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ABSTRACT

Synthesisand Characterization of CdSeZnS Core-Shell Quantum Dots
for Increased Quantum Yield
Joshua James Angell

Quantum dots are semiconductor nanocrystals that haable emission through
changes intheir size Producing bright, efficient quantum dots withld&afluorescence is
important for using them in applications in lighting, photovoltaics, and biological
imaging. This study aimed to optimize the process for coating CdSe quantufwhiots
arecolloidally suspended in octadecgméth a ZnS shell througthe pyrolysis of
organometallic precursots increaseheir fluorescence and stabilityhis process was
optimized by determining the ZnS shell thicknbesveen 0.53 and 5.47 monolayarsl
the Zn:S ratio in the precursor solutibaetween 0.23:1 and 116that maximized the
relativephotoluminescencguantum yield PLQY) while maintaininga small size
dispersiorandminimizing theshift in the center waveleng{&@WL) of thefluorescence
curve.The process that was developed introduced a greater amaanttadl in the

coatingprocedure than previously available at Cal Poly.

Quantum yieldwas observed to increash increasing shell thickness until 3
monolayers, after which quantum yield decreased and the likelihood of flocculation of
the colloid incrased. The quantum yield also increased with increasing Zn:S ratio,
possiblyindicating that zinc atoms may substitute for missing cadmium atoms at the
CdSe surfacelhe fullwidth at halfmaximum (FWHM) of the fluorescence spectrum
did not change more tha® nm due to the coating processlicating that a small size
dispersion was maintained. The center wavelength (CWL) of the fluorescence spectrum

red shifted lesthan35 nm on average, witBWL shifts tending to decrease with
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increasing Zn:S ratio andriger CdSe patrticle siz€he highest quantum yieldas
achieved by using a Zn:S ratio of 1.37:1 in the precursor solution and a ZnS shell
thickness of approximately 3 monolayendich had a red shift of less than 30 nm and
change in FWHM o#3 nm Phdostability increased with ZnS coating as well. Intense
UV irradiation over 12 hours caused dissolution of CdSe samples, while ZnS coated
samples flocculated but remained fluorescatamic absorption spectroscopy was
investigated as a method for deterimgithe thickness of the ZnS shelhdit was
concludedhatimprovedsample preparation techniquesich as further purification and
complete removal of unreacted precursoosild make this testing method vialibe

obtaining quantitative resulils corjunction with other methods.

However theZnS coatingprocess is subject to variations dadactorsthat were
not controlledsuch aslight variations in temperature, injection speed, and rate and
degree of precursor decompositiogsulting in standardeviationsn quantum yieldf
up tohalf of the meamndflocculation of some samples, indicating a need for as much

process control as possible.

Keywords: Quantum dots, semiconductdighting, LED, solar, photovoltaidiological
imaging, CdSeZnS, nucleation, growth, pyrolysis, organometafliscorescence,
absorbance, spectrophotometggmic absorption spectroscopy
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CHAPTER 1 INTRODUCTION

1.1Basics of Quantum Dots
Quantum dots are very small crystals of semiconductor materials. Their size

ranges from about a hundred to a few thousand atbinesliameterof a quantum das
approximatelybetween two and temanometers, whicputs themin a special size range
that retains some properties of bulk materials, as well as some propentiéisidiial
atoms and mlecules. As semiconductors, quantum dots have certain associated
electronic and optical properties.rHmlk semiconductors, tHendgapof the material is
a set energy barrier between the valence and conduction bands, dictated by the
composition of the material. Unlike bulk semiconductors pdredgamf a quantum dot
is also influenced by its size. Smatiantum dots emit higher energy light than larger
guantum dotswhich makes the wavelength of light emitted by the particles tunatite

smaller particles emitting blueght and larger particles emitting réight (Figurel).

IR AR

9902

Figure 1: The wavelength oflight emitted by quantum dots is tunable by changing the particle size.
In this image, all of the quantum dot samples are excited by the same UV wavelength, but emit
different visible wavelengths depnding on particle size:
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1.2 Applications
Quantum dots findisein many applications that need strong, stable fluorescence

with tunable emission. The primary applications of quantum dots are in energy efficient

lighting, photovoltaicsand biological imaging

1.1.1Lighting
Lighting accounts for up to 25% of energy usage in the United States, so

introducing more energy efficient lighting is of kisyportance? Lighting has progressed
from black body radiatorsuch as incandescdamps,to fluorescentamps to mee

efficient forms of lighting such as light emitting diodes (LEQpure2). Throughout

this transition, though, it has become very important to retain or improve the quality of

light produced.

Light emissions
Lumens per watt

70
60
50

40

Figure 2: Efficiency of light produced by incandescent, compact fluorescent, and LED lamps,
expressed in lumens per watt

Quantum dots anesedin lighting either in conjunction with inorganic
semiconductolight emitting diogs (LEDs) such as GaAs or InGaN, or as a replacement
for, or complemento, conductive polymer junctionsa thin film LEDs, such as organic
LEDs2 Inorganic LEDs are made from direct bagab semiconductor materials,

typically either IIFV or 1I-VI semicanductors grown in epitaxial layers on lattice
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matchng substratesThe heart of amiorganic light emitting diodss the pn junction,

forming a diodeThe pn junction is formed by doping the semiconductor material with

an excess of either positive orgag¢ive charge carrieré\n ntype semiconductor has an
excess of electrons, while aype semiconductor has an excess of holes, or absence of
electronsWhen aforward biass applied to tk junctionwith a voltagethat meets or

exceeds the bandgaglectons and holes recombine, creating ligeig(re3). It is the

need for radiative recombination that necessitates using a direct bandgap semiconductor
material. Semiconductors with indirect bandgaps, such as silicon and germeanimat,

be used for LEDs because the recombination of holeslacitiaes is nonradiative,

dissipating energgs heat and lattice vibrations instead of light.

+ -
‘I
7
p-type _H_ ntype
OOOOC’ O.® ® o
—0-0 O O -0 o 0o o _o-
O 0O OO ®—e 0 o0 ©
hole electron

.......... band gap
(forbidden band)
ONONONONORONO)
— valence band

Figure 3. Schematic ofthe p-n junction in a light emitting diode (LED).

The bandgap of a semiconductor is tied primarily teasposition, which means
that the wavelength of light that an LEEDitsis inversely proportional tthe energy of
the bandgapror example, wide bandgap LEDs produce ultraviolet (UV) or blue, light
while small bandgap LEDs produce red or infrared ligbt. this reason, it is difficult to

significantlymanipulatehe colorof a LED using only the diode itselDue to the tunable
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emissio and broad excitation of quantum dots, their use in conjunetith LEDs is

very promising to produce energy efficient lighting with tunable emission.

Typically to produce white light from LEDs, a blue or ultraviolet LED is used in
conjunction with a/ellow phosphor, such as Ce:YA®ue to the inefficiencies of
phosphors in converting light, the color spectrum of white LEDs made with phosphors
tends to be concentrated in the blue region, with less intensity in the yellow and red
regiors. Replacing the phosphors with quantum dotsvad! for tuning the color spectrum
that creates white lightaking itwarmer and more pleasing to the el@are4). The
color rendering indeCRI), a measure of the accuracy of a light sowfaeproducing
the solar spectrupof LED backlit liquid crystal displays (LCDs) can bereasedising

guantum dot modified LEDs o0 pr oduce LCDs that displ

Wavelength,
nm

INCANDESCENT 700

CURVE

Quantum dot film
+compatible LEDbulb 70 0% o4 o2

Source: Q0 Vision Spectral power, a.u.

Figure 4: Light spectra of standard LED, quantum dot film LED, and incandescent bulbs.

Quantum dots can also be incorporated into organic L‘Elrganic LEDs are
formed bycreatinga heterojunction between two conducting polymesulting in a
difference in work functionWhen a voltage is applied to thisction, light is emitted in

a similar manner as in inorganic semiconductBysusing polymers, light emitters can

4|Page
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be printed on flexible substrat€duantum dots demonstrate electroluminescence in
addtion to photoluminescence, whicheans that when a kage is applied to quantum
dots, they will emit light in a similar manner as LED8ince quantum dots can be
suspended in solutions, it is also possible to coat them onto flexible substrates in thin
films. Creating thinifms of quantum dots to form quantum dot LEDs (QLEDS) allows

their tunability to be used tmakethin film LEDs of all colors.

1.2.1Solar and Photovoltaics
Since quantum dots absorb all wavelengths higher in eneagytheir bandgap

and convert therto asinde color, they can be used to increase the range of wavelengths
absorbed by photovoltaics, increasing their efficieteguyre5). There are a couple of

different approaches to use this capabiliig(re6).> *°

Organic photovoltaics (OPVs) are a growing industry in the same way as OLEDs
for many of the same reas OPVs function ira very similar fashion as OLEDAs in
QLEDs, quantum ds can be substitutddr or used in conjunction with organic
molecules in thin film, printable solar celsnother method for using quantum dots to

harvest solar energyses quantum dots fdye-sensitization with TiQnanoparticles
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Distribution of Power in Sunlight

2"5 T T T T T T T

T

Enerqy Distribution (kW/m? = um)
v

1 1
06 [].Is 10 12
Wavelength (um)

[ L1
02 04

GdSe Nanocrystal PhSe Nanocrystal
Bandgap Coverage Bandgap Coverage

Figure 5: Comparison of solar spectrum with wavelengths that nanocrystals can efficiently absofb

(a) (b) (c)

Figure 6: Current strategies to create quantum dot based solar cells. (a) met&D junction, (b)
polymer-QD junction, (c) QD-dye sensitized solar cell3.

1.2.2Biological Imaging
One of the primarareas ofesearch and commercialization of quantum dots is in

biological imagingQuantum dots are approximately the same size as a protein, thus
allowing them to enter cells ia similar mannef Most fluorescent dyes are based on
organic molecules, often xanthenes such as rhodamine and fluor@$egmare a
coupleof keyissues with organic dyes that da@mremediatd with quantum dotslhe

absorbance and fluorescence of organic dyes are tied to their molecular structure
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requiring excitation and detection at specific wavelendtimiike organic fluorophores,

quantum dots absorb a broad spectrum and emit symmetriowrspectrgFigure?).’
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Figure 7: Absorbance and fluorescence spectra of quantum dots-@ in comparison to organic dyes

(d-f.

This featureof quantum dots give &m advantages over organic fluorophores

becaise the excitation wavelength can be anywhere within a broad range, making it

easier taavoid excitation of background tissu@s well asimpleseparation of excitation

and emissioriFigure8).
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Figure 8: Being able to tune the emission of quantum dots allows a wide variety of easily
distinguishable colors to be used for fluorescence labelingth a single excitation source

In additionto wavelength dependence of excitatiorganic fluorophaes tend to
degrade with time duringxcitation, referred to as photobleachi@Quantum dots do not
significantly photobleaghsometimes even exhibiting photobrightenimith excitation

for extended periods of time, allowing fong term imagind.

In order to use quantum dots faplogical imaging though, some othe
considerations must be made thaiit their functionality.First, most quantum dots are
based on heavy metal chalcogenide compounds, such as CdSe and CdTe, which can leach
heavy metals into thiissue.To remediate this problera,norheavy metal shelsuch as
ZnS,is usedas a barrierSecond, most quantum dots ardy stable in organic daents
as prepared. To remediate this problgogantum dots are usually encapsulated in a
polymer shell or a micelle to make them soluble in aqueous solBsotags can then be
attached to the polymer.dwever, after all of the coatings and functiondlaa, the
hydrodynamic diameter @iquantum dot can often Imeuch larger thairts core diameter,

limiting the effectiveness of having such a small parti€liggre9).’
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Figure 9: lllustration of a shelled,biofunctionalized quantum dot.*

Still, quantum dots show great promise in biological imaging, especially in

applications whereobust,bright andstable fluorophores are need@édblel summarizes

many of the advantages and disadvantages of quantum dots compared to traditional

organic dyes.

Table I: Important comparisons of the features of organic dyes and quantum dofs.

Organic Dye

Quantum Dot

Absorption spectra

Discrete bands
FWHM 35 to 100 nm

Broad with steady increase
toward UV wavelengths

Molar absorption coefficient

10" to 10°

10° to 10°

Emission spectra

Assymetric
FWHM 35 t0100 nm

Symmetric Gaussian
FWHM 30 to 90 nm

Quantum yield

50% to 100%

10% to 80%

Fluorescence lifetime

1to 10 ns

10 to 100 ns

Via functional groups following
established protocols

Via ligand chemistry; few
protocols available

Binding Often several dyes bind to a Several biomolecules bind
single biomolecule to a single quantum dot
Size ~0.5 nm; small molecule 6 to 60 nm (hydrodynamic

diameter); colloid

Photochemical stability

Sufficient for most applications
Can be insufficient for high-
light flux and long term
imaging

High
Orders of magnitude higher
than organic dyes
Possible photobrightening

Toxicity

Very low to high, depending
on molecule

Little known yet
Must prevent heavy metal
leakage
Potential nanotoxicity

Reproducibility

Good, owing to defined
molecular structure and
established characterization

Limited by complex
structure and surface
chemistry
Limited data available
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CHAPTER 2 TECHNICAL BACKGROU ND

2.1 How do Quantum Dots Work?

2.1.1Semiconductors
To understand quantum dots, we must first understand the materials thaseomp

them.Semiconductors are a class of miaierdefined primarily by theielectronic
propertiesln metals and other conductors, the conduction alehea bands overlap,
without a significanenergy barrier for promotinglectrons from the valence tioet
conduction band. In insulatorsgtie is a large energy barrier for promoteigctrons
from the valence to the conduction baesisentially eliminating conduction
semiconductors, however, teaergy barrier for conduction iistermediate between
conductors and insulato(Eigure10). Typically, the bandgap<£f) for metals,
semconductors, and insulators are less than 0.lbewWyeen 0.5 an8.5 eV, and greater

than4 eV, respectively.

overlap

o

Electron energy

metal semiconductor insulator

Figure 10: Energy barriers to conduction for metals, semiconductors, and insulators.
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2.1.2Quantum Confinement
Quantum dots have a tunable bandgap due to a concept called quantum

confinementTo understand quantum confinement, we nedddk at how energy bands
work inatoms and work our way up to the bulk scAliams havedegeneratejiscrete
energies at whicklectrons can reside, allowing more than one electron to reside in a
single energy level. When ais arebrought togethertheirelectron clouds start to

interact and the degenerate states split into different energy levels. Oncentber of
atoms interacting reaches the bulk leted states are split into so many energy levels
that the states can be considered continbegase the spacing between energy levels is

infinitesimally small(Figure11).2

»

-“
r‘

A HOMO-
B LUMO
gap

gQ

Eg

energy

L
%

bulk molecule

semiconductor

Na)
g |
g2
== |
5

Figure 11: Energy bands of bulk semiconductors, quantum dots, and molecules.

As the excitonsre confined to a space smallean the exciton Bohr radius, thre
spatial separationetween the electron and the hole left behind when it jumps the
bandgap, less states become availaiites continues until excitons are confined in all

three dimensions, at which point theergy levis become discret@igurel?2).
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Figure 12: Density of states as a functionfodimensions of quantum confinementQuantum dots
confine the excitonin three dimensionsand can be approximated as zeralimensional structures.

At this scale, quantum dots act similarly to large molecules; adding or subtracting
single orbitals can shift the energy levels in the material, changing the barbap
making their emission tunabl&his occurs when all three dimemss of a particle are

smaller than the exciton Bohr radidsdure13).

Exciton Bohr Radius
-} "®

Figure 13: A quantum dot exhibits bandgap tunability because it is smaller than the spatial
separation between the electron ands hole, known as the exciton Bohr radius.

We can model the confinement of the exciton to the edges of the quantum dot by
viewing itas aparticlein-a-box. Brus developedan approximateelationship between the
particle size and its resultant bandgapelasn the material being used and its bandgap
in the bulk form Equation1).® In the equationEgQDis thetheoreticabandgap of the

bulk

quantum dotEy" " is the bandgap of the bulk material, s Pl anc krissheconst an

radiusof the nanoparticleyy is the electron masB} is the effective mass of the
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electron for the materiahy, is the effective mass of the hole for the matedi, the
charge of the electrofy is thepermittivity of free space, arldis the permittivity of the

material.

" : Equationl: Change in
Q iQ

P P P& bandgap duea quantum
confinement in a spherical
nanoparticle.

The first term is based on tpeoperties of théulk material, the second term is
based on thparticlein-a-box confinement of the exciton, and the third term is based on
the Coulombic attraction betwe¢he electron and the hoM/hile it is not a perfect fit to
experimental values, lvat we can see from this equation is thatiiedgap, and
thereforethe wavelength of light emitte@dhanges significantly with small changes in

particle size.

2.1.3Fluorescene
Whenan incoming photoof sufficient energy, greater than the bandgap of the

material,is absorbed by the material, an electron is excited from theceatemd to the
conduction band, forming a hole in the valence b#igen the electron relaxes back

down to the valence band, recombining with the hole left behind by its absence, a photon
is emitted, withenergyproportional to the bandgap of the materkaf(rel14). This

mechanism is why a quantum dot can absorb all wavdismdgtight greater than its

bandgap and dowoonvert it to a specific wavelength.
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Figure 14: Mechanism of excitation and emission due to radiative recombination of an electron and
hole.
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Figure 15: Typical absorbance (dashed line) and fluorescence (solid line) spectra for CdSe QDs.

2.2 Quantum Dot Materials
Quantum dots are made from semiconducting mateAals LEDs, the

necessity for radiative recombination of electrons and holes to produce light ttmegans
only direct bandgap materiatanbe used to creatliorescenjuantum dotsQuantum
dots are typically made froifii -V andll-VI semiconductors, such as CdSe, CdS, InP
andZnS (Tablell). As we saw in section 2.the bandap of the materidrom which a
guantum dots madeis very important to its propertieSince the bandgap of the material
is extremely important to ifgsropertiesdifferent materials are used when different
properties are needéar an applicationThefirst quantum dots were made primarily

from 11-VI semiconductorssuch asadmiumand zinc chalcogenides
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Table Il : Important parameters of bulk semiconductors commonly used for quantumdots™

Material Structure Type  Egap Lattice Density
[300K] [eV] parameter [A] [kg m™7]
nS Zinc blende 1I-VI 3.61 5.41 4090
InSe Zinc blende 1I-VI 2.69 5.668 5266
InTe Zinc blende  1I-V1 2.39 6.104 5636
cds Wurtzite -Vl 2.49 4.136/6.714 4820
CdSe Wurtzite -Vl 1.74 4.3/7.01 5810
CdTe Zinc blende II-VI  1.43 6.482 5870
GaN Wurtzite M-V 3.44 3.188/5.185 6095
GaP Zinc-blende  NI-V 227 5.45 4138
GaAs Zinc blende NI-V  1.42 5.653 5318
GaSh Zinc blende III-V  0.75 6.096 5614
InN Wurtzite -V 0.8  3.545/5.703 6810
InP Zinc blende NI-V  1.35 5.869 4787
InAs Zinc blende IlI-V  0.35 6.058 5667
InSb Zinc blende 1II-V  0.23 6.479 5774
PbS Rocksalt V-Vl 0.41 5.936 7597
PbSe Rocksalt V-Vl 0.28 6.117 8260
PbTe Rocksalt V-Vl 0.31 6.462 8219

Most II-VI and IlI-V semiconductor materiatsystallize in either thbexagonal
wurtzite or cubiczincblendegorm (Figure16). For some materials, such as ZnSe and
CdTe,there is very little difference in energy betweenzimedendeand wurtzite
structures, ando they can exhibivurtzite-zincblendepolytypism*° Depending on the
synthesis conditions, these nanocrystals may crystailieggher structure or both may
coexist in the same nanopartidiead chalcogenides crysiak in the rocksalt structure,
although it has been shown that CdSe quantum dots cacrgdsallize in this structure if

the diameter exceeds 11 nm.

Figure 16: (A) Wurtzite and (B) zincblendecrystal structures.
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For the most art, the choice of material fguantum dots is primariljocused on
the optical properties of the material, but consideration also should be m#ue for
preferred structure for the application, toxicity (such as being free of heavy metals), and
ability to coordinatdigands and functional groups to the surface.
2.3Quantum Dot Synthesis Techniques

The history of quantum dot synthesis reaches baglats blowers inadvertént
nucleating quantum dots of cadmium and Apecies in glasses. Glagerkers adde
cadmium and zinc sulfides @iselenides to the melt toeateglasses with riclyellow,
orange, and red hues, producing very small concentrations of quantum dots. More
recently in the 198€) this process was controlled more directly, but still required
extremely high temperatures and control was very limite@ince molecular beam
epitaxy became popular in research institutitnsas used to deposit very thin layers of
semiconductor materialsigating quantum wells, whiaxhibit quantum confinement in
one dimension but not the other tvidy depositing semiconductors on substrates with a
large degree of lattice mismatch, it was found that the layer would bead up into droplets,
forming quantum dots. Howevehis approach limited size dispersions to gee#tan
10%2 Another direction was sought for quantum dot synthesis, especially focused on size
control. In this method, quantum dots were synthesized within micelles, limiting their
growth to the size of the micellé/hile this method did not requiregh temperature
organic solventspr complicated equipment, the size distribution was poor and the
concentration was limiteds well as the quantum dots exhibiting poor crystallinity and a

large degree of defects
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The major breakthrough thatadequantum dot syntheseasier and more
controllable washe advent ohucleation ad growth technique® synthesize quantum
dotsin high temperature organic solvertsnucleation and growth prosges to make
quantum dots, ionic sources of the constituent materials are needed, suéh ahese
methods utilized the pyrolysis of organometallic precursors to produce monodisperse

(less thar5% size dispersion) quantum dots made of cadmium chalcbEghi

In this nucleation and growth process, an excess of organometallic precursors,
such as dimethylcadmium aseleniumtrioctylphosphine (SeTORjyere injected into a
hot solution ofcoordinating solvent,uch asa mixture of trioctylphosphine and
trioctylphosphine oxideTTOP/TOPO at over 280 C, supersaturating the solution
During the first few seconds following the injexti particles nucleateomogeneously
depleting theeactantsfollowed byparticlegrowth, Ostwald ripeningand eventually
saturation of theolution(Figurel7). This procedure was the first tesult in quantum
dots withsufficiently high quantum yield, between 10 and 2@%grdirated with organic

ligandsstabilizing the colloid as well agproducingmonodispersity.
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Figure 17: Nucleation and growth of nanoparticlesin a solution of hot organic solvents?

Since the development of a nucleation and growth technique for synthesizing
guantum dots, almost all newer techniques have built on it, chasgingnts and
precursors andorking to increase the quantum yield andnodispersityas well as

introducing greater control in the process

In 2002, a major development was madetowasdsing fAgr een chemi st
synthesize quantum dotd While the pyrolysis of afanometallic precursors produces
high qualityquantum dots, the precursors are nostable, are pyrophoric, anery
toxic. In addition,the reaction was nekrytunable, solte balance between nucleation
and growth could not beontrolledwell. Th e new A g rdewloped byjwthe h o d
Perg group, used theoncoordinatingorganic solvenbctadecene (ODE) iconjunction
with the surfadantoleic acid (OA)and cadmium oxide ascadmiumion sourceanda
solution of elemental sulfur ar@DE as the sulfur sourcHot onlywerethe precursors
air-stable and less toxic than organometallic precursorshbueaction could be tuned

by changing the concentration of QRigure18).
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Figure 18 Absorbance of quantum dots produced using the CdO/ODE/OA method, showing tunable
reactivity of the precursors through adjustment of the ligand concentration.

In recent yearanore work has beedone tadevelop a large variety of methods
for producing colloidal quantum dots @mganic solventggiving researchers a wide

variety of chemical systems in which to work dependirggon the properties they desire

(Tablelll).
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Table IIl : Available synthesis methods for producing VI semiconductor quantum dots*®

Material Precursers and stabilizers Solvent(s) Method*
CdS, CdSe, CdTe  CdMe~TOF, (TMS):5e or (TMSKS or  TOPO HI
(BDMS):Te
CdSe 3 CdMe«TOF, TOP-Se TOPO, HDA HI
CdSe, CdTe Cd0, TDPA, TOP-Se ar TOP-Te: TOPO HI
CdSe CdO or Cd{ac); or CACO,, TOP-Se, TOPO HI
TDPA or 54 or LA
CdS, CdSe CdO, S/ODE or TEP-5e/0DE, QA ODE HI
CdSe Cdist)s, TOP-S¢, HH or BP HDA, octadecane HI
CdSe Cdimy)s, Se, OAJODE ODE HU
CdSe CdD, 5e/0DE, OA ODE HI
CdSe CdO, Se, DA Olive oil HI
CdSe ; Cd(st)y, TBP-5e, 5A, DDA ODE HI
Cds Cd(ae),, 5, MA ODE HU
CdS, Zns Cdhdx), or Cd{ex)s or Cd(dx), HDA HU
or Zn(hdx),
CdS, ZnS CdClyOAm or ZnCly/OAmS OAm HU
TOPO, $/0Am
CdTe CdMe,, TOP-Te DDA HI
CdTe CdO, TBP-Te/ODE ar ODE HI
TOP-TefODE, OA
CdTe Cdo, 'I'BP:Te‘ ODPA ODE HU
ZnS Zn(sty, S/0DE ODE, Tetracosane  HI
Zns ZnEty, 8 HDASODE HU
ZnSe ZnEty, TOP-Se HDA HI
ZnSe Zn(st)y, TOP-Se Ocladecans HI
ZnTe Te and ZnEt; in TOP ODA, ODE HI
HaTe HgBra, TOP-Te TOPO HI
Cdy—.Zn,Se ZnEt,TOP, CdMeyTOP TOPO, HDA HI
Cdy—.ZnSe Zn(st)y, Cd(st)s, TOP-Se CODE HI
Cdy_.Zn,5 Cd0, Zn0y, $/0DE, OA ODE HI
CdSe,_.Te, CdO, TOP-Se, '1OP-le TUPL, HDA HI

" HI Hot-injection method; 17 Heating-up method

CdMey dimethylcadmium; ZnEy, diethylzine; TMS trimethylsilyl; (BDMS):Te bis(tert-butyldimethyl-
silyl) telluride; TDPA tetradecylphosphonic acid; OBFPA octadecylphosphonic acid; SA stearic acid; LA
lauric acid; 4 oleic acid; MA myristic acid; uc acetate, mry mynistale; st stewate; fele lexadecy Lo,
ex ethylvanthate; dr decylxanthate; TEPQ trioctylphosphine oxide; HAD hexadecylamine; DDA
dodecylamine; ODA octadecylamine; TOFP trioctylphosphine; TP tributylphosphine; ODE 1-octade-
cene; I hexadecyl hexadecanvate; 8P benzophenone

2.4 Core-Shell Quantum Dots
2.4.1Motivation for CoreShell Quantum Dots
Since quantum de are only a few nanometers in diameter, they have a very high

surfaceto-volume ratig as much as 80% of the atoms reside on the suHiasgng such

a high surfacdo-volume ratio suggests that the properties of the surface have significant
effects onlie optical and structural properties of the particles. Surface defects, such as
dangling bondsaresurfacerelated trap statdhatact as nofradiativerecombination

siteswhich degrae the fluorescence quantum yiedfl quantum dots*

The organic liganslthat surround colloidal quantum dots lend some degree of

surface passivation, but do not provide sufficient protection from the surrounding
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environment or complete passivation offage defects. To better passivate the suriace,
secondargemiconductocan be epitaxially grown surrounding the core partisfeer
coating the core with such a shéle quantum yield has ee shown to greatly increase
up to ten timesas well aglisplaying increasestability against photoxidation and

environmental attck?®

2.4.2Types of CoreShell Quantum Dots
Choosing the material for the shell layer depends on the propertiegetilasire

after coating. To understand tlaidittle better, we needtoook at t he differe
coreshell systemsThere arghreemain types, characterized by the alignment of the

valence and conduction bands between the core andBigelte 19).**

Type | Type Il Type Il Reverse Type |

1 1) &) P

Figure 19: Band (valence and conduction bands) alignment of different corshell systems.

The first and mostommoncoreshell systenis typel in which a higher bandgap
semiconductoshell is formed on theore, confining the excitoto the core. The primary
purpose of th typel coreshell systenis increasing fluorescence quantum yield by
passvating the surface of the coras well as isolating the core from the environment and
reducing degradatior©ne of the firstoreshell systerawas CdSe&ZnS, which ishe
focus ofthis study as wefl* In type| systems, there ischaracteristislight red shift
usually around.0 nm,of the fluorescence due to some leakage of the exicaonthe
core into the shelln reverse typd systems, aarrower bandgap semiconductor is grown

onto a higher bandgap core, partially delocalizing charge carriers from the core to the
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shell.Reverse typé core-shell guantum dots are used when control is wanted over the
red shiftng of thefluorescence spectruras the shift can be controlled by changing the
coating thickness. The most comnrenerse typd systems ar€dSCdSe and ZnSe
CdSe.Typell core-shell systems airto significantlyred shiftthe fluorescenceoften

into wavelengths that are otherwise ua@iablewith the same material$his is done by
coating the core with a shell that has a staggeredgla@ficom its own,creating a smaller
effective bandgap than either the core or sfiglese coreshell types can be achieved
using a wide variety of e¢obinations of materials depending on the desired band

alignment Figure20).
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Figure 20: Electronic energy levels of selected ItV and Il -VI semiconductors based valence band
offsets (CB = conduction bad, VB = valence band):*

2.4.3Choosing a Shell lstterialfor Type| Systems
For thisstudy, we are going to focus on typgystems, as the goal io increase

the fluorescence quantum yiefdhoosing a shell materiadvolves wth band alignment
and crystal structur&ince the shell is going to be grown epitaxially on the,cre
balance hat be made betwedmandgap alignment and lattice mismatch between the

core and the shelk the lattice mismatch between there and sHheis too great, new
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defects can form at the interface, effectively reducing the desired increase in
fluorescenceWhen forming a shell on a core patrticle, the shell will tend to take the
crystal structure of the core to minimize lattice misméttie skell can form the crystal
structure of the core materidlhe otheifactor to account for ishoosing a shell material
is the possibility of alloying between tkere and shellSince we want to fullgonfine
theexciton to the core, there should be a didtchange of electramproperties at the

interface, so alloying should not be present.

Considerations also have to be made for the deposition of the shell material onto
the core. The shell material should be able to be deposited in a colloidal system, at
lower temperature than was necessary to nucleate the core. Using a lower temperature
allows the shell to be formed without growing the core significantly or nucleating

separate particles of the shell material.

2.4.4CdSezZnS CoreShell System
The CdSeZnS coe-shell system wasne ofthe firsttype| systens to be studied,

and has been studied the most extensigféityure21).?* Due to the largéifference in
bandgap between the CdSe core (1.74 eVlaadnS shell (3.61 eV)he exciton is
well confined to the coreThe ZnS shell also passivates surface defects verygneditly

increasing the fluoszence quantum yield

CaSe  ZnS—shell —fas 3
e CdSe - core <

Figure 21: lllustration of CdSe quantum dot before and after coating with ZnS?®
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ZnS can be deposited on CdSe cores from a variety of chemical precursors in a
colloidal system, such as pyrolysis of the organometallic precursors diethylzinc (or
dimethylzinc) and hexamethydisihiane™ These precursors will decompose at a lower
temperature than is necessary for CdSe nucleation, as low & 4@ as high as

200°C %

In addition, ZnS will crystallize in theincblendestructure on its own,ui
wurtzite is also thermodynamically stable at ro@mperature andtmospheric pressure,
allowing epitaxial growthof wurtzite ZnSon CdSe coresThere is however12% lattice
mismatch between tHeédSe and ZnSso coatings thicker than 2 to 3 monolayersl to

havedecreasg quantum yield due to the formation of new defects at the intefffagere
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Figure 22:2nd-order relationship between ZnS shell thickness anduantum yield, with PLQY
maximized between one and two monolayer3.
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CHAPTER 3 PROJECT OVERVIEW

3.1Long Term Goals at Cal Poly
At Cal Poly, we would like to be able to use bright, efficient quantum dots in a

variety of applications whout the expeseand limited supply associated with purchasing
commercially available quantum dots. Commercially avail@lni8eZnS coreshell
quantum dots are expensive to purchase, at a c686ab$300per milliliter.® In

addition to being expensive, using commercially available quantum dots in our
laboratories wouldimit the range of surface modifications that we would like to have

available for applications.

As described earlieguantum dots can be usash replacement for phosphors in
LEDs, converting blue or UV light to white or a range of other colors. In order to achieve
thisgoal the quantum dots need to be suspendedaiid, preferablyne that is
transparent. We wodillike to suspend quantum dotsaitransparenpolymer matrix
suchas polydimethylsiloxane (PDMS)ith which we havextensiveexperience
processing for microfluidic applications. One of our goals is to suspend a mixture of
guantum dots in a PDMS membealens to modulate light levels and focus, increasing
the efficiency of white LEDs. To do this, we need to be able to produce bright, efficient
guantum dots that span a large portion of the visible spectrunayaddpersible in high
concentration irsiliconepolymers.

A similar goal isto usequantum dots suspended in PDM&another polymeto
convert incoming sunlight to more optimal wavelengths for absorption by silicon solar
cells. This application requires very similar capabilities as LED lighversion. Some

work has been done previously to achieve this goal, but used suspensions of quantum
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dots in microfluidic channels to convert light. This study found that higher loading of

quantum dots in the medium would be necastaefficiently convertight.*®

The other primary objective for quantum dots at Cal Poly is in bioimaging. As
described earlier, quantum dots can be used as fluorescent tags for imaging cells and
other biological media. The Cal Poly Biomedical EngineeDegartment would likeot
attach biological tags twater solubleguantum dots and use them to imégsue over

long periods of timeytilizing thegreater stabilityf quantum dotsverorganic dyes°

All of these applications share a commoartte: They all require bright, efficient
guantum dotshat have stable fluorescence.
3.2Previous Work at Cal Poly
In order toreplacecommercially available quantum datsour labs we needto
be able to repeatably synthesize quantum dots in our laboradtaiese of similar
quality and efficiency. Prior work has been done at Cal Poly to synthesize quantum dots

acrossnuch ofthe visible spectrum.

Aaron Lichtner first synthesized CdSe quantum dots at Cal Poly based on a
procedure byNordell et al*"*8 Lichtner was able tooncludefrom his processing
methodghat we camepeatablysynthesize cadmium selenide quantum dots that fluoresce
in the 530 to 600 nm range of the visible spectrum. He also concluded that the quantum
dots produced by this process haeVdHM slightly larger than commercially available
guantum dots, and that their fluorescence was approximately four times weaker than
commercially available quantum doadure23). The other important conclusiongtos
work were that the process could repeatably produeatum dots that had fluorescence

center wavelengthsithin £8 nmof the target valuesand that the cost was

26|Page



approximately 100 times less thparchasinggommercial quantum dots, after correcting

for the difference in fluorescence intensity.
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Figure 23: Comparison of commercial QDs and QDssynthesized at Cal Polyshowing much greater
fluorescence intensity for commercially available quantum dots than those synthesizedGal Poly.*®

The next work that was done at Cal Poly involved adding a ZnS coating to the
CdSe quantum dots. Sabrina Brtidanan used a ZnS coating procedure adapted from
Pellegrino et al. to coat CdSe quantum dotsctadeene'®?° Her study focused only on
the effect of shell thickness, as prescribed by the volume of precursor injected into the
reaction.The main conclusion of her work was that we can successfully coat CdSe
guantum dots in octadecene with ZnS, increasieg tirightness.
3.3Problem Description

This study aims to characterize and optimize the process for significantly
increasing the quantum yield of CdSe quantum dots suspended in octadecene by coating
them with a ZnS shellithout greatly increasing the sizespersion of particles in the
solutionor significantlyshifting the fluorescenceenterwavelength which were

problems encountered during our previous stutfies
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3.3.1lImportantFactors
The two factors that were varied in tleisperiment wes the thickness of the ZnS

shdl thickness and the ratio of zinc to sulfurecursors in the injection solution.

As mentioned before, the thickness of the ZnS shell has a significant effect on the
increase in quantum yield over uncoated Cd&tum dots. Thin shells tetmexhibit
poor passivation of surface defects, while thick shells passivate surface defects, but
introduce new defects at the interface between the core and shell due to lattice mismatch.
Since the goal of coating is to nease the quantum yield of the quantum dwadsirolling
the ZnS shell thickness important The ZnS shell thickness is primarily changed by
controlling the volume of ZnS precursor solution injected into the reaction vessel, of
which the reaction yieldidtates how much ZnS deposits on the surface of the CdSe
cores. From literatures well as preliminary testing, the relationship between ZnS shell

thickness and quantum yield fits %-®rder polynomia(Figure22).?*

The ratio ofzinc andsulfur precursors, diethylzinc and hexamethyldisilathiane
respectively, controls the reaction in which ZnS is formed as a shell on the CdSe cores.
Theprecursor rati@eterminesvhich species is the limiting reagentthe reaction, the

reactivity of precursors, and therefore, the reaction yield.

3.3.2Response Variables
This experiment useithe change in photolumescence quantum yield (PLQY)

due to coating CdSe quantum dots with ZnS as the primary response vditble

guantum yieldwhich is the rao of photons emitted to photons absorliedhe most
important response variable because it tells us how efficiently the qudntarare able

to convert lightTheother response variables that were measured in this experiment were

the full-width-at-hdf-maximum (FWHM) andhe change icenter wavelength of the
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fluorescence curveOWL shift) (Figure24). The FWHM of the fluorescence curve is a
measure of the particle size dispersion in the saraptéthe shift in center wavelgth

gives a basis for determining the color output of the resulting safripee is a red shift

in the fluorescence curve associated with the ZnS coating process, which can be broken
down into core growth due to heating and leakage of the exciton feoootk into the

shell Figure25).

Center Wavelength (CWL)

Full-Width at
Half-Maximum
(FWHM)

Figure 24: FWHM and CWL of a Gaussian distribution.

Figure 25: Red shift of the fluorescence spectrum due to the ZnS coating process.
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