Emission Induced by FRET from a
Long- Lifetime , Low Quantum Yield Bnor to a LongWawelength , High Quantum
Yield Acceptor.J. Fluoresc2002 12, 97 103.

(105) Layek, A.; Stanish, P. C.; Chirmanov, V.; Radovanovic, P. V. Hybrid-BaSed
Nanoconjugate for Efficient and Sustainable White Light Generdfibam. Mater2015,
27,1021 1030.

(106) Chirmanov, V.; Stanish, P. C.; Layek, A.; Radovanovic, P. V. Dist@egendent Energy
Transfer between G@sz Nanocrystal Defect States and Conjugated Organic Fluorophores
in Hybrid White Light-Emitting Nanophosphors. Phys. Cem. C2015 119 5637i 5696.

(107) Dworak, L.; Matylitsky, V. V.; Ren, T.; Basché, T.; Wachtveitl, J. Acceptor Concentration
Dependence of Forster Resonance Energy Transfer DynamicsiiQDgetum Dot
ComplexesJ. Phys. Chem. 2014 118 4396 4402.

98



(108) Funston, A. M.; Jasieniak, J. J.; Mulvaney, P. Complete Quenching of CdSe Nanocrystal
Photoluminescence by Single Dye Moleculkedv. Mater.2008 20, 4274 4280.

(109) Chen, O.; Wei, H.; Maurice, A.; Bawendi, M.; Reiss, P. Pure Colors froni Sbhed{
Quartum Dots. MRS Bull.2013 38, 696 702.

(110) Peng, X.; Wickham, J.; Alivisatos, A. P. Kinetics oMI and 1ll-V Colloidal
Semi conductor Nanocryst al Gr oJwAmhChenii $oc.c U S i n ¢
1998 120, 5343 5344.

(111) Medintz, I. L; Uyeda, H. T.; Goldman, E. R.; Mattoussi, H. Quantum Dot Bioconjugates
for Imaging, Labelling and Sensingat. Mater.2005 4, 435 446.

(112) Yao, W-T.; Yu, S:-H. Synthesis of Semiconducting Functional Materials in Solution:
From 1I-VI Semiconductor tdnorganiecOrganic Hybrid Semiconductor Nanomaterials.
Adv. Funct. Mater2008 18, 3357 3366.

(113) Agranovich, V. M.; Gartstein, Y. N.; Litinskaya, M. Hybrid Resonant Orgdnmrganic
Nanostructures for Optoelectronic Applicatio@hem. Rev2011, 111, 5179 5214.

(114) Brown, L. R.World On the Edge: How To Prevent Environmental And Economic
Collapse 1st ed.; W.W. Norton & Company: New York, 2010.

(115) Khan, N.; Abas, N. Comparative Study of Energy Saving Light SouRmsew. Sustain.
Energy Rev2011, 15, 296 309.

(116) Pimputkar, S.; Speck, J. S.; DenBaars, S. P.; Nakamura, S. Prospects for LED Lighting.
Nat. Photonic009 3, 180 182.

(117) Ye, S.; Xiao, F.; Pan, Y. X.; Ma, Y. Y.; Zhang, Q. Y. Phosphors in Phospboverted
White LightEmitting Diodes: Recent Advances in Materials, Techniques and Properties.
Mater. Sci. Eng. R Repor291Q 71, 11 34.

(118) Krames, M. R.; Shchekin, O. B.; MueHlbtach, R.; Mueller, G. O.; Zhou, L.; Harbers,
G.; Craford, M. G. Status and Future of Higbwer Light-Emitting Diodes for Solid
State LightingJ. Disp. TechnolR007 3, 16Q 175.

(119) Xie, R-J.; Hirosaki, N.; Suaro, T.; Xu, F:F.; Mitomo, M. A Simple, Efficient Synthetic

99



Route to SiSisNs:EL?* -Based Red Phosphors for White Ligknitting Diodes Chem.
Mater. 2006 18, 5578 5583.

(120) Korthout, K.; Smet, P. F.; Poelman, D. Rare Earth Doped-Sbedl Particlesas
Phosphor for WaraWhite LightEmitting DiodesAppl. Phys. Lett2011, 98, 261919.

(121) Chang, Y.; Sun, D.; Zhang, Z.; Zhang, Ya&, X.; Jiang, D.; Yu, Y.; Mi, L.; Chen, L.;
Zhong, H.; et al. High ColeRenderingindex Hybrid White LEDs Employing €Se/ZnS
Core/Shell Quantum Dotd. Nanosci. Nanotechnd016 16, 670 676.

(122) Wang, T.; Radovanovic, P. V. Siiependent Electrofransfer and Trapping in Strongly
Luminescent Colloidal Gallium Oxide NanocrystalsPhys. Chem. €011, 115 18473
18478.

(123) Wang, T.; Radovanovic, P. V. In Situ Enhancement of the Blue Photoluminescence of
Colloidal GaOs Nanocrystals by Promoticsf Defect Formation in Reducing Conditions.
Chem. Commur2011, 47, 7161 7163.

(124) Farvid, S. S.; Wang, T.; Radovano, P. V. Colloidal Gallium Indium Oxide
Nanocrystals: A Multifunctional LighEmitting Phosphor Broadly Tunable by Alloy
CompositionJ. Am. Chem. So@011, 133 6711 6719.

(125) Peng, Z. A.; Peng, X. Formation of Higpuality CdTe, CdSe, and CdS Nanocrystals
Using CdO as Precursar. Am. Chem. So2001, 123 183 184.

(126) Dibbell, R. S.; Watson, D. F. Distan@ependent Electron @nsfer in Tethered
Assemblies of CdS QuantunoB3 and TiQ NanoparticlesJ. Phys. Chem. 2009 113
3139 3149.

(127) Zhu, H.; Hu, M. Z.; Shao, L.; Yu, K.; Dabestani, R.; Zaman, M. B.; Liao, S. Synthesis and
Optical Properties of Thiol Functionalized Gad2nS (Core/Shell) Quantum Dots by
Ligand Exclange.J. Nanomater2014 2014 1i 14.

(128) Jeong, S.; Achermann, M.; Nanda, J.; Ilvanov, S.; Klimov, V. I.; Hollingsworth, J. A.
Effect of the ThioliTThiol ate Equidusbri um
CdSe/zZnS Nanocrystal Quantum DatsAm.Chem. So2005 127, 10126 10127.

100

or



(129) Reiss, P.; Protiere, M.; Li, L. Core/Shell Semiconductor NanocryS§aiall2009 5,
154 168.

(130) Cantor, C. R.; Pechukas, P. Determination of Distance Distribution Functions by Singlet
Singlet Energy TransfeProc. Natl. Acad. Scil971, 68, 2099 2101.

(131) Clapp, A. R.; Medintz, I. L.; Mattoussi, H. Forster Resonance Energy Transfer
Investigations Using Quantuiot FluorophoresChemPhysChe2006 7, 47 57.

(132) Chen, L.; Lin, CC.; Yeh, C:W.; Liu, R-S. Light Converting Inorganic Phosphdos
White LightEmitting DiodesMaterials201Q 3, 2172 2195.

(133) Inc., N. C.Energy Savings Potential of Sclgtate Lighting in General lllumination
Applications 2012.

(134) Steigerwald, D. A.; Bhat, J. C.; Collins, D.; Fletcher, R. M.; HolcombOM Ludowise,
M. J.; Martin, P. S.; Rudaz, S. L. lllumination with Solid State Lighting Technology.
IEEE J. Sel. Top. Quantum Electr@@02 8, 310 320.

(135) George, N. C.; DendtyK. A.; Seshadri, R. Phosphors for Se$ithte White Lighting.
Annu. FRev. Mater. Re2013 43, 4811 501.

(136) Setlur, A. A.; Heward, W. J.; Gao, Y.; Srivastava, A. M.; Chandran, R. G.; Shankar, M. V.
Crystal Chemistry and Luminescence ofCBoped LuCaMg(Si,Ge}O12 and Its Use in
LED Based LightingChem. Mater2006 18, 3314 3322.

(137) Alonso, E.; Sherman, A. M.; Wallington, T. J.; Everson, M. P.; Field, F. R.; Roth, R.;
Kirchain, R. E. Evaluating Rare Earth Element Availability: A Case withoRevonary
Demand from Clean Technologiésviron. Sci. TechnoR012 46, 3406 3414.

(138) Li, Y. Q.; Rizzo, A.; Cingolani, R.; Gigli, G. Bright Whikight-Emitting Device from
Ternary Nanocrystal Compositesdv. Mater.2006 18, 2545 2548.

(139) Lita, A.; Washington, A. L.; van de Burgt, L.; Strouse, G. F.; Stiegmah, 8table
Efficient SolidState WhitelLight-Emitting Phosphor with a High Scotopic/Photopic Ratio
Fabricated from Fused Cd&d#lica Nanocompositesdv. Mater.201Q 22, 39871 3991.

(140) Villa, I.; Vedda, A.; Fasoli, M.; Lorenzi, R.; Kranzlin, N.; Rechgper, F.; llari, G.; Primc,

101



D.; Hattendorf, B.; Heiligtag, F. J.; et al. SiBependent Luminescence in HfO
Nanocrystals: Toward White Emission from Intrinsic Surface Def€@ttem Mater.
2016 28, 3245 3253.

(141) Bowers, M. J.; McBride, J. R.; Rosentha. J. WhiteLight Emission from MagkSized
Cadmium Selenide Nanocrystals Am. Chem. So2005 127, 15378 15379.

(142) Wu, S.; Pan, Z.; Chen, R.; Liu, X. Applications of Iganic Afterglow Phosphors. In
Long Afterglow Phosphorescent Materig®piinger, Cham, 2017; pp 10116.

(143) Nag, A.; Sarma, D. D. White Light from MiiDoped CdS Nanocrystals: A New
ApproachJ. Phys. Chem. 2007, 111, 13641 13644.

(144) Panda, S. K.Hickey, S. G.; Demir, H. V.; Eychmiller, A. Bright Whiteght Emitting
Manganese and Copper-Coped ZnSe Quantum Do#ngew. Chemie Int. E@011, 50,
4432 4436.

(145) Stanish, P.; Radovanovic, P. Energy Transfer between Conjugated Colloi@glaBa
CdSe/CdS Core/Shell Nanocrystals for White Light Emitting ApplicatiNas.omaterials
2016 6, 32.

(146) Smith, A. M.; Nie, S. Semiconductor Nanocrystals: Structure, Properties, and Band Gap
EngineeringAcc. Chem. Re201Q 43, 190 200.

(147) Zzhong,H.; Bai, Z.; Zou, B. Tuning the Luminescence Properties of Colloidal VI
Semiconductor Nanocrystals for Optoelectronics and Biotechnology Applications.
Phys. Chem. LetR012 3, 3167 3175.

(148) Chou, K.; Dennis, A. Forster Resonance Energy Teatetween Quantum Dot Donors
and Quantum Dot AcceptorSensor015 15, 13288 13325.

(149) Achermann, M.; Petruska, M. A.; Kos, S.; Smith, D. L.; Koleske, D. D.; Klimov, V. .
EnergyTransfer Pumping of Semiconductor Nanocrystals Using an Epitaxial Quantum
Well. Nature2004 429, 642 646.

(150) Kagan, C. R.; Murray, C. BNirmal, M.; BawendiM. G. Electronic Energy Transfer in
CdSe Quantum Dot SolidBhys. Rev. Letil996 76, 15171 1520.

102



(151) Li, Y.; Gecevicius, M.; Qiu, J. Long Persistent Phosptiddrem Fundamentals to
Applications.Chem. Soc. Re2016 45, 2090 2136

(152) Yen, W. M.; Yamamoto, H.; Shionoya, Bhosphor HandbogkCRC Press: Boca Raton,
2006.

(153) Eikmeier, M.; Lohmann, P.; Koops, A. Loi#fterglow Adhesive Tape. US patent
5858495, 1999.

(154) Schafer, K.; Wang, H.; Pich, A.; Mer, M.; Damm, C.Peukert, W.; WilmsC.; Seide,
G.; Gries, T. Novel Luminescent Composite Polymer Fibers for Warning and Security
SystemsChem. Fibers Int2012 62, 130 132.

(155) Zzhang, JC.; Xu, C:N.; Kamimura, S.; Terasawa, Y.; Yamada, H.; Wang, X. An Intense
Elastico-Mechanolumineseee Material CaZnOS:Miifor Sensing and Imaging Multiple
Mechanical Stresse®pt. Expres2013 21, 12976 12986.

(156) Timilsina, S.; Lee, K. H.; Kwon, Y. N.; Kim, J. S. Optical Evaluation of In Situ Crack
Propagation by Using Meaholuminescence of SI#4:Eu*,Dy?*. J. Am. Ceram. Soc.
2015 98, 2197 2204.

(157) Wu, B-Y.; Wang, H:F.; Chen, 3T.; Yan, X-P. Fluorescence Resonance Energy
Transf er | nhi-Petopratemn iExcrtedsdaripng Carwer Cell Growth Using
Functioralized Persistent Luminescence Nanoparticledm. Chem. So2011, 133
6861 688.

(158) Jia, F.; Li, G.; Yang, B.; Yu, B.; Shen, Y.; Cong, H. Investigation of Rare Earth
Upconversion Fluorescent Nanoparticles in Biomedical Fiddshotechnol. Rex2019 8,
1r1v.

(159) Li, Z.; Zhang, Y.; Wu, X.; Huang, L.; Li, D.; Fan, W.; Han, G. DirdgueousPhase
Synthesisof SUL 0 Nm ALumi nous Pearl so with Enhance
Infrared Persistent LuminescendeAm. Chem. So2015 137, 5304 5307.

(160) Nakauchi, D.; Okada, G.; Koshimizu, M.; Yanagida, T. Scintillation and Thermally
Stimulated Luminescence Properties offiped SrAtO4 Single CrystalsRadiat. Meas.
2017 106, 170 174.

103



(161) Yanagida, T.; Fujimoto, Y.; Ito, T.; Uchiyama, K.; Mori, K. Development eRXy
Induced Afterglow Characterization Systefsppl. Phys. Expres?014 7, 062401.

(162) Wang, C.; Xuan, T.; Liu, J.; Li, H.; Sun, Z. Long Afterglow Si®}:Ew?*,Dy** Phosphors
as Luminescent DowBhifting Layer for Crystalline Silicon Solar Cellst. J. Appl.
Ceram. TechnoR015 12, 722 727.

(163) Terraschke, H.Wickleder, C. UV, Blue, Green, Yellow, Red, and Small: Newest
Developments on EtrDoped Nanophosphor€hem. Rev2015 115 11352 11378.

(164) Van den Eeckhout, K.; Smet, P. F.; Poelman, D. Persistent Luminescence-EaRhare
Codoped CgBisNs:EL?*. J. Lumin.2009 129 114G 1143.

(165) Smet, P. F.; Moreels, |.; Hens, Z.; Poelm2anluminescence in Sulfides: A Rich History
and a Bright FutureMaterials201Q 3, 2834 2883.

(166) P®r ez Sal as, R. ; Mel ®ndr ez, R. glumiheseem e s , R. ;
Dosi metry Based on the Aftergl oidesAplsponse
Phys. Lett1993 63, 3017 3019.

(167) RojasHernandez, R. E.; Rubidlarcos, F.; Rdriguez, M. A.; Fernandez, J. F. Long
Lasting Phosphors: Sr&Ds:Eu, Dy as the Most Studied MateriRlenew. Sustain. Energy
Rev.2018 81, 2759 2770.

(168) Aitasalo, T.; Holsa, J.; Jungner, H.; Lastusaari, M.; Niittykoski, J. Thermoluminescence
Study ofPersistent Luminescence Materials?Eand R*-Doped Calcium Aluminates,
CaALOsEW*,R%. J. Phys. Chem. B00G 110, 4589 4598.

(169) Aitasalo, T.;Hd6lsa, J.; Jungner, H.; Lastusaari, M.; Niittykoski, J.; Parkkinen, M.;
Valtonen, R. E&i Doped Calcim Aluminates Prepared by Alternative Low Temperature
RoutesOpt. Mater. (Amst)2004 26, 113 116.

(170) Chen, R.; Wang, Y.; Hu, Y.; Hu, Z.; Liu, C. Mibidation on Luminescent Properties of
SrAlLO4EL?, Dy** Phosphor by Y# lons Doping.J. Lumin.2008 128 118G 1184.

(171) Peng, T.; Yang, H.; Pu, X.; Hu, B.; Jiang, Z.; Yan, C. Combustion Synthesis and
Photoluminescence of Sr&4:Eu,Dy Phosphor Nanaypticles.Mater. Lett.2004 58,

104



352 356.

(172) Qiu, Z.; Zhou, Y.; LU, M.; Zhang, A.; Ma, Q. CombustiSynthesis of Three
Dimensional ReticulaBtructured Luminescence Sp@l:Eu,Dy NanocrystalsSolid State
Sci.2008 10, 629 633.

(173) Zhao, C.; CherD. Synthesis of CaADs:Eu,Nd Long Persistent Phosphor by Combustion
Processes and Its Optical Prdpes. Mater. Lett.2007, 61, 3673 3675.

(174) Ghodsi, V.; Radovanovic, P. V. Turning Weakly LuminescentSx@hocrystals into
Tunable and Efficient Light Emitters by Aliovalent Alloyinghem. Mater2018 30,
3578 3587.

(175) Simmons, J. G. Generaliz&thermal 3V Characteristic for the Electric Tunnel Effedt.
Appl. Phys1964 35, 2655 2658.

(176) Norris, D. J.; Efros, A. L.; Erwin, S. C. Doped Nanocryst&lsience2008 319, 1776
1779.

(177) Bryan, J. D.; Gamelin, D. R. Doped Semiconductor Neystals: Synthesis,
Characterization, Physical Properties, and Applications; 2005; 13287

(178) Farvid,S. S.; Dave, N.; Wang, T.; Radovanovic, P. V. Dogadticed Manipulation of
the Growth and Structural Metastability of Colloidal Indium Oxide Naystals.J. Phys.
Chem. Q2009 113 15928 15933.

(179) Layek, A.; Yildirim, B.; Ghodsi, V.; Hutfluss, L. NHegde, M.; Wang, T.; Radovanovic,
P. V. Dual Europium Luminescence Centers in Colloidaldz&lanocrystals: Controlled
in Situ Reduction of Eulll) and Stabilization of Eu(I)Chem. Mater2015 27, 6030
6037.

(180) Wang, T.; Layek, A.; Hosein, I. DGhirmanov, V.; Radovanovic, P. V. Correlation
between Native Defects and Dopants in Colloidal LanthabDioiged GaOs Nanocrystals:
A Path to Enhate Functionality and Control Optical PropertiésMater. Chem. @014
2, 3212 3222.

(181) Playford, H. Y; Hannon, A. C.; Barney, E. R.; Walton, R. I. Structures of Uncharacterised

105



Polymorphs of Gallium Oxide from Total Neutron Diffracti@@hem.- A Eur. J.2013
19, 2803 2813.

(182) Clabau, F.; Rocquefelte, X.; Le Mercier, T.; Deniard, P.; Jobic, S.; Whanghd, M.
Formulation of Phosphorescence Mechanisms in Inorganic Solids Based on a New Model
of Defect ConglomeratiorChem. Mater2006 18, 3212 3220.

(183) Kaewjaeng, S.; KaewkioaJ.; Chanthima, N.; Ruangtawep, Y.; Klysubun, W.; Kothan, S.;
Kim, H. J. XANES and Luminescence Studies afgtCaO SiO,-B203 (M203 = Y203
and La0s) Glasses Doped with Bylons.Key Eng. Mater2018§ 780, 37 42.

(184) Balerna, A.; Bernieri, E.; Buratt, E.; Kuzmin, A.; Lusis, A.; Purans, J.; Cikmach, P.
XANES Studies of Me@x (Me = W, Re, Ir) Crystalline and Amorphous Oxidssicl.
Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assot9&fuip.
308 240 242.

(185) Sudarsany. Optical Materials: Fundamentals and Applicationg-umctional Materials
Banerjee, S., Tyagi, A. K., Eds.; Elsevier, 2012; ppi 322.

(186) Suib, S. L.; Tauaka, J. Preparation of a Phosphor, ZrfA:GuChem. Edu 1984 61,
1099 1101.

(187) Hoogenstraaten, W.; Klasens, H. A. Some Properties of Zinc Sulfide Activated with
Copper and Cobalf.. Electrochem. S0&953 100, 366 375.

(188) Sahu, I. P.; Bisen, D. P.; Brahme, N.; Tamrakar, R. K.; Shrivastava, Rnesoence
Studies of Dysprosium Doped Strontium Aluminate White Light Emitting Phosphor by
Combustion Routel. Mater. Sci. Mater. Electror2015 26, 8824 8839.

(189) Lisensky, GC.; Patel, M. N.; Reich, M. L. Experiments with Glémvthe-Dark Toys:
Kinetics of Doped ZnS PhosphorescenteChem. Educl996 73, 1048 1051.

(190) Getz, W. A.; Wentzel, D. A.; Palmer, M. J.; Campbell, D. J. Erasing the Glow in the Dark:
Controllingthe Trap and Release of Electrons in Phosphorescent Matéri@lsem.
Educ 2018 95, 295 299.

(191) zitoun, D.; Bernaud, L.; Manteghetti, A.; Filhol;S. Microwave Synthesis of a Long

106



Lasting Phosphotd. Chem. Edu2009 86, 72 75.

(192) Ma, Y .-Z.; Jia, L.; Ma, K:G.; Wang, HH.; Jing, X-P. Preparing, Characterizing,dan
Investigating Luminescent Properties of a Series of Haagging Phosphors in a SiO
Al203 System: An Integrated and InquiBased Experiment in Solid State Chemistry for
the Undegraduate Laboratory. Chem. Edu017, 94, 1157 1162.

(193) Ghodsi, V.,Layek, A.; Hegde, M.; Yildirim, B.; Radovanovic, P. V. Native Defects
Determine PhasBependent Photoluminescence Behavior ofBad EG* in In203
NanocrystalsChem. Commur2016 52, 4353 4356.

107



Appendix A. AdditionalData fromChapter 2
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Figure A.1. Photoluminescence spectra of CdSe/@dSocrystals (NCs) in (a) hanocrystal conjugate,
linked with thioglycolic acid (TGA), upon correction for the contribution frordz&C emision, (b)

pure CdSe/CdS nanocrystal suspension, and (c) mixture.:@ad CdSe/CdS NCs without the TGA
linker. The concentrations of CdSe/CdS NCs are identical in all panels, and are expressed in (a) as a
[CdSe/CdS]/[Ga0;] ratio. The excitation wavelgth is 250 nm for all spectra.
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Figure A.2. Photoluminescence excitation (PLE) spectra of CdSe&#S; NC conjugates having

di fferent

acceptor

t o

d o ne=r590mm)t AL® specteaf GAsramdi ¢ at e d

CdSe/CdS NCs are shown with dagiblue and solid black lines, respectively. Inset: Normalized PLE
spectra in the region correspomgj to GaOs; NC excitation. The dip in the excitation spectra at ca. 280
nm is due to absorption of tetrahydrofuran (THF) in that region.
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Figure A.3. Photoluminescence excitation (PLE) spectr&dSe/Cd$5a03; NC conjugates having

t o d o n®=r590mm)t AL® spectea®f Gasrandi c at e d
CdSe/CdS NCs ashown with dashed blue and solid black lines, respectively. Inset: Normalized PLE
spectra in the region correspomgj to GaOs NC excitation. The dip in the excitation spectra at ca. 280

di fferent

-
(6}
LEny L

PLE intensity (a.u.)
1

0.5

200 9
oN DO D=
T

HPTPT PPrey (PP T

Normalized intensity

240 250 260 270
Wavelength (nm)
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nm is due to absorption of tetrahydrofuran (THF) in that region.
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Figure A.4. International Commission on lllumination 1932IE 1931) color space diagram for

suspensions containing a mixture of CdSe/CdS an@{NCs. The mixtures are prepared in an identical

way to the samples shownhigure 2.7 in Chapter 2 but without tie TGA linker. Bottom insets show
photographs corresponding to points 2 and 3 in the graph. The photographs of analogous samples for the
NC conjugates are shown as top insets for comparison.
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Appendix B. AdditionalDatafrom Chapter 3
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Figure B.1. XRD pattern of G#gDs NCs used for the preparation of compaosite NC films. Vertical lines
indicate the XB&0;@ECPDS 200426). of bul k o

Figure B.2. TEM image of CdSe NCs used as cores for the preparatiod$¢/CdS core/shell NCs.
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Figure B.3. Thickness profiles of Gas-CdSe/CdS composite NC films for different regions on the
substrate.
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Figure B.4. (a) PL spectrum of composite NC film having acceptor to donor concentration ratio of 1/4
([CdSe/CdS]/[Ga0s]=1/4). The spectrum of a NC film prepared solely with@NCs is shown for
comparison. (b) PL spectrum of a colloidal NC mixture usqatdépare the composite film in (a)
([CdSe/CdS])/f5a05]=1/4). PL spectrum of colloidal G&®s; NCs containing the same amount o£Ga
NCs is shown for comparison. Codeposition 0f@and CdSe/CdSCs on a substrate leads to
guenching of G#&s; DAP emissiortogether with an increase in CdSe/CdS NC emission intensity.
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Appendix C. Additionallnformation forChapter 4

C.1. Supporting Figures
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Figure C.1. Schematic representation of the etenic structure, electron trapping/detrapping processes
(dashed arows), and photoluminescence transitions (solid arrows) in-SwAlodoped with Eti and

Dy*".
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Figure C.2. Overview Dy k-edge Xray absorption spectrum of Biydoped GaOs nanocrystals
having different doping concentrations, as indicated in the graph.
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Figure C.3. Backgroundcorrected Dy k-edge EXAFS spectra of Bydoped @03 nanocrystals having
different dopingconcentrations, as indicated in the graph.
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Figure C.4. Timegated PL spectra of B{+doped GaOs nanocrystals having doping concentrations of

(a) 3.6 %,(b) 9.2 %, and (c) 13.3 %. The spectra were collected at different temperatures, as indicated in
the graphs. Assignment of the characteristié'Iytra-4f transitions are shown iRigure 4.2d in the

main text. The spectra werellected for a delay time of 0.2 ms and detection window of 5 ms.
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Figure C.5. PL spectra oDy**-doped GaOs nanocrystals having different doping concentratjcarsd
collected at different temperates from 5 to 250 K, as indicated in the graphs. The spectra are dominated
by GaOs; DAP PL band.
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Figure C.6. DAP emission intensity dependence on temperature fgd{@mnocrystals. Solid line
represented best fit &quation4.5 in the main text.
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Figure C.7. (a) Experimental data and (b) Monte Carlo simulation for@gnanocrystal timeesolved
DAP PL intensiy.
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C.2. Supporting Tables

TableC1l.Par amet ers Obtained by Fitting
Doping U(x10° b E
conc. (%) eV/K) (K) (eV)
0 -2.2386 457 3.07
3.6 -1.972 507 3.11
9.2 -3.7730 1190 3.21

TableC.2. GaOs nanocrystal size as determined by TEM

Doping conc. (%) Average Size

(nm)
0 5.5+0.4
3.6 5.1+0.4
9.2 4.5+0.4
13.2 4.1£0.4

C.3. AdditionalDiscussion

Monte Carlo simulations were performed by considering the probability (or rate) of all

Var shni 6s

possible electron transitions showrFigure4.6a in the main text. bidoped G#03 NCs were used

to assess the validity @iie simulation, which was then run for a 3.6 % Tloping concentration.
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In the simulation, one million electrons were excited from the valence to the conduction band. The
probability that an excited @ttron in the conduction band relaxed to an oxygarancy site was
empirically determined based on the Monte Carlo simulated PL intensity at high temperatures.
When the probability that an electron is trapped on a donor site is too low, thermal quefching
the DAP emission becomes more pronounced, becaosethermally reactivated electrons in the
conduction band recombine noadiatively FigureC.8a). On the other mal, when the probability

of trapping an electron on a donor site is too higgyre C.8b), thermal quenching of the DAP

emission is underestimated.
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Figure C.8. Comparison of the temperatudependent DAP PL intensity datéth the results of the Monte
Carlo simulation when the probdity of trapping a conduction band electron at a donor site (i.e., oxygen
vacancy) is (a) too low, and (b) too high.

The 0 K tunneling probability J,, ) described byEquation 4.3 in the main text was

determned by matching the predicted DAP PL thahecay profile with the experimental data for
5 K. This is a reasonable approximation because there is little changepretticted decay rate
between 5 and 50 K, and there should be even less from 5 to O keriperature dependence of

this rate (, ) was set by matching the predicted lifetime range to the experimental data (an
example is shown iffigureC.7). It should be noted that even though these two paranekgrs

andJ, ) were set based on kinetic propertiesytsel affect thermal quenching. When the DAP
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tunnel transfer probability is reduced, the optimal PL quenching is stronger than experimentally
observed, aththe decrease in PL intensity with temperature occurs more sharply because trapped
electrons have ore time to be reactivated to the conduction band. When the DAP probability is
higher than achievable for a given trap depth, there is very little quermhénghis temperature

range.
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Figure C.9. Comparison of the temperatudependent DAP PL intensity data with the results of the
Monte Carlo simulation when the 0 K tunneling raie)(is (@) too low, and (b) too high.

Our model assumes that the rawiative relaxation of excited electrons in the conduction
band is the only mechanism that competes with their trapping in the donor states and subsequent
DAP emission. Hence, when this nadiative relaxation is low, electrons are more likely to relax
radidively through the DAP recombination. As the temperature is increased, the electrons
originally trapped on oxygen vacancies are thermally excited back to the conduction band and
have an addibnal opportunity to relax neradiatively. This is manifestedribugh plateauing of
the DAP emission intensity with increasing temperatidiigure C.10). The relative DAP PL
intensity at which plateauing occurs is overestimateaigrestimated) when the likelihood of

conduction band electron noadiative relaxation is too low (too high).
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Figure C.10. Comparison of the temperatudependent DAP PL intensity data with theuts of
the Monte Carlo simulation when the n@ditative relaxation rate is (a) too low, and (b) too
high.

Once all these parameters are found and the simulation for undop®¢l W& in good
agreement with the experimental results, the possibility ledtren trapping to DY was
incorporated into the model. The concentration of'Dyas determined by EDX, and the
probability of electron trapping on a Bysite was treated in the same way as the probability of
electron trapping on an oxygen vacancy.efBfiore, the fraction of electrons trapped orf'Dy
simply proportional to the doping concentratidhe total amount of electrons relaxing to the trap

staes was held constant despite doping, so the amount of electrons relaxing from the conduction

bandto an oxygen vacancyy(_) in doped NCs was:

N, = Not ~Thy
wheren,, is the amount of excitedegitrons, and,. is the amount of electrons relaxing
to Dy** excited stateljy*).

The trap depth of DY was set empirically based on the temperature at which DAP
emission started increasing. If the®yrap was too shallow, thedrease in the DAP PL intensity

was sharper at lower temperatures. On the other hand, if the tsapetvebo deep, reactivation
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from Dy** occurred at the same temperature as that from oxygen vacancy, so the repopulation of

oxygen vacancies was partiallyfsxt.
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Figure C.11. Comparison of the tegperaturedependent DAP PL intensity data with the results of
the Monte Carlo simulation when Btrap is (a) too shallow, and (b) too deep.

Since the lifetime of DY emission is significantly longer than that of DAP emission, Dy*
population was treated as a Boltzmann distribution haainigh internal relaxation barridf the
internal relaxation barrieis smaller tharthe binding energy of electrons of Pythe thermal
behavior of DAP appeared the same as foroped NCs Figure C.12a). When thenternal
relaxation barrieis approximately equal to the Biytrap depth there is a small increas®AP
emission, however, this increase is smaller than that found experimentally because there are still
fewer electrons reaching the donor trap state. Whentdrmal relaxation barrievas significantly
larger tha the Dy trap depth the Monte Carfdmulation was in agreement with the experimental

results. After a critical point there is very little additional effect on the thermal behaviop©$.Ga
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Figure C.12. Experimental temperature depdent photoluminencent data with the results of Monte Carlo
simulations when (a) the Byinternal relaxation barrier is less than the trap depth, (b) equal to the trap
depth, (c) and significantly higher than the trdgpth and the
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Appendix D. Instructor Note ér the Evaluation of Students on

the Synthesis and Characterization of Eu,DyGyrAl

NE 320L Strontium Aluminate Doped with Europium and
Dysprosium: Prelaboratory Questions

*You will need to retain a copy of tpeelab calculations for yourself to knotvet amounts
of each the various reactants to weigh out.

1. Given the balanced chemical reaction of strontium aluminate from Equation 1 from the
manual:

5Sr(NQ)2 )+ 10AI(NGs)3 5+ 12(NH).CO (S)V 64NO g) + 12CO; () + 24H0 () + 5SrALO; (5)

Bal ance the following chemical reacti on
have 2% Dy and 1 H¥%nEu sSTihikes triatriet iemag t ®r .met al
as aluminum anducdanulpe ver yowe d( féa smalr kasns wer

Sr(NGy)2 5+ Al(NO3)3 (5) + (NH2)2CO (5) + EU(NQ)3 5+ DY(NOs)3 5) Y
NO @t NO, @t COo Ok H.O @t SrAI204:Eu,Dy(S)

3. I n this | aboratory experimenttalwlei ewi ( hotusi m
urea) precursors and a 50% excess of urea.
experiment and ent emMotthe moinnay tithheetehina bill a&s th e
be marked, the otyweurs aalédclylluattairakres) assi st i n

Mol ar Ma s s

Compol # Mol (g/ mol Lab (g

Sr(NGs)2
anhydrous

Al(NO3)z A
9H,0O

Eu(NGs)s A
6H.0

Dy(NO3)3 A
5H,0
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(NH2).CO

5.

Di stingui

ui sh
t he SAED pho

the difference indyé&é&prosiem D
sphor(&s amnm&kes )compound?

Explain the purpose of annealing the SAED product at 2@0th the presence of

hydrogen gag2 marks)
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NE 320L Strontium Aluminate Doped with Europium and
Dysprosium: Prelaboratory Safety Quesibns

1. Students can take their vials in and out of the furnace with their bare hands True/False

2. Shorts and/or sandals are sufficient attire for the ladryraeriod.

True/False

3. Any student who is late and misses thelpb®ratory discussn or who does not
perform the safety quiz prior to 8:30am on the day of the laboratory period will not be permitted
to carry out the laboratory exercise, and valieive a grade of zero for that laboratory exercise.

True/False

4. Gloves must be wort all times during this laboratory exercise when handling the

materials and samples to be investigated.

True/False

5. Wearing safety glasses and proper safeie dspecially not sandals and shorts) is
required at all times in the laboratory setfimgth noncompliance having the consequence of

students not being admitted into the laboratory plus the receipt of a grade of zero.

True/False
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NE 320L Laboratory Characterization Methods

Laboratory Exercise 1
Strontium Aluminate Doped with Europium and Dysprosium

By:
Student Number
Laboratory Partner
Laboratory Performet

Submission date

Submitted to:
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Give the SEM images of the SAED sample. Giveagproximate particle size based on
these images. (4 marks)

Plot out the powder XRD pattern for your SAED sample. Compare your pattern to the
diffraction pattern of SrAbO4 given on LEARN. Discuss whedr there should or should not be
any differences betwan these two patterns. (6 marks)

Give a reason why the rare earth metals replace strontium as opposed to aluminum. (2
marks)

How would the lifetime of these nanoparticles be affected if their lifetineere
measured at a) higher temperature; b) lower teenature. If these nanoparticles were excited
near 0 K, what would they look like? What would happen as they were brought back to room
temperature? (8 marks)
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Representative Student Data

Scanning eletron microscopy (SEM) images

SE 15-Jun-18

FigureD.1.SEM i mages of fAcruded SAED samples (before a
the specimen.

SE 15-Jun-18

FigureD.2. SEM images of the araled SAED sample collected at different ares of the specimen.
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TableD.1. Particle diameters measured from SEM images.

Sample Measured Particle Diamest Average Particle Particle Diameter
(nm) Diameter (nm) Standard Deviation
(nm)
Crude | 104,141, 135, 101, 49,99, 4 92 41
67,47, 62,79, 67, 49, 58, 4¢
53, 67, 126, 61, 77, 78, 86, 8
142,212, 133, 149, 88, 147
Annealed 113, 69, 94, 97, 133 101 24

X-ray diffraction (XRD) Patterns

FigureD.3. XRD pattern of crude SEAD sample.
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Annealed
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FigureD.4. XRD pattern of annealed SAED sample.

Representative data for mecl@nminescence measurements as well as observed
thermoluminescence and phosphorescence are given in the main article.
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il deal i zedo Aut hor Dat a

SEM images

SE 15-Jun-18 x40k lum SE 15-Jun-18

FigureD5.SEM i mages of fAcruded SAED samples (b
the specimen.

SE 18-llay-138

Figure D.6. SEM images of the annealed SAED sample collected at different ares of the specim
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