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Abstract

Abstract

Nanocrystals (NCs) exhibit very interesting sizeatedent electrical, optical, magnetic, and
chemical properties that cannot be achieved by bk counterparts. A quantum dot (QD) is
a semiconductor NC which exhibits size dependentgiiminescence property because of
quantum confinement effect. Generally, within thgtum confinement region, the larger the
QD is, the redder its fluorescence spectrum willeped semiconductor NCs (D-NCs) can
not only retain nearly all advantages of intrin@Ds, but also eliminate their self-quenching
due to reabsorption/energy transfer and the ubamihful elements (Class A elements Cd, Hg,
and Pb). Zinc based systems are good candidatesziwit compounds as cheap and nontoxic
precursors. Doped and undoped zinc based NCs aaan acbroad range of visible spectra,

from 400nm to 600nm.

In this work, doped and undoped ZnSe NCs are sgizb@ without the use of phosphine
containing coordinating solvents, such as TOP, BBB TOPO which are not only highly

toxic and pyrophoric, but also rather expensivastdad we use Se-ODE which is a good
candidate as Se precursor and very reactive ifgoeebproperly. We achieved phosphine free
synthesis of ZnSe and MnSe/ZnSe ZnSe NCs, and eattatheir photostability by

overcoating ZnS shells using successive ion lalgsomtion and reaction, or single molecular
source ZDC, respectively. For synthesis of Cu:ZdSped NCs, surfaced doped NCs was
obtained, however ZnSe shell overcoating process ma successful, which still needs

further investigation.
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CHAPTER 1 Introduction

CHAPTER 1 Introduction

1.1 Quantum Dots (QDs) - Semiconductor Nanocrysta[fNCs)

NCs exhibit very interesting size-dependent elealyi optical, magnetic, and chemical
properties that cannot be achieved by their bulknterparts. A QD is a semiconductor NC
whose excitons are confined in all three spatiaiafisions. As a result, they have properties
that are between those of bulk semiconductors hodet of discrete molecules. QDs are
semiconductors whose conducting characteristiczlasely related to the size and shape of
the individual crystals. The reason why QDs exhsbie dependent properties is the quantum
confinement effect. The quantum confinement eftact be observed once the diameter of the
particle is of the same magnitude as the waveleoigthe electron wave function, typically in
nanoscale. When the patrticle is this small, thegnspectrum becomes discrete; as a result,

the difference between energy states and bandeyaprie size dependent.
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Figure 1-1 Quantum confinement effect [Ref. 1]

When the size of the NC comes to its quantum cenfent region, the smaller the size of the

crystal is, the larger the band gap is, the greaedifference in energy between the highest
5



CHAPTER 1 Introduction

valence band and the lowest conduction band becaime®fore more energy is needed to
excite the dot, and concurrently, more energylsased when the crystal returns to its resting
state. The red shift of absorption and photolundaese (PL) of QD with size is also a
consequence of quantum confinement effect. Quatuminement effect does not just exist
in QDs, but also quantum wires which exhibit coafirent effect in two dimensions, and

guantum wells which exhibit confinement effect meadimension.

1.1.1 Photoluminescence (PL)

High PL is one of the reasons that QDs attract sehmattention. When a dot absorbs a
photon and comes to the exited state, it needsléase energy to return back to its resting
state, and one way is to release another photanthéis why QDs are photoluminescent. As
mentioned above, because of quantum confinemeectefQDs exhibit size dependent
photoluminescent ability. Generally, within the gtian confinement region, the larger the
QD is, the smaller the difference in energy betwienhighest valence band and the lowest
conduction band becomes, the lower the energy ef pghoton the QD absorbs, and
subsequently, the lower the energy of the photenQb emits when it returns to its resting
state. If the energy level of the photon it em#saithin the region of visible light, the QD

becomes fluorescent, and the larger the QD isigtider its PL spectrum will be.

6
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Figure 1-2 (Left) Correlation between the size o6 NCs and their band gap [Ref. 2] (Right) Schiemat
drawing representing the changes on optical behafimanoparticles associated with their size due t

quantum confinement effect [Ref. 3]



CHAPTER 1 Introduction

1.1.2 Application

Semiconductor NCs have been used in many diffetenhnological areas, including
biological labeling and diagnosti€s®, chemical sensin, light emitting diodes (LEDY" 2!
electroluminescent devices, photovoltaic devicasers, and single-electron transistors. The
traditional high quality semiconductor NCs alwaysitain cadmium, which is carcinogenic,
therefore, more and more research are now focusingadmium free systems. Not only the
nontoxicity, but also the photo and thermal stabdire required when they are brought to real

application.

1.1.3 Different types of Semiconductor NCs

Typically, there are three main groups of semicatatuNCs under investigation for their PL
abilities. II-VI is the most investigated group, with CdSe, CdBiaseers, until now greener
candidates, such as ZnSe and ZnTe, are favoredndkeimportantll- V semiconductor NC

is InP, with a bulk band gap of 1.27eV, becauséhefpossibility of its PL covering a wide
range of visible spectrum with increasing NC size.VI semiconductor NCs, such as PbSe

and PbS mainly exhibit near-infrared emission.

1.2 Core/Shell Semiconductor NCs

The nanoscale crystal size results in a very higfase-to-volume ratio. A significant fraction
of these core NCs typically exhibit surface-relatesp states acting as fast non-radiative
de-excitation channels for photogenerated chargéecs thereby reducing the fluorescence
quantum yield (QY). In order to improve NCs’ sudggassivation, a method overgrowth of a
second semiconductor on the core is developedisnvway, the fluorescence efficiency and
stability against photo-oxidation of various types semiconductor NCs have been
significantly improved. Furthermore, by the apprag choice of the core and shell materials,
it is possible to tune the emission wavelength ilarger spectral window than with both
materials alone. According to the band gaps andretetive position of electronic energy
levels of the involved semiconductors, the QS Nfeésciassified into three types. Here just a
brief introduction is presented, and detailed infation can be referred to a revi€lv Figure
1-3 gives an overview of the band alignment ofliik materials, which are mostly used in

NC synthesis.
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E (eV) vs. vacuum

InN
GaN
InP
GaP
AlP
InAs
GaAs
InSb
GaSb
AlISb
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Figure 1-3 Electronic energy levels of selectHdV and II-VI semiconductors using the valence-band

offsets from Reference [10] (VB: valence band, C&duction band) [Ref. 9]

Typel Type Il Type ll Reverse Type |

1R G

Figure 1-4 Schematic representation of the enearggtlalignment in different Core/Shell systems. The
upper and lower edges of the rectangles correspmitite positions of the conduction and valence band

edges of the core (center) and shell materialpectely. [Ref. 9]

1.2.1 Type -1 Core/Shell NCs

In type - I Core/Shell NCs, the shell materials have largerdbgaps with the conduction
band energy being higher than that of core maseraald valence band energy being lower

than that of the core, for example, ZnSe/ZnS CorelEore/Shell NCs.

The shell of the NC physically separates the serfaicthe optically active core from its
surrounding medium, so that the sensitivity of tptical properties to changes in the local
environment, like the presence of oxygen or watarlenoules, is reduced. The main
consequence of type F capping is that the exciton generated in the eot@ndered from
spreading over the entire particle and by this iforced to recombine while being spatially
confined to the core and in most cases this ismapanied by enhanced luminescence. At the
same time, type 4 capping reduces the number of surface danglingsomhich can act as
trap states for photogenerated charge carriershés/n in Figure 1-3, the band gap of ZnS
bulk material is larger than moBi-V and II-VI semiconductors. ZnS has been used as the

shell material for many cores to improve PL quaditd stability.

8



CHAPTER 1 Introduction

If Zn precursor or S precursor is in excess, dingeiction of S precursor or Zn precursor can
lead to growth of ZnS shéff. S precursor can also be added during the grotagesf the
cores, so that the shell layer contains both anidrike core material and'8 3! In specific
cases, S precursor is added at the very firstwgtikpall other cationic and anionic precursors
if the reactivity of precursors varies with reaatiprogress. It is achieved in a single-step
synthesis of QDs with chemical composition gradiéift. Successive lon Layer Adsorption
and Reaction (SILAR) technology was used to grows Gihell on CdSe cor€®. One
monolayer was grown at a time by alternating inggexs of cationic and anionic precursors
into the reaction mixture with core NCs. Later &il_.AR technology was also extended to
ZnS shell growth on a variety of cores, such aseztfS'". A single-molecular source of ZnS
- diethyldithiocarbamic acid zinc salt, [{ds).NCSS}pzZn (ZDC) was used to overcoat ZnS
shell on CdSe NC core in a microfluidic reactorcMfluidic technology was used to control
reaction temperature and time precisely, so thatdbieve a better control over shell

thicknesse&?.

1.2.2 Type -1I Core/Shell NCs

In type - II Core/Shell systems, the band gaps of core antirslaé&trials are staggered, such

as ZnTe/ZnSe and G8/CdS Core/Shell NCE» 2%

The staggered band alignment gives rise to a $lyatidirect transition that occurs at lower
energies than both band gap energies of the tweriakst used. Hence, this type of QDs can
be emitters at wavelengths that cannot be achiextd either of the two materials alone.
Furthermore, the luminescence lifetime is stronghgreased. An overgrowth of an
appropriate material can be used in the same wag agpe - [ systems to improve the

fluorescence QY and photostability.

1.2.3 Reverse Type I Core/Shell NCs

In this type of Core/Shell NCs, either the valebe@d edge or the conduction band edge of
the shell material is located in the band gap ef ¢bre, such as ZnS/ZnSe NCs. Efficient
energy transfer was achieved from ZnS core to Zsisdl when exciting the NC with

wavelength absorbed by zZnS céré
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Charge carriers are at least partially delocaliretthe shell and the emission wavelength can
be tuned by the shell's thickness. Generally, aiSaant red-shift of the band gap with the

shell thickness is observed. The resistance agphmb bleaching and the fluorescence QY
of theses systems can also be improved by the grofvd second shell of a larger band gap

on it.

1.2.4 Core/Shell/Shell structures

The early reports of Core/Shell/Shell structuresen®@dSe/ZnSe/Zn8" and CdSe/CdS/ZnS
22 structures. In either one, the outermost ZnS skelb avoid charge carrier penetration
towards the surface of the particles and ZnS is@lgandidate for this because of its large
bandgap (3.7eV). In Core/Shell systems, one probigy be encountered that the lattice
mismatch can be large, so an intermediate shiedl,Here, the ZnSe or CdS shell can act as a
“lattice adapter”. Another benefit of Core/Shell@hstructures is their greatly increased
photostability. Other attempt to include an alloyager of ZrsCdysS in the structure was

also reported!.

Another interesting Core/Shell/Shell structure wegorted by Peng's group” which is a

reverse quantum-dot-quantum-well system with aeldrgnd gap material ZnS between two
small band gap CdSe. When the ZnS layer is thickigh, no shift of emission signal can be
observed and instead a second emission signaleaturgher energies, which is explained
as the phenomenon of “coupled and decoupled quarsystems in one semiconductor

nanocrystal”.
1.3 Doped Semiconductor NCs

1.3.1 Why doped semiconductor NCs come upon the g&a

Impurities, or dopants, can strongly modify eleotcp optical, and magnetic properties of
bulk semiconductor$®. Doped semiconductor NCs can not only retain yestladvantages

of intrinsic QDs, but also eliminate their self-geling due to reabsorption/energy transfer.
The energy from absorbed photons can be efficiemdigsferred to impurities, suppressing
undesirable reactions on the NC surface or reabearpy the band gap because of the small

stokes shift between absorption and emission wagdie. The energy transfer to impurities
10



CHAPTER 1 Introduction

greatly enhances their thermal and chemical stgbifi addition, D-NCs can be made from
less harmful elements than those currently useds@CA elements Cd, Hg, and Pb). The
emission wavelength of doped semiconductor NCsatsm be tuned. The interesting system,
Mn and Cu doped ZnSe semiconductor were demondtesteefficient emitters covering the

blue to orange color window.

ZnSe Cu:ZnSe MnSe:ZnSd

b S o |

|I.I| /\ f'r\‘.l ||l
' ANN A
II lll .. .' \ -.:. I|II
I| | L '. '._I II'. " MnSaw 1 Se
Ii \ -'I &,‘ .l"- I.'-‘ - 28
400 500 :

600
Wavelength {nm)

PL Intensity (a.u.)

Figure 1-5 (Left) PL spectra of ZnSe based dopesicgmductor emitters (Right) PL from doped NCs at

above 200C [Ref. 26]

1.3.2 Synthesis and doping routes

Generally, physical and chemical methods are ueeslyhthesize NCs. The advantage of
physical methods is the production of a large gtyanof NCs whereas uniform-sized NCs and
their size control are difficult to achieve. In ¢t@st, colloidal chemical synthetic methods can

synthesize uniform NCs with controlled size, bugéascale production is still a challenge.

Organic-phase synthetic methods have been wid@g tes synthesize NCs because of their
many advantages, such as their versatility, rembdily, high crystallinity and
monodispersity of the synthesized nanoparticlesthed high dispersion ability in organic

solvents. The synthesis routes studied here abmsdid on organic-phase synthesis methods.

Hot injection method is used widely in synthesiscofioidal NCs. It separates the stages of
nucleation and growth into burst of nucleation, mgieng of nucleation and growth, and
growth of the NCs. This consists with the theoryHyleon?”! and Vanmaekelberdf? that
synthetic techniques for the separation of nuak@aéind growth are very important to obtain
monodispersed NCs. In the former, a comprehensivechanism of formation of

monodispersed NCs is given.
11
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Doping a few ions into a NC is thermodynamicallyfaworable, especially when the dopant
ions do not have a matched bonding geometry withh tunterions in the lattice.
Fundamentals need to be understood in order tdecr®mthetic routes which can dope

impurities into host lattice successfully.

As first reported by Peng®, the method decoupling doping from nucleation angfowth
was used for doping Mn and Cu into ZnSe host, amdsulted in two different strategies,
nucleation-doping and growth-doping, respectivelgcording to Norris?®, the binding
energies of Mn adsorbing on (001) facet of zingidke structure is much bigger than on the
other two zinc-blende orientations or any facetcofstals with the wurtzite or rock-salt
structures. The unique difference of this facdhes various arrangements of anion dimmers,
which provide very stable binding sites that abdeoin the (110) and (111) surfaces of
zinc-blende crystals, and all surfaces of wurtaite rock-salt crystals. Mn incorporation rises
with increasing Se:Zn ratio, but falls rapidly tera for NCs smaller than 20 A, suggesting
that a central core resists doping. Till now, nsstcessful doping reported for Mn in ZnSe or
ZnS host is nucleation dopifty’ 2% 3 and in contrast, most successful doping repdcted
Cu in ZnSe or ZnS host is growth dopihd*® ?®! Mn doped ZnSe or ZnS has been studied
relatively thoroughly comparing to Cu doped onessiBes the usual way of doping Mn into
ZnSe using nucleation doping, some other attemgutisatlso been tried. For example, highly
luminescent Ultra-narrow Mn doped ZnSe nanowired baen synthesized using single
source clusters LiZn;0Se(SPh)¢ and manganese stearate, and the QY reached 4@% af
passivating the crystals with a CdSe sHéll A different attempt, doping Mn into shell, had
also been reported. And application as ratioméientcal sensing agents had been realized

as functionalizing this kind of NC with organic dye

Nu;:leqﬂan-é .I host
opi i MNucleus
"? i with dopants gonth  onter doped
: : host ;
Growth- | @ doping g growth .
doping | Small Surface
ping ! hrggt doped Internal doped

Figure 1-6 Schematic presentation of Nucleatio gnowth-doping [Ref. 26]

As illustrated in the figure above, for growth-dogistrategy, the small ZnSe or ZnS host

NCs are synthesized first, and are quenched byriogé¢he reaction temperature, at which
12



CHAPTER 1 Introduction

active dopant precursors are introduced and dopaogirs without the growth of the host.
Nucleation doping is realized by a mixed dopant hast precursors during the nucleation.
After nucleation, the reaction conditions are tutedte sufficiently mild to make the dopant
precursors inactive, and the growth of the hosbbss the only process, which overcoats the
dopants. The concentration of the dopants in tledengan be tuned by varying the precursor
ratio. In an extreme case, the nuclei could be &tmith pure dopant cations, which is

usually the case for recent Mn doped ZnSe or ZnS.NC

1.3.3 Temperature dependence of “Elementary processm doping semiconductor NCs

There are four “elementary processes” that canagxpgloping process. “Surface adsorption”
and “lattice incorporation” are especially of hétpexplain growth doping. At the beginning
of growth doping process, the dopant ion is adsbidoe the surface of the host. A loosely
adsorbed dopant ion can act as a surface tragtiesiches the host PL. Then it incorporates
into the host lattice and is isolated from the 8ofu environment before it can act as an
electron-hole recombination center that gives tsedopant PL. These particular dopant
centers were incorporated only in the lattice nibar NC surface. “Lattice diffusion” and
“lattice ejection” explain the processes of nudtgatdoping and also shell overcoating
process in growth doping. When overcoating hosll ghéoth growth doping and nucleation
doping, the dopant center might move toward théasar which is called lattice diffusion.
Lattice diffusion is necessary in nucleation dopiwpen a pure dopant core is used), because
dopant ions need to diffuse into the host shell torch a doped interface where energy
transfer and dopant emission occur. But lattickusibn should be controlled because if it is
so intense that the dopant ions are driven to nfiegnpath (the depth of the direct “lattice
ejection” zone), it will be ejected from the NCdhieh is called “lattice ejection”. Therefore,
temperature and time are two important parametees successful doping synthesis. More

details please refer to the referefice

1.3.4 PL of Mn and Cu doped ZnSe NCs

PL of Mn and Cu doped ZnSe or ZnS NCs are diffefesrh those of traditional intrinsic
ones. Their PL property depends on the band gdpeohost and/or the dopants. For dopant

ions like Mrf* and PB, as the particle size decreases, the wavelengthxiitation of the
13



CHAPTER 1 Introduction

dopant emission shifts to higher energies while #&meission color is unaffected. The
insensitivity of the dopant emission energy to pagticle size is due to the fact that these
electronic transitions involve wave functions lozatl on the dopant cations and the
neighboring ligand anions. The localized wave figng are not influenced by quantum size
effects. For other dopant ions like Tuemission may involve recombination of a deloaaliz
charge carrier and the dopant. The emission frofii €nters in ZnS and ZnSe is assigned to

recombination of a delocalized electron with?CE, as illustrated in figure 1-7 below.

ZnSe Mn® 4 ZnSe cu? »
S BN CB
T,
D
= § PL
S PL Q
K 3
S S
6
A
VB ' VB
Energy Energy

Figure 1-7 Schematic representation of electroe-hetombination in Mii and Cd" doped ZnSe NCs

In both of them, energy is absorbed by host ZnBe edficiently transferred to dopants where
PL exhibits. In MA" doped ZnSe, a nonradiative transition first océtom conduction band
of ZnSe host to the upper dopant hole, followedabgdiative transition*T; — °A;) between
Mn?* d states. In Cii doped ZnSe, PL occurs between conduction bandsifand the hole
of dopants, and that's why Cu doped ZnSe showstgoaconfinement effect when tuning
the host size, typically from 470nm to 550nm. lItsigprising that the PL from Mn doped
ZnSe NCs could also be tuned slightly, from abotdrén to 595nm when ZnSe shell grows
thicker. Pradhaff® et al. suggested that as the ZnSe outer-shell trieker, the crystal field
for each dopant ion became more symmetric in l@arge. Consequently, the crystal field
splitting of the d-orbitals became smaller, whigsulted in a PL red shift. They further
demonstrated their interpretation in a later pwian by changing the neutral ligands to a
charged one, observing a significant red-shift bfspectra to 610nnt®. PL of C¢*and

Mn** doped ZnS have a similar electron-hole recomionat ZnSe ones.
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1.4 Aim and Scope of this work

As Cd based high quality colloidal NCs had beemdhghly studied, focus was starting being
transferred to other systems, especially the ondsow Class A metals to avoid intrinsic
toxicity. Zinc based systems are good candidatés zinc compounds as cheap and nontoxic
precursors. Doped and undoped zinc based NCs e@n adroad range of visible spectrum,
from 400nm to 600nm. In previous synthetic routesprdination solvents containing
phosphine, such as TOP, TBP and TOPO were usezha&nts and for preparation of anionic
precursord® 12 14.17.25.26. 30 rhage solvents are not only highly toxic and piaric, but also
rather expensive. Recently some other kinds oframiprecursors are used. The newly used
selenourea as an alternative selenium source hhakeestrict that spherical ZnSe NCs can
only grow below 5nm size using TBP, and allowed glze to grow up to 10-12 nkr'. The
one attracting more and more attention is diredibsolving elemental anion precursors to
non-coordination solvent, i.e. 1-octadecene (ODE)fdrm an anion complek® 3! 3¢
Heating temperature and heating time influencerdaetivity of the Se-ODE precursor very
much, especially under high temperatures, i.e.,emitian 200°C. Photoluminescence
excitation (PLE) measurements, X-ray absorptioncspscopy (XAS), Nuclear magnetic
resonance (NMR), and El mass spectra were usetutly $he structure characteristic of
active and inactive Se-ODE sampléd. The aim of this work is to study the methods
synthesizing doped and undoped ZnSe NCs using phwsfree solvents, to optimize the
synthetic routes from preparation of precursorsiampaters of reactions, to details of
operations to find out robust and reproducible guols. Nucleation, growth, shell
overcoating, and purification are to be studieg dig step to try to find all-sided methods

from beginning of reactions to the end where N@sraady for use.
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2.1 Materials and Instruments

Zinc oxide (ZnO) (99.99 %, metals basis), cadmiwide (CdO) £99.99 %, metals basis),
zinc diethyldithiocarbamate (ZDC, 98 %), octadenyilze (ODA) & 99 %), Oleic acid (OA)
(tech. 90 %), tri-n-butylphosphine (TBP) (97 %)iottylphosphine (TOP) (tech. 90%),
n-hexane (anhydrous, 95 %), toluene (anhydrous3 98), cyclohexane (99.5 %), and
methanol (anhydrous, 99 %) were purchased from &igfdrich. 1-Octadecene (ODE) (tech.
90 %), selenium powder (- 200 mesh; 99.999 %, mdiabkis), and sodium stearate (NaSt)
were purchased from ABCR GmbH & Co. KG. Zinc stear@nSt) (pure) was purchased
from Applichem. Zinc acetate (Zn(OAg%)(pure, 99 %), decanoic acid (DA)(99 %) and
oleylamine (OLA) (80-90 %) were purchased from ACR@opper (llI) chloride dihydrate
(CuCk - 2 H,0O) was purchased from Fisher Scientific. Sulfur dem(S) was purchased from
Riedel-de Haen. Mangan (Il) - chlorid tetrahydrd&-190% andparaffin viscous were

purchased from Merck. Diphyl THT was purchased fitunt obermeier GmbH & Co. KG.

UV-VIS absorption was measured using Lambda 25 US/Spectrometer from Perkin Elmer.
Photoluminescence and photoluminescence excitati@re measured using LS 55
Fluorescence Spectrometer from Perkin Elmer. Theiwa oven used was VT 6060P — BL

from Kendro. Centrifugation was done by Centrif&§®4 from Eppendorf.

2.2 Reaction setup

All reactions were conducted in a three neck flagith the
left neck connected to a temperature controller,ripht neck
connected to nitrogen flow and the middle neck eated to

a condenser.

Figure 2-1 Reaction setup for QDs synthesis
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2.3 Reactions

2.3.1 Synthesis of ZnSe and ZnSe/ZnS QDs

The synthetic method was modified from the one riepid™®..

Preparation of stock solution:

Zn precursor] : A mixture of 2 mmol ZnO, 8 mmol DA, and 18.5mliratin oil were loaded
in a 50 ml three neck flask and heated to 30DQunder nitrogen flow to obtain a colorless

clear solution.

Zn precursorll : A mixture of 2 mmol ZnO, 8 mmol OA, and 17.5 nalrpffin oil were loaded
in a 50 ml three neck flask and heated to 30Qunder nitrogen flow to obtain a colorless

clear solution.

Zn precursor for shell growth: A mixture of 2 mn#iO, 16 mmol OA, and 13.7 ml paraffin
oil were loaded in a 50 ml three neck flask anddakéo 310C under nitrogen flow to obtain

a colorless clear solution.

Se-ODE precursor: It was prepared by dissolvingi2ohSe powder in 20 ml ODE at 220,
samples were taken at 1.5 and 4 hours. Duringpei®d, the color of the mixture changed

from transparent to orange and red, and finallgedryellow.

S-ODE precursor: It was prepared by dissolving 2ain& powder in 20 ml ODE at 130

for 5 minutes. The solution was colorless.

ZDC-OLA precursor stock solution for shell growthwas prepared by dissolving 1 mmol of

ZDC powder in 10 ml OLA under ultrasonic.

Procedure of synthesis of ZnSe QDs:

Se-ODE injection method:
1) 1 ml Zn precursorl and 4 g paraffin oil were loaded into a three nigacsk, heated up to
330°C under nitrogen flow.
2) At this temperature, 2 ml Se-ODE stock solutiorefiarred at 220C for 1.5 or 4 hours)

was injected swiftly, and the temperature was atidwo cool to 300C for crystal growth.
18
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3) The reaction was stopped by removing the heater afinin of growth.

Zn injection method (inverse injection method) usig prepared Se-ODE stock solution:

1) 4 ml Se-ODE stock solution (prepared at 220for 1.5 hour) and 8 g paraffin oil were
loaded into a three neck flask, heated up to‘810nder nitrogen flow.

2) At this temperature, 4 ml heated Zn precurddr was injected swiftly, and the
temperature was allowed to cool to 3Q0for crystal growth. Aliquots were taken at diffete
time intervals.

3) The reaction was stopped by removing the heater 8@t minutes of growth.

Zn injection method directly heating Se, ODE and peaffin mixture to 310 C

1) 0.4 mmol Se powder, 4 ml ODE and 8 g paraffin @revloaded into a three neck flask,
heated to 100C for 20 minutes to remove air and moisture, andsegbently heated to
310 C for nanocrystal growth.

2) At this temperature, 4 ml heated Zn precurddr was injected swiftly, and the
temperature was allowed to cool to 300for crystal growth.

3) The reaction was stopped by removing the heater 8@t minutes of growth.

Procedure of synthesis of ZnSe/ZnS QDs:

Purification of ZnSe QDs:

The ZnSe QDs synthesized was purified by addindoaeeinto the mixture, heating the
mixture until it started to boil. The organic satwe dissolved in hot acetone and ZnSe QDs
precipitated on the wall of the flask. The QDs ai#d can be redispersed in toluene,

chloroform or hexane.

The other way of purification was to dissolve tl@uson into about two times as much
toluene, eliminating the unreacted reagents byriéegation if necessary, and then methanol
was added slowly until no precipitates appearea piecipitated QDs can be collected by

centrifugation again. The QDs obtained can be pedsed in toluene, chloroform or hexane.
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Shell growth procedures using “successive ion layerdsorption and reaction” (SILAR)

method:

1) The purified ZnSe QDs in hexane (approximately 53 in diameter, 8.76x10mol
(calculated amount), synthesized by Zn injectionthoe directly heated Se, ODE and
paraffin to 310C and allowed ZnSe QDs to grow for 3 minutes), ¢ertanounts of ODA
and ODE were loaded into a three neck flask antetiga 100°C for 30 minutes to remove
the hexanes and other undesired materials of Igervaressure.

2) Increase the temperature to 240 a designed amount of Zn precursor for shell gnowt
was injected followed by the same amount of S sswdition after 10 minutes.

3) After 10 minutes, another designed amount of Zreymsor for the second shell growth
was injected, followed by the same amount of Skssmdution after 10 minutes. The third

shell was grown the same way. Aliquots were taktar aach shell growth.

Shell growth procedures using single precursor [(&15),NCSS}pZn (ZDC):

1) The purified ZnSe QDs in hexane (approximately B3 in diameter, 8.76x10mol
(calculated value), synthesized by Zn injectionhodtdirectly heated Se, ODE and paraffin
to 310°C and allowed ZnSe QDs to grow for 3 minutes), ¢eréanounts of ODA and ODE
were loaded into a three neck flask and heatedO ‘@ for 30 minutes to remove the
hexanes and other undesired materials of low vpmssure.

2) The mixture was heated to 150, and designed amount (1 ml) of ZDC-OLA stock
solution was injected into the flask. The tempamtuas maintained for 30 minutes. Aliquots

were taken at different time intervals.

2.3.2 Synthesis of Cu doped ZnSe QDs

The synthetic method was modified from the one riepid™®..

Preparation of copper stearate (CuS):

Sodium stearate (NaSt) (20 mmol) was dissolvedig & methanol and heated to 50-60
until it became a clear solution. CyQolution of 10 mmol in 10 g methanol was added
dropwise with vigorous stirring and precipitation@uSt slowly flocculated. The precipitates
were separated by centrifugation and washed regigateth methanol three times and then
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dried under vacuum around 80 overnight.

Preparation of stock solutions:

Zn precursor] : A mixture of 2 mmol ZnO, 8 mmol DA, and 18.5mirgtin oil were loaded
in a 50 ml three neck flask and heated to 30Qunder nitrogen flow to obtain a colorless

clear solution.

Zn precursorll : A mixture of 2 mmol ZnO, 8 mmol OA, and 17.5 narpffin oil was loaded
in a 50 ml three neck flask and heated to 3DQunder nitrogen flow to obtain a colorless

clear solution.

Se-ODE precursor: It was prepared by dissolvingnZoirSe powder in 20 ml ODE at 220
for 3 hours. During this period, the color of théxtare changed from transparent to orange

and red, and finally turned yellow.

Cu precursor: It was prepared by dissolving 0.0@u&tin 3 ml OLA (0.001 M) between 80
to 120°C and kept at room temperature under protectiontafgen. It's better to use newly

prepared Cu precursor every time.

Procedure:

1) 2 ml Se-ODE stock solution (prepared at 220for 3 hour) and 4 g paraffin oil were
loaded into a three neck flask, heated up to‘810nder nitrogen flow.

2) As soon as the temperature reached 8102 ml heated Zn precursdt was injected
swiftly. The heater was removed right away aft¢edgtion, and sample was taken to check if
there were ZnSe nuclei formed and where the PL peakion was.

3) After formation of host nuclei, the reaction mix@wvas cooled to 6, and 5 ml Se
precursor was added and the temperature was iectéad 60C.

4) 0.5 ml Cu precursor was added dropwise under #rspérature. Temperature was
increased to 24@ slowly and annealed for 20 minutes (in this expent, about 3C / min).

5) 2 ml Zn precursorl was injected dropwise at 240 and annealed for 30 minutes.
Another 3 ml was injected and annealed for andBaninutes.

6) The reaction was stopped by removing the heatecaol@d down to room temperature.
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2.3.3 Synthesis of Mn doped ZnSe QDs

The synthetic method was modified from the one riepis®Y.

Preparation of manganese stearate (Mn&t

Sodium stearate (NaSt) (20 mmol) was dissolveig & methanol and heated to 50-60
until it became a clear solution. MnQ3olution of 10 mmol in 10 g methanol was added
dropwise with vigorous stirring and precipitatiof &nSt, slowly flocculated. The
precipitates were separated by centrifugation aaghed repeatedly with methanol three

times and then dried under vacuum around_86vernight.

Preparation of stock solutions:

The manganese precursor solution were preparedsipldng 0.025 g Mn$tin 2.5 g of
ODE and heated to 100 under nitrogen flow.

The Zn precursor was prepared by dissolving 0.Z88b, and 0.0533 g HSt in 4 ml ODE at

around 150C under nitrogen flow.

The Se-ODE stock solution for multiple injectionere prepared by dissolving 0.0474 g of
Se powder into 18 g of ODE and 0.1 g of OLA at 220or 3 hours (The time kept under this
condition has not been optimized. It was possihéd the Se-ODE stock solution prepared in

this way is not active, so better results coulegected).

ZDC-TOP precursor stock solution for shell growthwvas prepared by dissolving 1 mmol of

ZDC powder in 10 ml TOP under ultrasonic.

Procedure:

1) 0.0474 g Se powder, 0.1 g OLA, and 9 g ODE weréddanto a three neck flask and
degassed at 11Q for 15 min under nitrogen flow, and then heate@86 C until Se powder
was completely dissolved and the temperature vedest

2) At this temperature, 2 ml manganese precursor isaluwas injected swiftly, and the
temperature was allowed to decrease to26for NC growth.

3) After 4 min of growth of MnSe nanoclusters, the pemature was cooled to designed
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temperature quickly (such as 240), and 1 ml Zn precursor was injected dropwisdp¥aéd

by 0.2 ml OLA.

4) After a time the PL area didn't increase any mack as 50 minutes for 240), the
temperature was set at the second overcoating tatope, and another 2 ml Zn precursor
was injected dropwise, followed by 0.4 ml OLA.

5) If thicker shell is needed, lower the temperatwel80 'C after the PL area didn't
increase any more, and designed amount of Se pgmacwas injected. Heat back the
temperature to the third overcoating temperatdret tivas stable, then extra amount of Zn
precursor was injected dropwise, followed by destamount of OLA.

6) Aliquots were taken after formation of each sh&lie reaction was stopped by cooling

the reaction mixture to room temperature.

The temperatures chosen for overcoating ZnSe steleé 220°C, 240 'C and 260°C.
Typically, if the ZnSe shell was coated at 260 the time kept under this temperature was 10
minutes. If the temperature for overcoating was ZAQthe time kept under this temperature

was 50 minutes. And the time for overcoating at Z2@&as 100 minutes.

In order to find out the most important parametegét Mn doped ZnSe QDs with good

quality, series of experiments were made. It wallibtroduced in detail in Chapter 3.

Purification of MnSe/ZnSe QDs:

MnSe/ZnSe QDs were purified by dissolving the sotutinto about two times as much
toluene, eliminating the unreacted reagents byrifegation if necessary, and then methanol
was added slowly until no precipitate appeared. preeipitated QDs can be collected by

centrifugation again. The QDs obtained can be pedsed in toluene, chloroform or hexane.

ZnS shell growth to increase photostability:

In a typical experiment, 3 ml MnSe/ZnSe crude sofutvas loaded into a three neck flask,
degassed, and heated to I60until stable. Then a designed amount of ZDC-TORBt=m
was injected dropwise at this temperature. Aftetdl80 minutes, the reaction was stopped by

cooling down the reaction mixture to room tempeam®tu
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Continuous experiment:

One experiment was tried to see the possibilitysyithesizing doped NCs by continuous

reaction.

1) First, MnSe core was synthesized in a three neadkflsing exactly the same way as
batch experiment.

2) The crude MnSe core solution and 1 ml Zn stocktsmiuvere mixed together and kept

warm in a 90C water bath under protection of nitrogen.

3) The flow rate was set at 0.5 ml / min, and sampées wollected using a vial under

protection of nitrogen.

The collected crude solution and 2 ml Zn stock somtuwere mixed together and reacted the

same way as step 3).

2.4 Characterization

2.4.1 UV — Vis absorption spectra

The solvent used for absorption measurement ieneluTypically, spectra were measured

from 350 nm to 800 nm with the scan speed of 960 nmim.

2.4.2 Photoluminescence (PL) spectra

The solvent used for PL measurement is tolueneic@ilp, spectra were measured from 385
nm to 700 nm, with the excitation wavelength of 3% and scan speed of 480 nm / min. The

excitation slit and emission slit were both set@nm or 5 nm.

2.4.3 Photoluminescence excitation spectra (PLE)

The solvent used for PLE measurement is cycloheXageause it doesn’t absorb UV light
along the region where measurements was took. d\pispectra were measured from 270
nm to 430 nm with the emission wavelength of 450amd scan speed of 480 nm / min. The

excitation slit and emission slit were both set@nm or 5 nm.

2.4.4 Transmission electron microscopy (TEM)

TEM measurements are done by PT-MT-MCT SurfacesdChexization
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3.1 ZnS and ZnSe/ZnS Core/Shell QDs

3.1.1 ZnSe QDs

Till then, a lot of methods have been studied totlsysize ZnSe QDs, most of which use
coordinating solvents, such as TOP, TBP or TOP@attion mixture or preparation of Se
precursors. These phosphine containing solventsnateonly expensive, but also toxic,
pyrophoric, and unstable, which usually requirerapiens in glove boxe&8? 1738 3% ap
excellent review summarizes the synthesis, shapgatpcore/shell, alloy and doped systems
of ZnSe based colloidal NCs, but almost focusedlmve mentioned coordinating solvelits
Several lately used methods with phosphine-frepr8eursors were reportéd *! opening a
brighter window for synthesis of NCs with grolijp elements. In this work, the emphasis is

on economic and environmental friendly synthetiates using phosphine-free reagents.

3.1.1.1 Se precursor by dissolving element Se in @D

In this synthetic route, Se dissolving in ODE isdisas anionic precursor. Element Se
dissolving in ODE has been used in preparing Cfs&znSe!'®, and also doped ZnSe NCs
B This precursor is much more reactive than presiioused TOPSe or TBPSe if it is
properly prepared. A thorough account of prepamatiod properties of this precursor had
been reporte@”, but the particular Se-ODE studied was preparedaiterate temperatures
(i.e. from 180°C to 220°C). When “inverse injection” methods (cationic presar injection)
were used, which were found generating better NS€sQDE precursors were heated at high
temperatures for injection, during which its reatyi could change a lot. It is hard to propose
a precise period of time of hours or minutes that $e-ODE solution should be kept at high
temperature because of different heating ratesadldies of maintaining a temperature of

different temperature controllers.

It has to be mentioned that two kinds of tempegatamtrollers “J” and “E” were used in this
work. “J” can heat up solutions quickly, but it griwitches off heating after the temperature

reaches the set value and switches on again wieterthperature cools down to the set value.
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In this way, the temperature of the solution canbet controlled precisely, and always
fluctuates around the set value, at least withinldgrees, sometimes even 30 to 50 degrees if
the volume of solution is small. “E” can controkttemperature much better than “J” because
it switches off heating before the temperature meadhe set value and switches on prior to it
falls down to the set value again, which meansakes$ overheating and overcooling into
consideration and tries to minimize the influen@ne thing is that “E” can only heat
solutions up to 302C. In summary, when a fast heating rate is needeldoara higher
temperature than 30Z is required, “J” temperature controller is chogencontrol the
temperature. When the temperature should be ctedrgirecisely below 302C, “E”
temperature controller should be chosen. Theralae variations between batches even the
same temperature controller is used because drelif€es in operations. In this way, it is
recommended that experience could be concludedomesway regarding a specific

temperature controller by a certain operator.

It had been demonstrated that PLE is a good imalicat Se-ODE precursor efficiency,
independent of the temperature of preparation. i@etanformation of Se-ODE precursor

used will be shown in the following discussion.

3.1.1.2 Results of Se precursor injection

In an earlier study, it was reported that a homeges yellow solution was prepared by

heating a mixture of Se in ODE at 200 for 2

Ll — hours. Prolonged heating at 20D produced a

t E %‘Em solution that was found to no longer nucleate with
l — %EE'"‘ cadmium oleate at temperatures near 00
The change of PLE spectrum of Se-ODE prepared
l ] at 200 C can be referred to from Ref. 37.

Se-ODE precursors prepared at 22Gor 1.5 and
4 hours were used for ZnSe synthesis to see if
260 300 340 30 420 Se-ODE prepared for prolonged heating would

Wavelength (nm) ] _ o
also fail to nucleate under this condition.

Figure 3-1 Change of PLE spectrum of Se-ODE prebatr@00C [37]
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Surprisingly, both of the Se-ODE precursors suceddd nucleate with zinc oleate under this
condition, and the PL peak position of ZnSe preppavere more or less the same. The PL
peak position of ZnSe prepared from prolonged lile&e-ODE even exhibited a 4 nm red

shift comparing with the other one.

The reason the Se-ODE with prolonged heating al&teated with Zn could attribute to the

high temperature of nucleation (330) and the excess amount of Se comparing with Zn.
Although the PL peak position of ZnSe prepared frilid prolonged heated Se-ODE red
shifted about 4 nm comparing with the other one, ceanot say that prolonged heated
Se-ODE was more reactive under this conditionslpessible that by using the Se-ODE
heated for 1.5 hour, more Se precursor was consamhe nucleation stage and resulted in a
slower growth rate. The nucleation and growth pssceeed to be monitored to get a

conclusion.

PL of ZnSe prepared from different Se precursor by Se injection

=——Se-ODE 220 'C 1h30min

3 3 /ﬂ\ 1h30mi
3 ——5e-0DE 220 C 4h 2 ——ihsumin
s ER B\
F 2 [/ \
£ g // \ —th
- £ // N\

1/ N

S

400 420 440 460 480
270295320 345370395420

Wavelength (nm) Wavelength (nm)

Figure 3-2 (Left) 0.1 M PLE of Se-ODE solution paegd at 220C for 1.5 h and 4 h, respectivelefm=

450 nm, slit width = 5 nm) (Right) PL spectra of S synthesized using different Se-ODE precursors

prepared at 22@ for 1.5h and 4 h, respectively, by Se injectidre (growth time were both 5 minutes)

3.1.1.3 Results of Zn precursor injection

In the earlier study using Se-ODE as anionic psmuand paraffin as solvents to synthesize
CcdSe NC4* it was found that, when reaction was too fast, dhality of the NC surfaces
would be destroyed, therefore the photogenerateiioes would relax through nonirradiation
surface defects and the band-gap emission couldbeodetected any more. It was also
possible that no emissions appeared even thougbrpdilos spectra were relatively good.

Typically, ZnSe NCs grew very fast using Se preauisjection methods, however the QY
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reported was relatively lower than using “inversgction” methods. The less perfect surface
resulted from too fast growth rate could be onehef reasons for the lower QY. From this
point of view, only high reactivity doesn’t promise NC with high quality. The balance

between nucleation and growth is needed to obt&s With good controlled shape and less

surface defects.

As discussed above, the reactivity of Se-ODE heatéugh temperature changes a lot within
a short time, and it is also closely related totdraperature controller used and the operations
by a specific operator. In our experiment usingCk#E= stock solution prepared at 2Z0 for

1.5 hour as Se precursor, 310 and 300°C as the injection and growth temperatures, no
ZnSe nucleation was observed even 30 secondsiajigetion. ZnSe band gap absorbance
was observed after 1 minute of injection. The glowdte was really fast after nucleation
comparing with the results reported, especially from 1 minute to 3 minutes period, atthi
should be resulted from less consumption of monserdaring nucleation stage. The PL peak

positions are shown in the following schematics.

440
435
430
A25
420
415
410

Peak position (nm)

405
400
o] 5 10 15 20 25 20 35

Raction time (min)

Figure 3-3 Growth kinetics of ZnSe NCs using Se-OprEcursor prepared at 220 for 1.5 h by Zn

injection method. (Injection / growth temperature 810°C/300 C, respectively)

There was also a very interesting observationegn Se-ODE solution was heated at high
temperatures for a relatively longer time or at srate temperatures for a prolonged heating,
it started to generate blue PL under UV light. Teéason of this phenomenon is not yet clear
and needs further investigation. When using Znciiga method to synthesize ZnSe QDs,
Se-ODE solution in paraffin needed to be heate®10 ‘C before injection. During this
period, the reactivity of Se-ODE could have changéot and blue PL started to be observed
under UV light. Especially, after some time at 3CQthe color of the solution could exhibit a
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change from yellow to orange red and then to yebmain. After this transition, the solution

showed very bright blue PL under UV light, and 8 ODE had probably turned to inactive
at that time. Using this kind of Se precursor, @#swiot possible for ZnSe to nucleate, which
can be demonstrated by UV/VIS and PL results. Atmoce and PL spectra of pure 0.03 M

Se-ODE solution prepared at 2Z0for 3 hours is also shown as comparison.

PL of 0.03 M Se-ODE 220 C 3h
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Figure 3-4 (Left) PL of 0.03 M Se-ODE solution paegd at 220C for 3 hours. (Right) Results of optical
measurements after 60 minutes of injection of Zerprsor into inactive Se-ODE solution (Se-ODE was

heated at 31 until transition of color was observed, no ZnSesQias formed under this condition)

From the spectra above, it is clear that no ZnSg gemerated under this condition although
bright blue PL was observed which should come fthenprecursor itself. In the earlier study
371 one possible structure {£Se-Se-Gs) was suggested by Bullen et al. how Se dissolves i
ODE from the comparison of X-ray absorption dattmeen samples prepared at 180 Se
powder and calculated spectrum ofgSe-Se-Gg structure. They also demonstrated an
iIsomerization process of the alkene from 1-2 to@8ition occurred after Se dissolved. They
criticized the proposed structure of Se-ODE fougdSnen™® for their samples heated at
220 C for 3 hours that, rather than the heterocyclicitamid product proposed, the species
may have a terminal SeH moiety. From the absen&@DE+2Se, and 20DE+2Se signals in
El mass spectra of the inactive Se-ODE comparintp thie active one, they concluded that
prolonged heating leads to a reduction in Se-S#glng. This conclusion consisted with the
finding by Shen et al. and further demonstrated téreminal SeH structure of the sample
prepared under that condition. It was reported lepnd¥?, and Yordano¥® that, HS and

H,Se are generated through a hydrocarbon dehydrogenmatction at elevated temperatures
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when S-ODE and Se-ODE are heated in a range ohigrgalvents, including ODE. We also
found that pungent gas was being generated whe®@[Ee-was heated under high
temperature. It could be possible that the dehyatratjon reaction induced more double
bonds or conjugated double bond in hydrocarbonnshaccounting for the phenomenon of
increasing blue PL under UV light. Further expemse such as NMR, need to be carried out
to clarify this phenomenon. In conclusion, from tearlier study and our findings, the
dissolution process of Se power in ODE could bdampd as first dissolution of long-range
Se-Se into short chain Se species and formati@ g£He-Se-Gg structure, and then reduction
of Se-Se bridging, leading the structure turningetoninal SeH one, being accompanied by
isomerization of the alkene from the 1-2 to the Re8ition, and finally loss of Se because of
formation of HSe through hydrocarbon dehydrogenation reactiomidimg more double
bonds or conjugated double bonds, which causeeasorg blue PL under UV light. The
different processes happen at the same time, soadhiee and inactive structures are
generating simultaneously for the dissolved andiasolved Se species. Therefore both

temperature and time should be adjusted to gemnoped active Se-ODE precursor.

As Se precursor has to be heated to high temperfdumjection anyway, it is recommended
that Se powder in ODE could be directly heatednjection temperature for some time to
prevent strong deactivation from overheating. Orpeament was conducted under this
condition and the PL peak position after 3 minubégrowth reached 423 nm, relatively
slower than using pre- prepared Se-ODE solutio®agrecursor. The smaller growth rate
may come from fewer monomers for growth after comstion of large amount during
nucleation. Interestingly, another experiment kegmther parameters the same, just injecting
Zn precursor once the temperature reached'@lshowed a different result. The ZnSe band
gap absorbance was not observed until 3 minutes iafection, but after that no emissions
appeared even though absorption spectra were viellatgood. In this experiment, Zn
precursor was injected as soon as the Se prea@ached 310C although there is still some
Se powder remained undissolved. From the discussibmut Se-ODE solution, it can be
presumed that, when the temperature first reaci€d@, there is still some Se powder
undissolved, and Se had not yet formed active stre@s proposed above,§Se-Se-Gg). In

this way, it took some time before Se was activeugh to nucleate with Zn. The ZnSe
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obtained this way had an imperfect surface strectand excitons relaxed through
nonirradiation surface defects, therefore no emimssiwere observed although there were

band gap absorbencies.

3.1.2 ZnSe/ZnS Core/Shell QDs

ZnSe/ZnS is a type 4 Core/Shell structure, which means the ZnS shell gassivate the
surface states of ZnSe core, preventing excitamm fielaxing through the nonirradiation way,

and at the same time, increase photo and theratalist of the NCs.

The purified sample synthesized using Zn precurgection method by heating Se powder,
ODE and paraffin directly to 31T, with a growth time of 3 minutes was used as tire ¢or

shell growth. The sample was purified in hot acettwice, and redispersed in hexane.

Aliquots were taken before the injection of thesffishell precursor, and after formation of
each shell. PL was measured without purificatiord this is why there are big shoulders at
the right side of the peaks. These shoulders aregbaund noise, which probably come from

impurities of precursor solutions.

It was observed that PL spectrum of ZnSe core afiefication blue shifted comparing with
the unpurified one. The PL peak position shiftemrfr423 nm to 415 nm. The reason can be
that, after purification, a lot of ligands bonded the QD surface or/and the atoms which did
not corporate sufficiently into the crystal lattiwere washed off, subsequently the size of the
NC decreased. The purified ZnSe core solution wlased under room temperature for
several days, and during this period the PL quethehi®t as shown in figure 3-5. One of the
important reasons is excitons generated relaxed tree surface states of ZnSe QDs more
easily because of lack of surface passivating tigaift makes it necessary to overcoat ZnSe

with higher band gap material, ZnS in this casepraictical application is required.

When ZnS shells were overcoated on ZnSe core &libgR method, red shift of PL was
observed which corresponds with the increment ofdi#@. The PL intensity increased with
the increasing shell thickness as the passivaffestédoecame better, but it started to decrease

when a certain thickness of shell had been reathedhird shell in this case (spectrum isn’'t
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show in the figure).
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Figure 3-5 (Left) PL spectra of ZnSe QDs and Zn88/Zore/Shell QDs prepared by SILAR method
(Samples were not purified, real time measuremeiits} inset is the PL peak postions before and afte
formation of each shell. (Right) Comparison of Rleatra of newly prepared ZnSe (without purificafion
ZnSe before SILAR shell coating and ZnSe/zZnS fipedduct after purification. (All the spectra are

normalized to the same absorbance at the excitatimelength)
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Figure 3-6 TEM image of ZnSe/ZnS Core/Shell QDstlsysized using SILAR method. The inset is the

size distribution of QDs.
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An example of calculation of amount of precursors eeded for each shell is given below:

In this experiment, the ZnSe cores for shell growdre about 5.3 nm in diameter (judging

from the PL peak position). The amount of Zn angf&eursors used were 0.4 mmol.

Figure 3-7 Unit cell structure of zinc-blende Zre&8&l ZnS crystal [44]. The lattice parameter is 8G8n

for ZnSe, and 596 pm for ZnS

As shown in above cell structure of ZnSe crystalpme cell there are 4 Zn atoms and 4 Se

atoms, respectively, and the volume of one celine is 0.5668nnT, of ZnS is 0.596nnT.

Therefore, in one ZnSe crystal with a diameter.8frim, the amount of Zn and/or Se atom is:

il77><2.6§
3

S x4=1.7124 16
0.5668

In this case, the mole amount of ZnSe crystalsh@gited is (assume all reactants have been

consumed):

4x10"*mol

- — =2.335% 10'mol
1.7124x 108

Usually, the thickness of one monolayer of ZnSbisw 0.31 nm. The number of Zn and/or S

atoms needed for one ZnSe crystal to grow thedhstl is:

iln[(2.65+ 0.31§- 2.6% ]
3 x4=57970 16
0.596

The mole amount of Zn and/or Se precursors neededh& growth of first shell on as

prepared ZnSe QDs is:
2.3359% 10'mol x 5.7978 T0= 1.3541 Ténol= 0.h3%ol
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The mole amount of Zn and/or Se precursor needetthéogrowth of second or third shell on
ZnSe QDs or other QDs were calculated using theesasthod as conducted above. No more

calculation details will be presented below.

It should be pointed out again that the assumpiging this method to calculate the amount
of shell precursors needed is that all the preecsrace consumed for core growth (In this
experiment, we assumed 25 % lost). Actually, theme still precursors unreacted in many
cases, so that the calculated values are higher rieaded. Only approximate amount of
precursors needed is obtained using this method. rélationship of optical density as a

function of QDs concentration is needed if moreci@@ value is required.

It had also been tried to overcoat ZnS shell oneZaSing single molecular source ZDC
(ZnSe cores used were the same purified samplehasused in SILAR method), but
unfortunately, it was not successful. The reasorfadtire could be the preparation and
amount of ZDC precursor used, the overcoating teatpee or else which needs further

investigation.
3.1.3 Future work for ZnSe and ZnSe/ZnS Core/SheNICs

3.1.3.1 Synthesis with better control over nucleainh and growth

As discussed above, balance between nucleationgamdth is important to synthesize
monodispersed, high quality ZnSe QDs with minimizeniface defects. The reactivity of
precursors should be high enough for nucleatiomN@t, but at the same time, also low
enough to lead a relatively slower and more homogemrowth of NCs with monodispersed
size distribution and less surface defects. Theptexity of operation should also be taken

into consideration to create a robust and reprdudieisiynthetic route.

It is recommended that Se precursor can be heatedtld up to injection temperature
without pre- steps. One reason is that Se-ODE eatehctivated under high temperature very
fast, and the other is that it takes much less tina@ preparing Se-ODE stock solution at
220 °C for hours. Se can also be dissolved in paraffiedadiy at 220°C without use of ODE

%3] 'In this way, the time of this solution kept agthitemperature should be optimized using

34



CHAPTER 3 Results and Discussion

more precise temperature controller. Generally,etichosen should between the total

dissolution of Se powder and total deactivatiosefODE at high temperature.

The ratio of Zn and Se precursors in Zn injectioatiod was kept at 1:1. Usually, ratio
between precursors has influence on nucleationgaoath of QDs. In the future, the ratio
between Zn and Se can be varied and optimizedttbegeer QDs. Fatty acid and amine can
be added in Se precursor as surfactants to cami@éation and growti®. More fatty acid
restricts the nucleation of NCs because of strorgenplexation with cationic species. The
more residual monomers accelerate the growth of. @Dsne activates cationic precursors,
therefore more nuclei are formed in the nucleastage, and less residual monomers slow
down the growth rate. Amine is better to be addél ®e precursor as it seems to attack the
carbonyl group to release the cation bonded t@dnleoxylate group. If no selenium is added,

the reaction between amines and zinc fatty acis sasults in zinc oxide NC¥).

As discussed above, the temperature controllers lis&e some restricts depending on
specific experiment condition. Only “J” temperatwentroller can be used if 31T is

chosen as injection temperature. The temperatuey afjection can not be controlled
precisely because of the intrinsic characteristithe temperature controller. The turbulence
of temperature would probably result in inhomogersegrowth rate, which is not good for
the formation of monodispersed, well shaped, anféctidree QDs. Under this condition,
injection at 300C using “E” temperature controller can be tried tisat the growth rate will

be controlled better after injection. QDs with bettquality are expected, but further

experiments are needed.

3.1.3.2 Possibility of synthesizing ZnSe QDs in ctmuous system

Systematic experiments of continuous reaction tahgsize ZnSe NCs have not been tried

yet, but the possibility of it has been approvedbgident.

Once continuous experiment was tried for Mn doper8&NCs to grow ZnSe shell on MnSe
core, but it failed. Surprisingly, ZnSe itself foechinstead of ZnSe shell on MnSe. This can
be approved by the band gap absorbance peak asdiemafter reaction (see figure 3-8) as

absorbance spectrum of MnSe/ZnSe usually doesn& kas peak except that ZnSe shell
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grows into branched structure after long and higshperature heating®. Although the Zn
precursor used was Zn®ut not ZnO/OA/Paraffin mixture, the formation ohEe QDs in
continuous reactor at a temperature as low as ‘24@mplies a promising possibility of

synthesizing ZnSe QDs using continuous reactor.

Continuous sample

Intensity (a.u.)

350 380 410 440 470 500 530 560 590 620 650 680

Wavelength (nm)

Figure 3-8 UV/VIS spectrum of sample prepared usimigtinuous reactor (mixture of MnSe core, Se-ODE,

ZnSt go through continuous reactor at 240

One problem could be encountered using continueastor to synthesize ZnSe QDs is that
Zn precursor solutions become suspension or enmulsiben temperature goes down.
Suspension or emulsion is not good for nucleatieesabhse homogenous atmosphere is
required for monodispersed nuclei to form. Susmengr emulsion is also not good for
continuous reactor as it will stick the tube of atea (It happened when we tried this
experiment). In order to prevent this problem, bt#mperature and concentration of Zn
precursor should be optimized. Zn and Se precursansbe mixed as stock solution for
continuous reaction. The temperature of the statltisn can be maintained in oil bath or
using temperature controller. Placing a set up dsetbatch reaction upstream and keeping
the stock solution in three neck flask at a certamperature using temperature controller is

recommended because heating is more homogeneowesfiareht this way.

3.1.3.3 Possibility of overcoating ZnS shell in cdimuous system

It is not easy to overcoat shells in continuoust@abecause a condition active enough to
overcoat shells on core, whereas inactive enoughucleation of shell precursors themselves
should be found. SILAR method is used in batchtreado grow shells but it is not suitable

for continuous reaction because cation and anied ne be adsorbed and reacted with core
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separately. Two runs are needed for overcoat egahr bf shell. Usually, two or three layers
of shells need to be coated, which means fourxtouwis of continuous reactions need to be
carried out. Furthermore, purification of core iseded to facilitate shell growth. SILAR
method is too complex to be used in continuousti@acFor shell overcoating, using single
molecular source ZDC as the shell precursor isamging way. Generally, microreactor
technology has beneficial for producing nanopagtialvith well controlled size, because the
temperature and reaction time can be controlledigely. It also has beneficial for controlling
shell thickness homogeneoushy. Both the amount of ZDC and residence time can be
optimized to control the shell thickness. Althougdtich experiment for overcoating ZnS shell
was not successful, experience and earlier study lbadicate continuous reaction in

microreactor for shell growth is worth trying.

3.2 Doped ZnSe NCs

Doping a few ions into a NC is thermodynamicallyfaworable. To meet this challenge,
decouple the doping process from nucleation andgrawth is necessary. As introduced in
Chapter 1, most successful doping routes for MnedapnSe NCs were nucleation doping,

and in contrast, for Cu doped ZnSe NCs were graleting.

Although several different approaches had beenl titesynthesize doped ZnSe NCs, few
worked out. It should not because of the problenapgroach itself, but mastery of control
over each elemental step during the whole dopimmcgss. To synthesize doped NCs,
temperature, time, amounts of precursors and donddf solutions need to be controlled
precisely to succeed. No matter for doped NCs pegpby growth doping or nucleation
doping, both energy transfer and emission processmsdd occur at the interface of the nuclei
with the dopant ions as the emission centers amrdptire host overcoating layer as the

absorption zonE%. Details will be discussed further below.

3.2.1 Cu doped ZnSe NCs

Synthesis of Cu dope ZnSe NCs using growth dopimghod has a strict requisite for
reaction condition. It should be made sure thatrdsetion atmosphere is moisture and air

free. The procedure used in this work is not thenaped protocol of this synthetic route,
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therefore there are ways to promote it accordinggttier study and experience which will be

discussed below.

3.2.1.1 Size of host nuclei

It was found that the size of ZnSe nuclei decidwe difficulty of doping procesS®. If the
size of ZnSe NC is very small, it is very easy dsab CG@" onto its surface, and then is also
easy to overcoat ZnSe shells. When ZnSe NC is iaittis difficult to adsorb Ctiions on
the surface. Most of our unsuccessful Cu dopinggrents should come from the failure of

synthesizing small-sized ZnSe cores.

There was no Fluorescence spectrometer in the ddiere so there was no possibility to
monitor ZnSe size before Cu doping. When retrospgdhe PL spectra of ZnSe cores from
unsuccessful Cu doing experiments, it was fountttiexe were either no ZnSe formed or too
big ZnSe were formed. When using ZnO/OA/Paraffin Zas precursor, Se-ODE as Se
precursor to synthesize ZnSe cores (the methodridedcin experimental section), if a
significant color change of Se-ODE precursor froeflopv to orange red then back to yellow
was observed, there were always no ZnSe cores (orifes is because Se-ODE precursor
turned to inactive after this transition as disedasdefore. However, interestingly, the
absorbencies of the final product (after Cu domnd ZnSe shell coating) always had ZnSe
band gap absorption. It indicated that ZnO/DA/daraZn precursor for ZnSe shell growth)
was able to nucleate with this “inactive” Se presour Based on this fact, the overcoating
temperature could be even lower down using thisenastive Zn precursor. Stevéd found
that dopant incorporation falls rapidly to zero MEs smaller than 20 A, suggesting a central
core resists doping. Combining these facts, comiusan be made that ZnSe core with a size

between 2 to 3 nm is ready to accept dopant incatiom.

Integrating all these findings, protocol for Cu dap was modified (see experimental).
Se-ODE prepared at 220 for 3 hours with paraffin was heated and Zn preguinjection
took place as soon as it reached 310 Heater was removed right after injection and the
reaction mixture was allowed to cool to 60. Sample was taken to check the UV/VIS

absorbance and PL. After making sure that smallezm&lei did formed, we carried on the
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doping process.

3.2.1.2 Temperature of shell growth

After Cu precursor was injected, temperature waseased to 240C, and aliquots were
taken to monitor the reaction. It was found that bland gap emission was red shifting during
this period, indicating the growth of ZnSe hosteTgrowth of host is not good for dopant
adsorption, therefore, lower overcoating tempeeatshould be used to prevent it. As
discussed above, Zn/DA/Paraffin precursor can egaont with “inactive” Se-ODE precursor
at 240°C, which also proves the possibility of lowering theercoating temperature. There is
another reason why lower overcoating temperaturdetier. In the excellent study of
temperature dependence of “elementary processeddping semiconductor NG¥!, it was
found that doped cores that were overcoated at temperature above 220 had
significantly lower copper dopant PL intensity whesmpared to cores that were overcoated
at 210°C or under. In addition, doped cores with outer Istaglers grown at temperatures
beyond 220C, even when the ZnSe outer layers were thickersistantly had lower dopant
PL QY compared with doped cores with thinner shiilst were overcoated at 210 or
below. These results suggest that the doped cemiglg have moved toward the surface via
“lattice diffusion” and/or ejected from the NCs Viattice ejection” during the overcoating of
the pure ZnSe shell at temperatures higher than‘@2@ccording to this fact, temperature
between 200C to 220°C should be chosen as the overcoating temperatls@ dapend on
the reactivity of precursor at these temperaturasyl this temperature range also consists
with the finding of promising Cii doping results when the temperature was set batwee

200°C to 240°C.

3.2.1.3 Quenching of Cu dopant PL

Cu dopant emission suffers from a serious photd#iaproblem because of photooxidation
in the presence of air and ligHt!. Hence the emission resulting from Cu doped ZnSe
degrades on exposure of a few seconds in air, makwven the usual spectroscopic
measurements difficult. This is the reason why Weags can’'t observe the dopant emission
using the usual way, especially for surface dop&s.M thicker shell or thiol ligands on the

surface of doped NCs only improve the emissionilgiabo a few hours. Quenching problem
39



CHAPTER 3 Results and Discussion

was also observed during the experiment. Althougpadt emission could be seen under
nitrogen protection, it quenched as soon as it gggdo air. The figure below shows the color

change of the solution.

Figure 3-9 Color change of Cu doped ZnSe NCs. JL&fude product after synthesis under nitrogen
protection (Right above) Crude product transfetrestial under air within a few seconds (under rgen
protection in vial) (Right below) The residual ceudroduct at the bottom of the three neck flaskoszgd

to air (All the photos were taken at room temperaju

It's also because of quenching that PL spectra wasored during experiment only show
band gap emission of ZnSe. Air free techniquesiaesled to monitor Cu doping experiments

in the future.

The PL from as prepared Cu doped ZnSe was notrrgtken but cyan, because ZnSe shell
was thin in this sample. Judging from the TEM rgsthle size was only less than 6 nm in
diameter (Figure 3-10). In literature, a 9.2 nmthasSe resulted in a 515 nm Cu dopant
emission, therefore the sample prepared in thie@xent was actually between blue and
cyan region. The thin shell was also the reasoquénched as soon as it exposed to air,
although there was still nitrogen protection atransferring it to the vial (figure 3-9, right

above). However, there is another explanation iss tyan PL which we believe is more

proper under this condition that, there were pdgdibth Cu doped ZnSe and intrinsic ZnSe
NCs together in the solution. ZnO/DA/Paraffin pnemr is very reactive and it possibility

nucleated with Se-ODE to form ZnSe QDs itself ratihen formed shells on surface doped
ZnSe. Subsequently, Cu dopant ions stayed neacguwithout protection of ZnSe shells, so
that dopant emission quenched as soon as it wasedfto air, leaving blue emission of ZnSe
itself. It further approves that overcoating tengpere should be lowered to facilitate shell

growth rather than nucleation.
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Figure 3-10 TEM image of Cu:ZnSe D-NCs. The NCsehadiameter around 5-6 nm

3.2.1.4 Future work for Cu doped ZnSe NCs

3.2.1.4.1 Optimizing Se and Zn precursors

The method used to synthesize ZnSe nuclei for CQuindowas the same one used to
synthesize ZnSe QDs, therefore some optimizatiothads of synthesizing ZnSe and
ZnSe/ZnS QDs are applicable for Cu doped ZnSe @DsRor example, Se precursor can be
directly heated to reaction temperature to simplifie operation and prevent Se-ODE
deactivation at high temperature. Amine and fatig @an be used to tune the reaction rate.
Ratio of Se and Zn precursor can be adjusted toraamucleation of ZnSe and reaction rate
after. The (001) surfaces of zinc-blende crystaidiich typically consist of various
arrangements of anion dimmers provide very stainlgifiy sites that are absent from the (110)
and (111) surfaces of zinc-blende crystals, anchfedl surfaces of wurtzite and rock-salt
crystals. The (001) facet fraction of the wholeface is higher under Se rich condition, and

falls to zero under Zn rich conditidf’. It suggests that a higher ratio of Se to Zn sthae
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used to synthesize ZnSe cores to facilitate dopasrption.

3.2.1.4.2 Multiple injection of shell growth

Overcoating shell at a high temperature (> 22 for a long time will drive Cu dopant
centers toward the surface via “lattice diffusioafd the longer it is kept at high temperature,
the more dopants will be driven to the surface apetted from the lattice via “lattice
ejection”, resulting in low QY. However enough tinseneeded for shell to grow to a certain
thickness if higher emission wavelength and bettertostability are required. Therefore, it is
better to grow shell with multiple injection of shprecursor. The time needed after each
injection can be optimized by monitoring the PLaar&he reason for multiple injection of
shell precursor for Cu doped ZnSe NCs is almostsimae as Mn doped ZnSe NCs, and it

will be discussed more in the result section of ddped ZnSe NCs.

3.2.1.4.3 Prevention of photooxidation

As shown in the above pictures, Cu doped ZnSe Nisrdrom the serious photooxidation
problem. To prevent it, a material with larger bayagh, such as ZnS, can be coated. Recently
a promising way of growing a Se/S alloyed outernstsil had proved photostability can be
enhanced efficiently minimizing the surface expoSedatoms'®. Towards the end of the
growth a calculated amount of S precursor was iegetogether with Zn precursor. In this
way, no purification step and/or additional stepgtow ZnS shell is needed, whereas the

passivation effect is efficient. The amount of 8qursor to be injected can be optimized.

3.2.2 Mn doped ZnSe NCs

Mn** is a harder lewis acid compared with?ZrTherefore, the Mi precursor should be
significantly less reactive than Zrnif they both have the same carboxylate ligand. Xtray
powder diffraction (XRD) and electron diffractionatterns reported before had both
confirmed the doped NCs had a zinc-blende structim@lar to ZnSe, and the lattice
constants of zinc-blende ZnSe and MnSe were alidestical (about 4% lattice difference)
28] The operation details of the synthesis method: leen studied step by step, in order to

find out an optimized robust condition for syntlsesi
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3.2.2.1 Condition of precursors

The conditions of precursors specially mean thalitmms of precursors right before injection
or reaction. To synthesize MnSe nuclei, both Sectign*"! or Mn injection®*® method were
reported. When Se injection method is used, Mp&tcursor in ODE is better to be heated to
100 C for some time to remove moisture and air, and thesited to injection temperature
quickly. MnSt in ODE is stable till 300C, and self decomposes to MnO at above this
temperaturé*’. MnO NCs can be synthesized by thermal decompesitif manganese
acetate in the presence of either OA or G’A therefore these surfactants are better to be

added with Se precursor to prevent potential foionadf MNO NCs.

The property of Se-ODE precursor has already bésrusksed a lot above. Optimization of
Se-ODE precursor is a general question remainedllithese synthesis. Typically, when
synthesizing Mn doped ZnSe NCs, Se-ODE was diréetgted to 280C until all Se powder
was dissolved and ready for injection of Mn preourtE” temperature controller was used to
heat up Se-ODE solution. Because of its charatiterd controlling the heating rate and
increasing temperature to set value steadily, utalig took about 16 minutes to heat up the
Se-ODE solution from 11@ to 280°C (much longer than using “J” temperature contrdller
and till then Se powder was already completelyavgsl. PLE spectra of Se-ODE solution
heated at 280C for different period of time are shown in Figurd B. From the spectra, we
can see that the deactivation process proceedsy fastl at such high temperature. When the
solution had just reached 280, peaks at 306 nm and 320 nm were still obvioudicating
that Se-ODE precursor was during active stage rAftminutes at 280, the peak at 306 nm
had decreased, and the intensity of the regionehigian 320 nm had increased, relating to
the deactivation process. Further heating causegehk at 306 nm disappear totally and the
red shift of spectra. Based on this fact, using t&hperature controller to heat up Se-ODE
solution to 280°C, there is no need to keep the solution at Z8f@or a longer time. Usually
Se powder was already dissolved until the temperatached and was stable at 280and
Se-ODE was ready for reaction at that time, theeskdn precursor can be injected as soon as

280 °C is reached, or at least within 5 minutes.
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PLE of Se-ODE heated at 280 C
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Figure 3-11 PLE spectra of Se-ODE solution heate@88 C for 0-30 minutes using “E” temperature

controller

3.2.2.2 Control of the size of MnSe core

Formation of MnSe nanoclusters plays a criticabrml determining the properties of the
resulting Mn doped ZnSe NCs. MnSe nanoclusters gy fast at 260C. The dopant PL

intensity increased as the formation time of Mn&eatusters increased at 2&0 reached a

maximum at about 4 minut&¥!. It is quite different from the case when TBPSased as Se

precursor. Typically, about one hour is neededdamation of MnSe nanoclusters if TBPSe
is used®”. The lattice parameter of the unit cell of zinefde MnSe should be in 0.5-0.6 nm
range. The optimal size of MnSe nanoclusters isnin@ which is around the length of three
unit cells. A too big MnSe nanocluster is not gdodformation of good interface between
MnSe core and ZnSe shell, which is where dopanss&on generates. Moreover, a too big
MnSe core would place the dopant ions nearer tdNtBesurface, which means less uniform

environment of the dopant ions, and higher possitid be influenced by surface trap states.

In order to control the size of MnSe within optinnahge, not only time for MnSe growth, but
also the reactivity of Se-ODE precursor needs toctetrolled. Three experiments were

conducted to study this relationship. The contsgezgiment was conducted by injecting Mn
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precursor at 280C and allowing MnSe to grow for 5 minutes at 24Q then overcoating
ZnSe shell at 240C for 30 minutes. Another one kept the other paramnsethe same except
that Se-ODE was heated at 280 for 20 minutes before Mn injection. The last onasw
conducted by injecting Mn precursor at 280and allowing MnSe to grow for 4 minutes at
260 C, then overcoating ZnSe shell at 240 for 30 minutes. The time between Mn
precursor injection and shell precursor injectioasws minutes and a half. The D-NCs
prepared with Se-ODE with prolonged heating at 288hould have the smallest MnSe cores.
From the PLE spectrum above we already know Se-Oitter this condition should be very
unreactive, resulting in a much lower growth rateMimSe. The small MnSe cores can be
proved by the low QY and relative redder PL pea&itogm (579.5 nm). The MnSe cores grew
at 240 °C for 5 minutes should have a size in between (Pakpgosition at 578.5 nm),
whereas the D-NCs prepared had the highest QY. Utide condition, the MnSe cores
should have a relative optimal size, supportingtbpest PL performance. The MnSe grew at
260 °C had the biggest MnSe cores and should have extéekdeptimal size. Therefore the
QY of D-NCs prepared with these MnSe cores was llalwan the former one. Its big core

size is also supported by its lowest PL peak pog836.5 nm).
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Figure 3-12 (Left) PL spectra of MnSe/ZnSe NCs (B& shell) under different conditions (normalized t
the same absorbance at excitation wavelength)ejBe-ODE was heated at 280for 20 minutes before
Mn precursor injection. MnSe grew at 24Dfor 5 minutes, and then was overcoated with ZnS#a°C
for 30 minutes. (Red) Mn precursor was injecteds@sn as Se-ODE reached and was stable at80

MnSe grew at 240C for 5 minutes, and then was overcoated with ZrtS2@°C for 30 minutes. (Green)
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Mn precursor was injected as soon as Se-ODE reauigedvas stable at 280. MnSe grew at 26@C for
4 minutes, and then temperature was lowered toQ48nd MnSe was overcoated with ZnSe shell for 30
minutes. MnSe totally grew for 5 minutes and a.h@fght) The relationship of PL intensity of Mn pkx

ZnSe NCs verses the reaction time of the MnSe @fQ6§31].
3.2.2.3 Control of ZnSe shell growth

3.2.2.3.1 Control of temperature and time for overgating

The temperature chosen for ZnSe overcoating muditése diffusion of dopant ions into
host layer. A too low overcoating temperature restrdopant ions within the interior lattice
of D-NCs, even results in another emission centeabaut 640 nm, which is the emission
center with a Mn ion next to the Mn emission celiin-Mn centers). A too high overcoating
temperature results in a too fast diffusion rated at the same time facilitates “lattice
ejection”. High temperature chemical reaction wopldvide sufficient thermal energy to
anneal out defects in the NCs, however, since amyedded impurity atom would always be
within a few lattice constants of the surface o tHC, the same thermal energy can also
anneal out the Mn “defect$®®]. A temperature helps gentle diffusion of the ddpans into
the host layer would result in isolated dopant eentvithin the host lattice, which should thus

yield high performance D-NCs.

The overcoating temperatures chosen in this sy&dratween 220C to 260°C. The growth
rate of ZnSe sets the lower limit and the growtingerature of MnSe nanoclusters sets the
higher limit. If ZnSe shell was overcoated at Zd0or 260 C, an increase followed by a
decrease of PL intensity was observed. Latticausiidin of Mn doped ions was the reason of
PL increase, but as time went on, Mn ions diffusethe direct “lattice ejection” zone. Direct
“lattice ejection” happened to the dopants locaaed distance (from the NC surface) not
greater than their mean free path (the depth oflitext “lattice ejection” zone) of diffusion

in the host lattice. When Mn dopants diffused te #one, it would be ejected from NC lattice
quickly, which was the reason of PL decrease after maximum. With an increase in
temperature, the mean free path increased, andrésudted in a quicker and earlier PL

decrease. If ZnSe shell was overcoated at'@2®L intensity was increasing steadily all the
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time. It indicates that Mn dopant ions didn’t dgito the mean free path at this temperature.
Therefore, different period of time was needed doercoating ZnSe shells at different

temperatures, and it has already been documented earlier study (see figure 3-13).
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Figure 3-13 Temporal evolution of PL intensity ofnBe/ZnSe NCs at different ZnSe overcoating

temperatures. [31]

3.2.2.3.2 Multiple injection of Shell precursor

“Lattice ejection” which happens after Mn dopantsaliffusing to the mean free path causes
PL intensity to decrease after its maximum, bwdam be prevented by multiple injection of
shell precursor. There is another possible reasothé decrease of PL intensity. The emission
properties of MA" ions are closely related to the distribution offions in the D-NCs and
the structure of the D-NCG¥. Intraparticle ripening, in which material is rstfibuted on the
same NC due to evolution of the particle shapepéag until the Zn and/or Se precursors are
depleted in the reaction solution, decreases tkeage number of Mn impurities per NC as
the reaction proceeds, however, it can also bedadoif the reactant concentration is
maintained by addition of more reactarfs. The evolution of particle shape was
demonstrated by the absorption peak after PL rebichenaximum at 26@C. This absorption
peak corresponded to branch-shaped MnSe/ZnSe D-ahddyranched D-NCs were found to
show a relatively low PL QY. In order to avoid losing Mn dopant ions per N@ditional
shell precursor was added before PL intensity centkecrease stage. One or more injections
can be done according to the requirement of shiekness. Figure 3-14 shows the Mn dopant
PL after 30 and 50 minutes of each shell precurgection at 240C. The PL peak position
shifted from 578.5 nm (first shell coating after ihutes) to 581 nm (second shell coating

after 50 minutes), indicating the continuous sgedwth.
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Figure 3-14 PL spectra of MnSe/ZnSe after 30 anchisiites of the first and the second ZnSe sheivtiro

at 240°C. The inset is the PL peak positions during shretgh.

In oder to find out the best temperature combimatoy multiple shell overcoating, a series of
experiments overcoating ZnSe shells at differeninlmoations of temperatures were
conducted. The results are shown in Figure 3-IBnfwhich we can see that overcoating of
two ZnSe shells both at 240 for 50 minutes yielded the highest PL intensityhia end. The

critical diffusion temperature for Mn doped ZnSeswaported to be around 240 23, and

the results

in figure 3-15 further confirms thatemoating ZnSe shells around critical

diffusion temperatures results in more efficienlased dopant centers.
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Figure 3-15 Comparison of PL intensity of MnSe/Zi8es (2 ZnSe shells) overcoated two ZnSe shells at

different combinations of temperatures.

3.2.2.4 ZnS overcoating to enhance photostability

It was found that as prepared MnSe/ZnSe NCs withZwSe shells still face the quenching
problem. It is recommended that the NCs are baitée purified right after reaction. If they
are not purified, the solution will turn into emials after a while and thus the dopant
emission decreases. However purification step recty dissolving the unpurified samples in
toluene both resulted in quenching of dopant emissio enhance the photostability, thicker
ZnSe shells need to be coated, or in another waynSashell can be coated to protect the

MnSe/ZnSe NCs.

In this work, single molecular source ZDC was triedgrow an outermost ZnS shell on
MnSe/ZnSe NCs. The photostablity was enhanced ssitdly, proved by comparison of
dopant emissions before and after growth of Znd ghigure 3-16). However whether or not
growing a ZnS shell increased the dopant emissjopdssivating the surface trap state had
not been proved yet. That's because samples wenagunified right after reaction, thus either

emulsification or solidification happened to theud® products and quenched the dopant
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emission, no matter ZnS were coated or not. Thepeoison of purified and unpurified
samples shows purified sample has a higher phatbstgFigure 3-17). Theoretically, the PL
intensity should be increased if an outermost Zhél sith a suitable thickness is coated.

Further investigation is needed to find out tharopt amount shell precursor.

Figure 3-16 Comparison of PL of MnSe/ZnSe (lefl inaboth pictures) and MnSe/ZnSe/zZnS (right vial i
both pictures). (They are of the same concentratitueft picture) PL of both samples after dilutittgem

into toluene after reaction. (Right picture) PLmfth samples after a month of diluting them intoeoe

and exposition to air on purpose. (Only severalsdexre needed for MnSe/ZnSe sample to quench

completely without exposition to air.)

Figure 3-17 Comparison of PL of MnSe/ZnSe (lefth34/ZnSe/ZnS without purification (middle), and

MnSe/ZnSe/ZnS after purification (right) in toluesféer one month. (They are of the same conceotrati
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Figure 3-18 TEM image of MnSe/ZnSe/ZnS NCs. Thetiisthe size distribution of the D-NCs.

3.2.2.5 Future work for Mn doped ZnSe QDs

3.2.2.5.1 Adjusting the MnSe growth temperature

Although the growth temperature of MnSe nanoclsstesed was 26T, it had already been
demonstrated that 240 was also sufficient for MnSe growth, as only Mni&moclusters
with very small size was needed. In this case gtioevth temperature for MnSe could be set
at 240°C at the beginning. The reason for this changeas thwercoating of two ZnSe shells
at 240 C for 50 minutes gave the best PL QY (Figure 3-1b)he temperature is set
originally at 240C, there will be no need to change the temperateferé ZnSe shell growth,
so that eliminating potential uncertainty betweeches, and at the same time, the growth
time of MnSe can be controlled precisely. Therefgrewth time for MnSe nanoclusters at

240°C can be optimized.
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3.2.2.5.2 Adjusting the amount of Se precursor anthicker ZnSe shells

The amount of Se precursor used was a constatie third ZnSe shell is needed, additional
Se-ODE precursor is also needed. Based on théhactMnSe/ZnSe with two shells would
always quench in toluene, a thicker ZnSe sheleersary to enhance photostability. A larger
amount of Se could be used to avoid additional B& @recursor preparation for multiple Se
injection, which would always take hours. Incregsthe amount of Se in the reaction will
change the MnSe growth rate, therefore the timeMaofe growth needs to be optimized

again under this condition.

3.2.2.5.3 The overcoating temperature for the laginSe shell growth

It has been discussed before that when ZnSe wasdcaa220C, no decrease of dopant PL
intensity was observed because the dopants didffiisd to its mean free path at this
temperature. Overcoating ZnSe shells at higher ¢eatpre would always result in a decrease
following an increase of dopant PL. Therefore iresommended that no matter at which
temperature the previous ZnSe shells are overco#itedlast ZnSe shell is better to be
overcoated at 22C. The idea is to prevent dopants from diffusinghte mean free path, so
that to place the dopants relatively far away fritva surface trap states, and also help the
dopants avoid the potential of being ejected uraé&eme environment. For Cu doped ZnSe,

this temperature limit is 21T .

3.2.2.5.4 ZnS shell growth to prevent photooxidatio

ZnS had already been overcoated onto MnSe/ZnSanhanee its photostability in batch
experiment, but as written above, further experimereed to be done to study their PL QY
before and after ZnS shell growth. Purification andasurements of PL spectra should be
done during or right after reactions. ZnS shellwglo also needs to be done as soon as
MnSe/ZnSe is prepared. The amount of ZnS precunseded needs to be optimized because
thin ZnS shell is not enough to passivate the sarfeap states while too thick ZnS shell will
instead weaken dopant emission. In the sectiom&eZZnS core/shell QDs, the advantage of
overcoating ZnS shell with a single molecular seuf®C in continuous microreactor was
discussed, and this idea is also applicable heyth e amount of ZDC and residence time in

reactor can be optimized to control the shell theds.
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3.2.2.5.5 Another way of synthesizing doped ZnSe Ny mixing cation and anion

precursors together

Recently, an interesting approach of synthesizingddped ZnS NCs was publishéd. In
this approach, Mngt ZnSt, and S powder were mixed together in ODE to s\gsiteeMn
doped ZnS core first, and then additional Zn preauwas injected to grow ZnSe shell, after
which the QY increased a lot. Controlled nucleatath proper amount of Mn precursor and
the ratio of initial Zn and S precursors were twe most critical quantities responsible for
such an efficient emission. In the light of thigoegach, synthesizing Mn and Cu doped ZnSe
NCs by first synthesizing doped cores mixing akqursors together and then overcoating
ZnSe shells can be tried. One difference is thap&eder cannot dissolve in ODE at mild
temperature like S (below 100). Usually temperatures higher than Z00are needed and it
will take a period for Se to dissolve completelyeTslow dissolving rate is not good for

nucleation of doped cores, thus pre-dissolutioB@powder is needed for this approach.
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Summary

In conclusion, in this work, we achieved phosplinee synthesis of doped and undoped ZnSe
NCs. Instead of using pyrophoric and expensive aioating solvents such as TBP, TOP and
TOPO, we used noncoordinating solvent ODE, andctiyreliluting Se into ODE to form the
Se-ODE complex as the Se precursor. ZnSe QDs acessfully synthesized and overcoating
two ZnS shells using successive ion layer absarmiod reaction method gives the highest
guantum vyield efficiency. MnSe/ZnSe NCs are alsacsssfully synthesized, and the
temperature and time for nucleation and ZnSe gjnelith have been optimized. Furthermore,
the photostability is enhanced by overcoating Zh&8llsising single molecular source ZDC.
For CU#* doping experiment, surface doped ZnSe NCs areinsnta but ZnSe shell
overcoating process is not successful. The temperdor coating should be lower to

facilitate shell coating rather than nucleationiagand it needs further investigation.
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