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Abstract

The interesting optical properties of quantum dots (QD&y be important fomany applications
including bioimaging, LEDs and solar cells. Until recently, cadminased QD$ave ber by far the
mostdeveloped, since the synthesis is strafghtvardand their band gaps lie in the visible region of
the spectrum, allowing for simpleharacterisationHowever, cadmium is toxic and it@mmercial
use in such applications has therefore been limited bglétigin worldwide motivating research into
alternative, |l ess O6toxicb QD materials such as

The ternary nature of Cula$CIS) results in an abundance of intringioint defects which int-
duce additional complexities into the excited stifaamics.Although the optoelectronic properties
of cadmiumbasedQDs are very well understoothe apparent defectlated photoluminescence
emission m CIS QDs $ not understood completely. In addition, the synthesis of CIS QDs is not as
well developed ad can onlycurrentlybe perforned in high temperature solvothermal reactions; pr
ducinghydrophobicQDs.

This thesis is aacerned with the synthesis antaracterisatiorof CIS and CIS/ZnS core/shell
QDs and attempts to elucidate the excited state dysamfithese technologically important QDs as
well as developing alternative synthesis and gathesis methis to produce watesoluble C8&
QDs.

Transient absorption spectroscopy and 'pulumpprobe’ spectroscopy were usedégolve &-
cited state dynarog showing that the emission does not originate from the conduction balmgl, as
pothesiedin the literature, but from a higllging intra-gap donor state.

An establishedsynthesis procedur®r CIS QDs wasamodified to provide alternate stabilising
surface ligandsuch as hydroxyl and carboxylic acid terminated thiol ligamdsch enabled QDs to
be dispersed in methanol and wat&rpostsynthesis modification step, involving the encapsuta
of hydrophobic CulB,/ZnS QDs with amphiphilic polymergamphipols) to produce hydrophilic
QD/polymer hybridnanoparticleshat is stable in the aqueous phase, wassilsan to be aeffec-

tive method
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Chapter 1

Introduction

1.1 Quantum Dots

Nanotechnology is a sensational development not simply because of the #bilgyoduce
guanttatively smallerstructurescomponents and devigdsut ratherit is the qualitatively different
phenomenahat arise athe nanoscalevhich open up entgly new avenues for thapplication of
materialsin technology[1].

Colloidal smiconductor nararystals provide an excellent illustratioof this conceptAs the
crystal sizeis reducedbelow a critical valugtypically 520 nm, charge carriergxperience spatial
confinementin all three dimensionand the electronic structuteecomesntermediate betweethe
discretequanti®d energy levelsassociated witta singleatom and the continuous energy bands
observed inbulk semiconductar[2]. Semiconductor nanocrystails this confinement regime are
thereforecommonlyknown as quantum dots (QPar artificial atoms

Furthermorethe surface areper unit volumdncreasesignificantlyas thecrystaldimensionsare
reduced to the nanoscaleor the smalleshanocrysta the majority of atomsire atthe QD surface
The foreseenapplicatons of thelarge surface area and discrete electronic structare initially
limited to photocatigsis [3]; the irradiation of nanocrystaluspended in water was deemed to be
more efficient approach towards water splitting than electrolysis. In the ,188@&ver optical
investigationsinto quantum confined semiconductor nanstajs revealedhe more far-reaching

implications for science and technology].[ Colloidal QDs have now developed intmne of the most
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rapidly developingareasof nanotechnologyvith a market size of approximately $ 316 million in
2013 that is expected tocrease by more than ten times by 2020 [5]

The large surface argnableband gamndatontlike electronicstructureof QDshas led to thér
being advocatedas integral components for nuroas @plications including as emissive
constituents irlight emitting diodes I(EDs), producing brighter, more efficient light over a wider
range of wavelengths than most current display technolo@jesg a lasing mediurfi/] and as a
sensitsing componentin the next generation of solar cells, since strong absorption throughout the
entire solar spectrum can be achieved and multiple exciton generation enables quantum efficiency
greater than 100%8].

This thesidocuseson the studyof colloidal QDsasfluorescenprobesfor potential use ifmaging
of biological systems and proces$@ks Since the first fluorescence microscopes were used to observe
the autefluorescence of biological specimens over a century ago, developmentsotin
instrumentation adhin the ability to stain or label biological samples witlorescenimolecules have
occurred concomitantly and hasignificantly extendedhe utility of fluorescenceén the life sciences
[10, 11].

Due to improved excitation sources and photon deteatiechanisms, odern fluorescence
microscos display asignificantly improvedability to resolve detail in the imaged object and a
highersensitivityto low concentrations of fluorophoreSurthermoreyariations on the microscopic
techniquehave been developeathich offer various advantageshd invention of twephoton imaging
eradicates the need for excitation in the UV, enabiingvoimaging up to a depth ofrhm [12] with
reduced photdoxicity [13], and fluorescence lifetime imagingaroscopy (FLIM) provigs a better
means of contrast faystems which strongly scatter ligl#nd depends on the environment rather
than fluorophore concentration[14]. Stimulated emission depletion (STED) further improves the
resolution of fluorescence microscopy; a second laser tuned to the fluorescence spectral peak position
of the fluorophore suppresses the fluorescence far away fropetiteeof the excitation beangnd
the 6point spread functiond of the excitation be

The ability to selectively bind fluorescent probes to a particular biomolenaldes the specific

fluorescence imaging of molecules in living cells and organigmtbis contextQDs displaya major
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advantage over fluorescent molecyl&§ andpromise to open up new capabilities for the application
of fluorescence techniques in biolof/7]; the large surface area of QDs coupled with a versatile
surface chemistry providespdatform for bioconjugation that enables a mfinctional surface to be
tailored to incorporatdor exampleboth diagnostic and therapeutic qualitigss]. Additionally,
superior optical and chemical stabiliépablesthe dynamics of biological systens be monitored

over extended periodshich promises to be extremely useful for studying the metastasis of cancerous
cells[19].

Despite the fact that QDs in genemmit fewer photonsper photon absorbethan many
fluorescentorganic molecules(i.e. they have a lower quantum efficiency mmotoluminescence
guantum yield(PLQY)) the typicalextinction coefficient 20, 21] and multi-photon[22] absorption
crosssectiors are orders of magnitude larger, resulting in stronger absorption and brighter emissio
on a molar basisFurthermore, the typically broad excitation band of QDs in combination with a
narrow emission band permits multiplexed imaging of biological systems aséiggle excitation
source 23, 9]. In addition many QDs can be sizened to emitn theNIR to coperatéentirely within
the bblogical window enabing an increased penetratiorpth through biological tissuyé4].

The application of QDs as imaging ageirtsvivo has however been held backver concerns
regardingtherole that size, shape and surface chemistry play in the toxicityaobmaterialén cells
andliving organisms although the emerging field afinotoxicity is beginning to address these issues
[25, 26]. Furthermorethe development of colloidal QDsver the past few decadéss mostly
focused on binargadmium-based compoundsimarily due totheir band gaps being ideal for visible
PL. Although this approach hasspired great progreds the field the inherent toxicity of these
materialshas hinderedther transhtion into clinical reality [27]. Indeed, theutilisation of heavy
metals in commercial products is being increasingly restricted by regulatory bodies worldwide,
meaning that even devices employing QDs for-himhogical applicationsnust consider these of
alternativematerials.

Naturally, this has led to a dersification inreports ofQD synthesisin the literaturecolloidal InP
[28], Ge[29], Si[30, 31] and nore recentlynanodiamonds, carbon agohphend32] QDs havebeen

investigatedhsaternatives tacadmiumbased QDgor biological imaging applicationgernary HIII -
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VI, chalcopyrite semiconductors such as Cult3S) have emeedas particularlyexcitingmaterials
for the synthesis of nanomaterials, not only since the inherent toxicitheofeadily available
condituent elementsgopper and indiummappeardo be significantly lower than that of cadmium and
lead [33, 34], but also due to thenique structural andelectronic properties that arise frothe
composition and structure tdrnary semiconductor compournidsyenera[35, 36).

The development of CIS QDs for biological applicatioiss currently facing lree important

concernswhich this thesis attempts to resalve

i) The specific originsof the photoluminescence observed in CIS Qi@s the nature of the

states involved, remains ambiguous in the literature.

i) Stateof-the-art CIS QDs aresynthesisedy high temperature solvothermal reaction and

are hydrophobic. This ia hindranceo their biological applicatioandis environmentally
harmful

iii) The acute andhronic toxicity of CIS QDs$n vivoremains unknown.

The introductory chapter of this thesis is intended as a review of the literdaieging the
theoretical underpinning of the optoelectronic properties which emerge as a result of quantum
confinementin semiconductor nanocrystals adiscussingthe general development of colloidal
nanocrystals over the last three decades in the context of biological imaging applications.

The second chapter describes thlvathermalgy nt hesi s and subseasadent o6c
QDs as well as the spectroscopic, microscopic and crystallographic experimental techniques used for
their morphological and opticatharacterisation Three individual methods are outlined for the
synthesis ofCIS QDs, each ultimately differing by the resulting QD surface chemistry, and the
method for possynthesis encapsulation of hydrophobic CIS QDs with amphiphilic polymer
(amphipol) as a method of transferring the QDs into the aqueous phase is described.

Chapter3 details the basicharacterisatiomf hydrophobic ClShased QDsynthesisedollowing
an established literature method. The morphology of the QDs is detertanbd tetragonal
chalcopyriteby electron microscopy and-bay diffraction, and the comosition is determined to be

stoichiometric by energglispersive Xray spectroscopy and-dy photoelectron spectroscopyhe
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optical properties arecharacteried by UV/visible spectroscopy and fluorescence spectroscopy
showing absorption across the emtlyV/visble spectrum andgtrongphotoluminescence in the red
region of the spectrumwith quantum efficiency greater than 5%he size dependent spectral
properties of CIS QDs are discussed within the effective mass approximation and empirical formulae
are derived relating the QD size and the spectral positions of the principal features in the
photoluminescence and absorption spectra, respecteljations between the observed empirical
trends and theoretical expectation are discussed.

Chapter 4examines the impact of ZnS shell formation on the optical and morphological properties
of CIS QDs. Slightly blueshifted photoluminescence and an order of magnitude increase in quantum
efficiency are observed in agreement with the literature. The exd¢#tsldynamics of CIS QDs are
determined by transient absorption spectroscopy. The origin of the observed highly radiative emission
in CIS/ZnS QDs is investigated by a modified transient absorption spectroscopy experiment with an
addi ti omwarl n idncgfiined to the observed stimulated emission to depopulate the highly
radiative state. The negligible response of the excited state absorption to therholg indicates
that the emission originates from ingap donor states rather than the condadband. It is argued
that these states arise from asite point defects.

In Chapter5 the sizedependent molar extinction coefficient is determined for CIS QDs. This is a
vital parameterfor bioconjugation techniguesvhich depend on araccurateestimaion of the
concentration of QB insuspensionThe atomic concentration of copper in a digested QD suspension
was determined by atomic absorption spectroscopy. The molar concentration of the initial QD
suspension was calculated from the estimated coppéerdoof a single QD, based on the known QD
size and the density of bulk CIS.h& molar extinction coefficient of the QD suspension was
calculatedusing the Beer lambert law from thbsorptioras measured by UV/\ilse spectroscopwt
400 nm and at the sizkependent spectral position of the lowest excitaonexponential increase in
extinction was observed with increasing QD size, and the data fit well to theoretical models, although
the determined exponefibm an empirical fitindicates an exponent that is significantly lartean

expected.
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The utility of this data is illustrated in chapt&where the CIS QDs discussed in chap&r4 and
5 are optimally encapsulated with a zwitterior@mphiphilic polymerPMAL-d) in order to render
the surface hydrophilicExcellent colloidal stability eross a wide pHange indeionied water was
illustrated by dynamic light scattering and zeta potential measurements, and the polymer layer was
shown to protect the QDs from quenching by copper ions in soliioally, thein vitro cytotoxicity
of CIS/ZnS/PMAL:-d nanoparticles to HaCatlteis evaluated separately by MTT and WE&assays
against controls of PMAId only and of thioglycolieacid (TGA)stabilisedCdTe/ZnS QDs. Whildgn-
vivo studies are required to gain a clear idea of the toxicity of NPs at the organismineset
viability assays can provide useful information about toxioityindividual cells It is concluded that
the polymer itself is responsible for the cytotoxicity identified and discrepancies between the two
assays are discussddovel methods for the direstynthesis ofCIS QDs with polar surface ligands

are also evaluated.

1.2 Optoelectronic PRoperties of Quantum Confined Semiconductor

Nanocrystals

This section is intended to highlight the key concepts in condensed matter physics and quantum
mechanics that anelevant to the performance of QDs as biological imaging ag€hese include
mathematical formulations for the sidependent band gap and the absorption coefficient of a single
QD. The interaction between QDs and incident radiation is discussed aseaspod excitation and
de-excitationof charge carriers and the absorption and emission of photons. The synthesis of colloidal
QDs is discussed theoretically from a thermodynamics perspeciivéha established synthesis
techniques for QDs are outlineEinally, the suitability of QDs for application as fluorescent probes

for biological imaging is discussed, and the desirable optical and chemical properties of QDs in this

context are outlined.
1.2.1 Optical Properties of Semiconductors

The shorrangerepulsive forces which arise between two atoms in close proximity are compensated

for by longrange attractive forces which aifrom the valence electrons/[3The atomic orbitals in
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a periodic lattice ob atomseach separatiato U orbitals or energy levelsand a0 becomes large
effectivdy continuoushand ofaccessible energy levdiecomedisperseadver momentum spag¢ad7].
This produceshe characteristidbandstructure of the materialccording to band theqgrgrovidng a

definitive dstinction between insulators and conductessillustrated in Figure 1.1

Conduction
band

| ;

Eg>4eV O.1eV<Eg<4eV
)

Valence
band

Insulator Semiconductor Metal/Conductor

Figure 1.1: An illustration depicting the categation of materials into insulators, semiconductors and

conductors based on the magnitude of the band gap.

Ao6f or bi ddRandgap@0 enaygyist between lower energy band afccupied orbitals
(calledthe valence band)nd a conduction band in which the orbitals eitkerpartially occupied or
completely unoccupiedThe nature of this band gap is generally what dictates the electronic
propertiesof a materiglin the case of @onducting materialglectrons in the conduction baradte
delocali®dand have &igh mobility, and are thereforigee to move witin the periodic atomitattice,
enablingelectrial currentto flow. In materials witha large band gap (> 4 e\the conduction band
has a negligible number of free electramal inslating properties arisevhilst materialswith aband
gapsmaller than the thermal energy at room tempergtufel eV)are good electrical conductors.

A third, intermediateclass of materiglknown as asemiconducta are characterised bg mostly
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filled valence band with only a smdlandgap (0.1 eV<OQ<4 eV). According to the FerrdDirac
equation(equation 1.1) the conduction bandn semiconducting materials mostlyunoccupied by
electronsat room temperaturenly a smallfraction of intrinsic electronshave enougtthermalenergy

to populate theconduction band37]. Near the band edges, the relationship between energy and
momentum is generally quadratic and the dispersion of energy over momentumksppaeej is

well approximated by that of a free parti{37,39).

When an electron is excitedt o t he conduction band, an electr
band that has charge opposite to that of the electron. The effective mass of the hole, however, is not
necessarily equal to the effective mass of the electron. The relative populatiectadns and holes
in a semiconductoinfluence conductivitySemiconductors withan equal number of electrons and
hol es ar whishasretnri icrosnidawé& t or with an unequal &Il ectr
and can be further separated itM@ categories:esmiconductors with Aigherpopulationof electrons
than hole are said to displagn-typedconductivitywhilst those withmoreholesthan electronslisplay
-t y ganductivity

The Fermi leveEr quantifies the amount of energy neededadd an electron to a systé¢&8].

The FermiDirac equatiordescribes the probability O that an electron is in the state with energy
'O and is given by:

50 —FP § o

p Q
whereu is the Boltzmann constant aiids the absolute temperature. The Fermi l&etan also be
understood athe energy for which the probabilifyfor an electron to b& the statéD is 0.5.An
intrinsic semiconductor has a Fermi level midway between the valence band and conduction band, i.e.
in the centre of the band gapowever, ©iemical and structural defects can donate extrinsic electrons
which manifest as donatates within the band gapfluencingthe pogion of the Fermi level; in a-n
type semiconductor the Fermi level lies closethisconduction band and irpaype semiconductor it
lies closer to the valence baridhpurities can also create a local electn 6 hol e6 acting
electron acceptors, again producing an acceptor state within the band gap.

Besides thermal excitationpalectron can be promoted from the valence band to the conduction
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band into an unoccupied excited state a consequeacof an incident photon (a more rigorous
discussiorof such an excitatiorvent isgivenin section 1.23). The transition of an electron into the
conduction band leaves behindhale in the reservoir ofalenceelectrons, which has agffective
mass as well aslectronic chargepposite to that of the electr¢®8]. As such if an excitation does
not have enough ener gy t o theexatedtelectrom iclectrontaticatiyt el v 6

boundto the hole

), - 90 0@ bh)f. €0 000 (). & © o

EVOOOOO EVO (@) (@) VOO 000

Figure 1.2: a)intrinsic semiconductor with equal population of electrons (filled circles) and holes (hollow
circles), with Fermi level (B in the middle of the band gap; b)-type semiconductor with a majority of
electrons, with Fermi level greater than for intrinsic semiconductors (lying closer to the conductidg:-hand
and c) ptype semiconductor with an excess of holes and Fermi lewelr than for an intrinsic semiconductor

(lying closer to the valence bahg)).

The electronhole pair can be treated as a single gpasiicle called an exciton, which is free to
move within the atomic latticelypically, excitons in semiconductorsvealarge hydrogenic wave
functions and small binding energies and are nawladnierMott excitons[39]. This is opposed to
Frenkel excitonsvhich have compact wavieinctions and high binding energigd]. The exciton has
a reducedmasspr equal to that of the combinedducedeffective masses of the electron *

and hole & °

" rz 1z p&

The hydrogenicwavefunctionof an excitonpermitsthe concept othe Bohr radius of an atoto

be appliedo QDs. A exciton in a specific semiconductor has arabteristic radius governed by the
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equilibrium positiorbetween the Coulomb attractiohthe electron and hoknd thekinetic energy

C p Q
- 1

pd
wherel is the separation betweémeelectron and holpair, is thereducedexciton mass, is the
velocity and- is the permittivity of vacuumGiven that in the semiclassical Bohr model the

momentum

i o1

is quantied with a minimumvalue of ohequation {.3) can be rearranged to give an expression for

the Bohr radis @

8 (o]

1.2.2 Quantum Confinement and $ze-dependentProperties

When thedimensionsf a semiconductor crystarereduced to belowhe characteristidohr radius
charge carrierbecome spatially confineahdthe electronic structure becomes intermediate between
that of asingle atomand a bulk semiconductathe continuous bands associated with bulk split into
discrete states and the magnitude oftiard gap is increasgd, 41,42). The size of QDs presents a
problemin thata typical system contaép Tto p TTatoms ands too complex fobasicmolecular
orbital models yet the simplifications associated with butkeory are notpplicable.However,a
variety of models exist that attempt to describe optoelectronic propddgesity linctional theory
(DFT) applied to electron densities is commonly applied to resolve the band structure of QDs,
although the shortcomings of this approach are thab#mel gap is often underestimated and the
empirical adjustments used to correct for this are often too simplistic for many appli¢d8pons
Thequantised kinetic energy of a confinexciton can benost simplymodelled as ¢article in a
box6 within the effective mass approximatiorin spherical radial coordinates©i@ Schrodinger
equation 6r an exciton with wavefunction i h— trapped in a spherically symmetnimotential

® | P h— representing a QD of radiif®
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Wik h— - oY)
defined by an infinite potential outside of the Q®,

o} o}

—n  QibPh—7T ik h— — 5 @ibfPh—7T ik h—

e LT o8&

The angular componerb « h— of the wavefunctioncan be separatefilom the radial function

@1 [44] andis related taheeigenvalua) of the angular momentum operagsrgulaTmomentum

0 o 5 ad po P&y
such thathe equatiori.6 becomes
ad p < 0O wi i dq P < wi ol T P&
| ) i 2
where
S o T

The Schrddinger equation is simplified by takihg simplestcase of purely radiahotion, i.e. when

the angular momentum is ze 71 :

co Ol @1 0B p
Inside the QD, i.eat i Q) the potential terms vanishasd
D1 8 PP ¢
This has the generic solution
® i bIi & i 60Eiis8 pP o

The specific solution requires matching the interior spherical Bessel functions with the zero amplitude
wavefunction outside of the QD region. This is achieved by setting the boundary cendlitbthat
at the origin andutside of the Qthe wavefunction is zero, e Q T ®OQ i 1. The

coefficient © vanishes

24



t 6 T PP T

O Qi oi&Q Q= PP U
: “8
t o PP @

The additional energ¥D that the exciton experiences due to quantum confinement can be

calculated by r@rranging equation 10for G

0 ‘ — 8 PP X

This is the increase in energy that an exciton gains due to confinement wiseimieonductor

nanocrystalith radiusQ For the lowest allowed intdyand transition (13 1S),

—=h pD Y

wherethe addition of thelast term takes into account the attraction between the ibglgosharged
electron and holeThe confinement term scales with the inverse square of the QD size and it is clear
tha the critical nature of the characteristic Bohr radius is imparted through the effective mads

the exciton. The coulomb term has a linear inverse dependerRarmidecreases the band gfap

larger particles although this only significantfor materials with a large dielectric constanich as

Zn0.

1.2.3 Interactions Between Lightand Semiconductor Nanocrystals

1.2.3.1Excitation

The nonresonant excitation of QDse. thepromdion of an electrorirom the valence band into the
conductionband can be induced by thebsoption ofa photonwith greaterenergythan the band gap,

i.,e.O 9 ‘0. In the case of an incidedassicaklectric fieldof the form
. ) I © I > >
MO QOAIO o Q‘Hc— Q E Q g PP
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The interactions described semtilassicallyby considering the perturbing effect thfe corresponding

interaction Hamiltonian

(o)
(e ‘I-El—'Q B> 0 2> P& T

whereO is theelectricfield amplitud is the wavevectorand‘ Hs the electric dipoletransition
matrix element

“Ho 1 (HD» P& p

where(His the polarisation vector andnj is the electron charge&Since™O is oscillatingwith angular
frequency then an electron can be excitedm the ground statg@Qinto an excitedstateSQwith
energyO that differs from the ground state ener§y by O 9 . The probabilityd of such a

transition occurring [45: given by Fermi 6s Gol den

- (G o~ e ¢¢“o_ . ﬁ
Ospsa > 010 0 O —=— 0 0 © P& ¢
where
n o r»o » H»Q & E B 20B P& o

Here,6 and O are theBloch functions in the initial and final state, respectively, such that the
wavefunction in statg@is given by

ro» 6 »QE%8 PR T

As such, the transition matrix elemennigligible unless the conditig’ Ttis met.At

®nand® which implies that

pace.Consequently, direct

band gap semiconductors are generally supeptcal materialgo indirectband gap semiconductors

[43].
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Figure 13: An illustration depicting thenomentum conservingrpmotion of an electron from the valence band

into the conduction band by the absorption of a photon with ed&rgy;, & Og
The transition energ® ;, between the initial and final states is larger than the ban®Dghyp the

combined kinetic energies of the electron and hole

. 2Q .
O, O ©O c Oh p& UL
and equation.22 can be e-written as
. o, . .
Uspsa N 1 Op 08 pPE @

In bulk materialsthe number of transitions per unit tife per unitvolumew, is equal to the product
between the transition rate given by equafid? and the density of staé&O . In reality, QDs are

not ideal zeralimensional materials, although from a theoretical point of view this is a good
approximation for QDstabilisedin an organic layer and which display large work functi@iace

there is nok-space to be filled and the available states exist at discrete energy, the density of states for
a QD consists adidelta functioninversely proportional to the volume of the Qb (

Q0 wi cd p1 O Of 8 og X
h
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For a single QDherefore

= g Oy, © ﬁca p] O O 8 pE Y

The absorption coefficient is defined as the ratio between the energy remdyvom the incident
beam and the incident flux and is by given by multiplying this equation by the photon energy
and dividing by the Poynting vecté¥iwhich describes the directional energy flux of the electric field

al 01w 9 (I ()
% ® 0

pg W

whereis the velocity of light and is the vacuum permittivity. Since delta functions are even
functions, i.e] @ | ®, thetwo delta functions irequation 126 are equivalenandfurthermore
they can be replaced by a Gaussian distribution in order to acfowutiie size dispersiorf QDS

characterisdby the width of the first excitonic transitiofO ; [20]:

¢a p ..., O O
] O 0 ———Qwn————N~h p® T
HQ/IC"YOH ¢YOp
where
. P "QO® &
° % & - PP

At high energy, the density of states is mostly continuous; it is only the stasesto the band
edge which are discrete. Thbesarption is thus similar to that of bulk semiconductors and can be
modelled according to a classical approach which considers scattering by small spherical. particles
The absorption crossectionat wavelengh _ has been shown by Ricard to be represented by the
expressiorn46]

¢t .
- Q—SQ S¢e @ PY ¢
where¢ andQare the refractive index and wave number, respectiaetia local fieldfactor"Q

oE
$Q§ \ 'r T p8)'0'
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accountdfor the fact that the nanocrystals are embedded within a surrounding dielectric medium of
refractive index¢ 8

Experimentally the attenuation of light by gases, molecules or small particles in solution is
guantified by the molar extinction coefficient_ of the material, on the basis of linear absorption.
The relationship between_ and the absorption coefficignt_ of a QD is given by

0w | _ &
= pmTmp T pe T
whereb i s Av o g adrwo @sshe avaragb wiume of the QD. The denominator accounts for

the different conventions in logarithm base for the two coefficients.
1.2.3.2De-excitation

Theexcited staténitially decays rapidly due tecattering processessich as phonon scatteriagdthe
lowest electronic states in tlsenduction bandbecome populatef7]. Thecorrespondingositivdy
chargedholes left in the valence band relax to tMB maximumin a similar manneand each
combined electroiole pairare electrostatically bound and can be treated as a-ppdisie, namely
the exciton. A more thorough discussion of excitons is given in section 1Thd.exciton lifetime is
relatively longcompared to organic dyetypically on the order of-100 ns over whichnonradiative
exciton recombination processasthe codhg of the system by themission of photons, known as

photoluminescenc@PL), returns the carrier population tiee ground state
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Figure 14: An illustration depicting the phonemssisted relaxation of charge carriers, specifically of an electron,

by the emissio of a series of phonons with ene@y y¢ & ¢ &

In bulk materials the initial nonradiative decay islue tothe emission of a serief phonons, as
illustrated in Fgure 1.4, whereg is the phonon energy. For Qhswever,where the energy
level spacing is discrete and often larger than typical acoustic phonon ertbagesjssion of optical
phononsrequirespreciseresonance between the phonemergy and transition energis such, a
iphonon bott | en ecarkied relexétibre tanes shohl@ signibicgntly increase with
reduced QD sizdue to the increased energy spacm@ipected48, 49]. However,electronphonon
interactions in QDsmay induce the formation of polarons that assist relaxakigrenabling the
conservation of energy to be violatadd thudor the system to undergwirtualétransitiong 50, 51].

A large Stokesshiftobetween the excitation and photoluminescence spectral peak positions can
indicatea strong excitorphonon couplingn QDs, although the same phenomena can also originate
from large size dispersions or th@pping of charge carriers in defeetatedintra-gap stategrior to
emission The experimentaldetermination of phonoimteractions in QD suspensions is difficahd
although these processes are extremely important for QDs in applications such as solar harvesting, in

biological imaging applications the ultfast nature of these processes renders them negligible.
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Therefore, the precise mechanism behind phasisted deexcitation in @inS, (CIS) QDs is not
investigated in any depth in this thesis and as such the limited discussion aldieiests

Multi-exciton interactions can promote A@diative recombination by transferring energy to an
electron in theconduction band as opposed to the emission of a photon. Auger decay constants are
typically of the order 1G 100 ps and have been demonstrated to have a linear dependence on QD
volume[52].

Compared to bulk semiconductors the behavior of QDs is signifjcanfluencedby surface
effects due to theirrelatively large surface are@m-volume ratio Experimentally, dfects formed
duringfabricationinvariad y i ncl ude uns atsurtetedge of theldcaystad $tructurg 6 b o n
[53, 54, 55], as well asnternal point defects found in bulRefect states associated wéldisordered
surfaceare termedé&hallowd since electrons trapped in these statee spatiallydelocali®d and
depopulation is rapidTherefore these states are often associated witkradiative recombination
and poor quality QD§53-55]. Internal point defecteelated tochemical or structural deviations fro
the ideal crystal structurg@ e n e d a £ p 6gap states;lerge carriers trapped deep states tend
to belocalised and experience much longer lifetimes and as a result these states can act as efficient
centredfor radiative relaxatiorf charge carriergn chalcopyrite compound$6]. In the case of CIS
an abundance of internal poidé¢fects generates intgap statesvhich can act as emissiaentres
providing an alternative recombination pathw&y][ The influence of these states is usually treated
phenomenologicallglue to a limited understanding of tperturbativeeffect that the defects have on
the ideal crystal structure as is the case in Chapter five.

Fermi 6s Gol den rul e, as d e sicdeperidentdand can bé dpgliedp r e v i
to the process of optical relaxation as well as excitaBbotduminescence refers to tieeission of a
photon as a result amomenturaconservingecombination of the electremle pair Similarly & for
excitation, optical transitions only occur verticallylkirspace and direct band gap semiconducioes
more effcient photon emitterthan indirect band gap semiconductdise emitted photon has energy
corresponding to the fierence between the initial electron and hole energiessatygically, in the

absence of intrgap statefyom theCB minimumto theVB maximum
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Figure 15: An illustration depictingphotoluminescencehé recombination of the electrdmle pair and the

associate@mission of a phon with energyo
The photoluminescence follow§irst order kinetics and the lifetime can be quantified by a
exponential decay equation with a characteristic radiative decay canstant

0 0Q p® U

ThePL quantum yieldRLQY, %9 describes the conversion efficiency of electrical energy into photons

by the system and is defined as the ratio of absorbed photons to emitted photons

o ANGot@d 00000 o
® ANG 0tddi £1 (3Q® S

where3 is the nomradiative decayconstant Many QDs have low PLQY compared tmost
molecular dyes due to disordierthe crystal structure, especially at the QD surf@ubased QDs
typically show the highest PLQY above 60®hotoluminescence is the integral process for the
application of QDs as probes for the imaging of biological systems and as such the measured PLQY

of a QD suspension provides a good indicator asatqtfality of the sample in this context.

1.3 Quantum Dots in Biological Imaging Applications

Optical imagingof biological systemss nonrinvasive clinically safe and relatively inexpensiaad is

therefore a patiedtiendly techniqud9, 58,59]. Howeverdespitegreatadvances in laser technology,
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the invention of chargeoupled devices and the introduction of numerical models for light
propagation through biological tissu@e resolution available withptical imagingis limited by the
contras agent[10]. In this senseht emergencef QDs asalternativeoptical imaging contrast agents
to fluorescent dyetas been of great benefit to optical imagofgbiological systems due tineir
much O6br i gHaOleln d@ditenm@Dsdsplag roacexcitation spectra and narrow emission
spectra allowng for multiplexed imagindg6l, 62] andthe surfacefunctionality can be tailored for
bioconjugation withspecific targeting moleculg9]. Furthermore, QDsre more resistant to pheto
bleaching incompaison with molecular dye$60], enabling reatime imaging of biological systems
for much longer periodf63]. This is an exciting prospect for the study of metasiasisvo and the
study of cellular molecular dynamiagsvitro.

The prospects foiQDs as fluorescaxe probedor in vitro biological imaging applicationswere
demonstrated independenity1998by two seminal paper€han and Nie conjugated CdSe/ZnS QDs
with the iron transport protein transferrand demonstrated the possibility of receptor mediated
endocytosis in HelLa cells; a dramatic increase in cell uptake was observed for the transferrin
conjugated QDs compared to the control QDs (no protein pregfji)Hruchezet al usedtwo
different sized @Se/CdS QDsuspensionsgo image a duaklbelled 3T3 mouse fibroblast cell. Green
emitting QDs stabilisedwith acetate groups were found to bind with high affinity to the cell nucleus
while red emitting QDs werased to specifically label ¢hFactin filaments of the cell §5]. This work
highlighted the difference between nspecific cell uptake of QDs and the specific targeted delivery
of QDs into cells. Inthis sensgbio-imaging with QDs can be split up into four main catéspor
defined bycombinations btwo distinctions:either norspecific or targeted (specific) labelling; or
either intracellular or extracellulaelivery[9].

Generally, norspecific extracellular labelling is deemed to be an adverse quality in QDs as it
limits the precision of specifc extracellular labellingThe size, shape and surface chemistry of
nanoparticles strongly influences the response of biological sys6&in#\[neutral surface charge
generalminimises cellular interactiof67]; negativdy chargel QDswould be expectetb display low
levels of nonspecific interactions with the aégely charged cell membrangst several groups have

reported contradictory observation§68, 69). Non-specific interactions have been shown to be
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inhibited for QDsstabilisedwith polyethylene glycol (PEG) chains7p, 71]; PEG is known to be
resistant to protein interactions and is therefore an especially ideal surface functionality for QDs
suspended in biological mediu2]. Zwitterionic, i.e. featuring both positive and negative charged
chemical speciessurface functionality haalso been shown to provide QDs with good colloidal
stability and reduced cytotoxicity and therefore represents an excelleatndtacular weight
alternative to PEGylatiorvB, 74].

Bioconjugation chemistripas agtanced significantlypver the last decade aitds now feasibleto
specifically functionalise QDs with antibodifes specific labelling of cell membranes.chassicroute
towards bieinorganic conjugabn is through use of thbiotin-streptavidin bond 75]; streptavidin
conjugated QDs bind with high affinity to biotinylated antibodies that bind directysgecifictarget
protein Such functionalised antibodies are now widely commercially available anapiisacthas
been applied to the imaging of cancer cells by targeting@ymessed receptor proteins. \&ual
targeted the carer cell surface receptor Her2 in addition to ¢igoskeleton components and nuclear
antigens in cultured live cells, fixed cells anduissectionsd0], demonstating the expansive scope
for the application 0QDs as biemagng agents. Many report specific targeting of cancer cells
have been published since including/ivotargeted imaging of prostate cances][ breast cancei7]
and neck cancer§].

The ntracellular delivery of quantum dots can also be categdbigéuk specific and nospecific
casesNonspecific cellular uptake of QDs can occur naturally through endocytosis or be instigated by
applied methodsuch ashanainjection [79] or electroporationd0]. The nonspecificuptake of QDs
by cells isdetrimental to the effiency of specific cell uptakesells engulfa wide variety of foreign
bodiesas an immune respons@acluding nanoscale objects such as Qsendocytosis 81]. QDs
canbindto cell membrane recept andbecone trapped in clathrircoated pits thaare subsequently
60 pi noc hferdo m t h,eidenh bynilhereazygnee dynamiresulting in QBDloaded endosomes
inside the cellEndocytosis can therefoaso be utilised as a specific mechanism for the delivery of
QDs into cells since the QD surface chemistry cafubetionalised to targehe surface cell receptors

in a similar manner to specific extracellular labelling
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1.3.1 Cytotoxicity of QDs

The drive towardsalternative QD material®otcadmiumand leadbased compounds mmotivated by
the inherent toxicity expected upon prolongeternal exposure to heavy metals. Theorganic
compositiondominates thechronic toxicity; the kachingof free radials from the QDs into the
cellular environmenhas been shown to accumulate in certain orfz®)$83].

Stateof-the-art wet-chemical techniques now enable exceptiondllgh quality QDs to be
synthesisedyet asthe prospect of their use &s vivo andin vitro imaging agent@approacheshe
clinical stage questiortsavearisen as to whether the cytotoxicity of QDsaybe too significant to be
considered fosafeclinical use, especially those based on heavy metals such as Cd and Rb. The
vitro cytotoxicity of CdSe QDs to cultured cells under prolonged UV irradiation was investigated by
Derfus et al [84]. Severe cytotoxicity was observed and was found to be due to oxidation of the
surface and subsequent release of free Cd ions and dependent uponhibsissyotite and surface
chemistry.

In general in vitro studieBind the cytotoxicity to be strongly dependent on the capping molecule
andthat an inertZnS or silicashell increases the concentration limit of CdSe QDs before cytotoxic
effects are observd@4, 85, 86, 87. However, all these studies were performreditro, and concerns
are still present as to tle vivotoxicity of Cd based QDs.

Thein vivotoxicity of CdSe/ZnS was probed by Hawekal, examining the surface chemistry on
the short andbng term toxicity to SpraguBawley rats, surprisingly finding no toxicity over a period
of 4 weeks for doses up to 801 [88]. A first study observing primates intravenously injected with
micelle-encapsulated CdSe/CdS/ZnS QDs did not show any acuteetteats; however, their spleen,
kidneys, and lungs contained raised levels of toxic elements (Cd di@2]Sdpre recently thedie-
tary administration of @S nanoparticles was shown to stimulapeegulation of stress response genes
andcausesignificantmitochondrial dysfunctiom zebrafisn83]. In addition accumulation of Cd was
observed in the brain and muscles after 60 days.

In conclusion, although the acute toxicity of QDs appears to be more dependent upon the size,
shape and surface chemistry rather than composition, the chronic toxicitylb@seéd QDss due to

the inherent inorganic nature. The cytotoxi@gn besignificantly reduced bythe subsequemjrowth
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of a more biocompatible layerfor exampleof ZnS or silica. However, such strategies do not
completely removehe possibility of cytotoxicityin vivo andthe accumulation of toxic heavy metals

in organs presents a major hurdle for the safe clinical use ofrfQD&o.

1.3.2 QD Surface Chemistry

Many synthesis techniques produce hydrophobic QDs that must be modifisymbsisis in order to
enable aqueoususpensions to be formed; this is a particularly desired property for applications
within the aqueous cellular environment. Even QDs synthesised in the aqueous phase with polar
surface chemistry may require pagnthesis modification, for example to impe colloidal stability

or introduce additional functionality.

Ligand exchange is a commonplace approach to transforming the surface chemistry, although it is
notoriously sensitive to the solution temperature, the solution pH, the solubility of the iraspect
ligands and their binding affinity to the QD surfaf®9, 90, 59]. For example, QDs are often
synthesised with the surfactant TOPO which is then replaced for a thiol ligarslyptsgsis, yet this
process is irreversible; the thiol ligands are moubre difficult to replace. Furthermore, failure to
carefully optimise the specific ligand exchange can result in significantly diminished PLQY due to
incomplete or disordered surface thiol layer.

An alternative approach is to conceal the QD surface chgnbgt their incorporation into a
protective, bi ocompatible structure [9% 9% %], as a
effectively shielding th&D surface from the environment

Polymer encapsulationas been demonstrated to be an efficreathod for incorporating a range
of functionality onto the QD surface, whilst also improving the stability of QDs in the biological
environment[94] and can be based on covalent, electrostf@k] or hydrophobic binding96]. A
successful approach for thiansfer of hydrophobic QDs into the aqueous phase is by their
encapsulation with amphiphilic polymer (Amphip§®7]. A common example is encapsulation with
poly-maleic anhydride (PMB) pdymer derivatives functionalised with long carbon chains that bind

to the hydrophobic surface as well as polar groups that are exposed at the surface, promoting stability
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in water[98]. A wide range of derivatives have been synthesised in the litef@r&00, 74] and

several are commercially available, making this an ideal method for this task.

1.3.3 Multi-Modal Imaging

The inorganic nature and large surface area of QDs enables their performance to be enhanced with
multi-modal imaging capabilitieslp1, 102] extending both diagnostic and therapeutic applications
[103, 104]. For example, magnetic properties can be incorporated into the QD design in order to
provide contrast for magnetic resonance imaging (MRI) as well as fluorescence imaging. The
approachs are diverse: QDs can be doped with paramagnetic 18bs 106, 107], encapsulated
alongside magnetic nanopar 108, 409 el%0], dr MtabRswsd)withi n a s
paramagnetic ligand4d.11] or chelateg112. Gaoet al. also demonstrated the synthesis of FePt/CdX
(where X = O, S and Se) nanoparticles which displayed fluorescence quantum vyields of up to 10%
and were superparamagnetic at room temperatdsg [if the crystal size is smaller than the magnetic
domain size, thermal fluctuations are large enough to flip the magnetic moment and
superparamagnetism arises, enabling contrast to be formed in MA]l [Superparamagnetic
nanocrystals also have additional applications within bionanotechnology, for example magnetic

hyperthermia 104 and magnetofecticaided delivery of drugslp8] and genesl[i5].

1.4 Synthesis of Colloidal Quantum [ts

Since the band gap and consequently the photoluminescence emission wavelength of quantum dots is
sizedependent, synthedischniques must allow for a high level of contekr sizein order to attain
anarrowsize digribution about the desired radius 6dl @ W kbication techniguefor ultrasmall

particles such as chaical etchingdo notafford the control associatedi t h mor e e-tupgant O
seltassembly techniquegll1l6. Arrested precipitation in watdnas been shown to belativdy

successful althought was not untilpioneeringhigh temperature solvothermegactionsbased on
organometallic chemistry were fpemmed hatthe synthesis ofmonodispers€d-basednanocrystals

with high crystallinity and bright, narrow emissiarasachiewed. The seminal work by Murragt al
demonstratedsuccessful synthesis of colloidal CdTe, CdSe and CdS QDs by the pyrolysis of

organometallic precursors, resulting in simeable bangtdge emissiofll7]. Cadmium based QDs
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have direct band gaps that are ideal for photoluminescence in the visible iofreesed, and also

happen to be relatively simple to synthesise and are more robust against oxidation than other
semiconductors such as Ge and Si. It is for these reasons that cadmium was the system of choice for
many early researchers in the field of @hthesis.

Much experimental work has since focussed on understanding andsomgimgaction kinetics
through control over various parameters; the duration and temperature of the rgbt#ornhe
concentration of precursors, and the solvent compagititd have all been observed to significantly
influence the morphology of nanocrystdlkl9, 12(). In the case of CdSe QDs, the diversity of
suitable solvents and cadmium precursors fivasdemonstrated by Perej alwho determined that
the most successful solvent/ligand to be fatty acids and the most favourable camtedgursor to be
cadmium acetatfl 21].

In general, nanocrystal synthesis in organic solvents remains more practical and successful than
agueoushasedsynthesis methods, although it is common fianoparticles composed of various
materials, includinghoble metad, iron oxide and zinc sulfideo be synthesed in water. This is
unfortunate since queous synthesis methods are consideyegl r e,ei.r.dheydinvolve lower
temperatureandproduce biproducts that are less damaging to the environment, and as such there is
great incentive to develop aqueous synthesis techniques which can challenge the success of
solvothermal reactions performed at high terapee [122. For example, nanocrystals can be
synthesied inside inverse micelles, can be syntebiwith the assistance fadiation with UV or
microwaves andan be biotemplated.

An integral aspect of research regarding the synthesis of QDs for many applications is their surface
modification; core QDs can be capped with Silica or semiconductor shells, and can be further
modified with a variety of molecules in order to provide tlesiced surface chemistry. The epitaxial
growth of semiconductor shells onto QDs has multiple benefits; it improvegtiaaivicalstability by
reducing the risk of oxidation of the surfamedcan also provide a more biocompatible platform for
bioconjugaton than the core surface. Additionalfhell growth can also dramatically improve the
PLQY due to passivation of surfadefects

The band offset between the core and shell regions strongly influences the electronic properties,

38



and generally falls intore of two categories; type | type I, as depicted in Figure 1.6ype | band

offsets are characterised by a shell in which both band edges lie outside those of, tvhitsbrigype

Il band offsets are defined as haviag 6 st agger edd hleitherdhe GEf or ¥Bafthe i N wh i
shell region lies inside the corresponding band edge of the [ioseprinciples calculationgeveal

the charge density distribution varies betwégre | and type Il structurfl23]. Type | structures
demonstrate enhancednfimement in the core region whilst charge carriers in type Il structures may

be delocabed, with the wavefunction extending into the shell regionthese structures, exciton
recombination can occur at the core/shell interface, such that the band beffaeen the two

semiconductor layers can be engineered to produeshiidd emission compared to the cordy

QD.
Type I Type 11
N4
Figure 16: The band structure of core/shell QD hettwox t ur es i s generally either 6
band edges of the h e | | materi al out I i e t(Hgbtsie whehi eittethtiee CBor e QD

minimumor VB maximumlies inside the corresponding core band edge.

ZnSis the most common QD shell matesatce it has a wide band gap andektively inertand
is thereforebeneficial to both the optical and chemical stabilityaddition ZnS has a small lattice
mismatch (<5%) with common QD materials such as CdS, CdSe and CIS, enabling a shell to be
formed without introducing stress and strain at the core/stteliface.The first report of CdSe/ZnS

type 1QDs by Kortaret alin 1990 demonstrated that a monolayer of foreign material on the surface
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of a semiconductor crystal can grow an epitaxial shell rather than undergo separate nud@dtion [
The PLQY ofZnS capped QDs generally display a significant enhancement relative to the bare core
QDs whilst the absorption spectrum remains comparatively unchanged, suggesting the epitaxial
growth of ZnS as opposed to alloying or surface etching. The ZnS layer mashmen to have an
optimal thickness that depends on the dpesiystem; he subsequent reduction in PLQY after this
critical thickness is attributed to dislocations in the ZnS layer arising from strain, and depends

strongly on the lattice mismatch betwe&nS and the QD core materjaky.

1.4.1 The Thermodynamics ofNanocrystal Nucleation and Growth

In this section a simple thermodynamic description of the formation of spherical colloidal
nanocrystalgrom asupersaturated solution of reactive monomerpresented, in order to elucidate
the influence of various parameters the resulting crystal structure and size stlibution of the
nanocrystalsThe bottoraup approacho thesynthesis of nanoparticles fundamnadhyt consists of two
processes: the nucleatiohnanopatrticles from a solution of monomeasdtheir subsequergrowth,

which ideally should occuubsequently
1.4.1.1 Nanocrystal Nucleation

A nucleation event occurwhen a small number of monomers overcome an energetic barrier and
assemble intoraultra-small cluster that ishermodynamically stable, and is effectivalytransition

from the solution phase to the crystal phase. The barrier to nucleation originatesuirfidbe tension

that arises wheé atomsspontaneousljorm a solid volumerom the solution phase. The difference

in free energy Obetween théwo phasess given by

YO ¢ ¢ : ™, P& X

where * and* are the chemical potentials of the crystal and solution phases,
respectivelyThe second term repsents the total surface energyd is determined by the product of
the surface tension, and the surface ared'i wherei is the cluster radiusAn alternative
formulation is given bytaking into account the volume of the nanocrystal and the number of atoms

per unit volume)
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In the case where when the cluster is small, the change in free energy is greater

than zero and the cluster is unstable; the energy gained by creating the volume is Hoteomage
a stable interface between the cluster and the surrounding medium. However, once the cluster

becomes large enough, the change in free energy is negative, and it becomes stable.

Change in Gibbs free energy, AG

I N T I ' I

T T '
Crystal radius, r
Figure 17: A sketch of the shape of equatioB7illustrating the barrier to nucleation at the critical radius
The critical radius at which the phase transition may occur can be determined by equating the

derivative of ¥"Owith respect to to zero

(046

. w08 ¢ ¢ “”T[8 8).
a1 ™ u o P w

such thatthe critical radius represents thenocrystatadiusfor which equilibriumis reachedvith the

concentration of monomers in solution

i 8 p& T

For clusters with i the addition of new molecules releasfree energy; it is more favouralfite

monomers to adsorb onto the crystal surface than to stay in sokitjoine 17 shows a skettof the
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potential for nucleatiorl"Ghas a function of radius.

1.4.1.2Nanocrystal Growth and Size Focussing
The growth of subsequent atomic monolayers onto the surface of dapkemds on thdiffusion of

monomers towards the nanocrystiaracterised by a flurwhich far away from the crystal surface

wl 1 is related to the diffusion coefficightand the concentration gradient of monon@i$'Q w
insolutonby Fi ckds | aw:
Sl i ‘ool Q 68 R
ODwl | T“ 0 —
I o pa p

At equilibrium the flux is independent @dand a second order differential equation for the

coneentration profile is formulated:

Qo . 06 06

Qo e Yo
Qo0 c'Qé')S R
T 0w g G

If boundary conditionareset such that theoncentration of monomers at the nanocrystafaceis
0 and the concentration of monomers far away from the crystal surfacettsenthe solution to

equation 42is:

Thederivative of the concentratiaran be inserted into equation 1.41

Dw i ™“f 0 0 P& T
giving ananocrystagrowth rate of

Qi 0 6 0O 8 &

=, — — v

Qo 1“1 0 i 0 P

The above equation for growth raiesumegonstant pressure amteimperature;n order to elucidate
the effect that synthesis temperature has on growth rdiféeeent formulationbased orthe general
gas equation with the monomer concentrations treated as vapour pressaeds

5 8 Qo2 5 S 8 @
Ty P TRy ps @
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whered is the vapour pressure of a flat surfadéese equations relate the concentration of
monomers at a distance from the surface to the critical radius discussed in the previous section for
which the nanocrystals are in equilibrium with that concentration. Substithiisg expressigrinto

equation {.45) givesa temperature dependent growth rate:

N

Qi ., 10 p 8 R
Q0 5 Q'Yi pe X

—lo

The overall sign of thaerm within the bracketsictateswhether a crystal has a positive or negative
growth rate, based on the crystal radiuelative toi . Ifi i the crystal growsjfi 1 the
crystal will shrinkand ifi i the crystaphase and solution phase are in equilibrium and the crystal
growth rate is zeroThe implications ofthis aresuchthat smaller crystals shrink and larger crystals
grow, broadening the size distributiam a piocess known as Ostwald ripening and reduchmy
concentration of nanopatrticles produ¢ééq. The form of equation1(47) is sketched ifFigure 18.
Importantly, a maximum growth rate can be identified atgi . If the entire size distribution lies
above thisvaluethen smaller crystals grow faster than larger crystatsthe average size is foeds

i.e. the size distribution becomes naresvin practice, the most common method of achieving this is

to keep the monomer concentration high enough by repeated injection of prefiz$ors
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Figure 18: A sketch of the shape of equatioddillustrating the sizébroadening and siz®cussing reghes

defined by an average crystal radius i ¢i andi ¢i , respectively.

The extent to which a samepcan be size focusseddspendent upon the growth temperature, the
surface tension and the initial size distribution of nuclei. Therefore, the nature of the nucleation event
is critical to the quality of the final nanocrystals. Ideally, the nucleatimuld bepartially quenched
andthe growth stage immediately initiated by injection of additional precurdéuleationocaurring
alongsidegrowth removesmonomers from the growth soluti@ndincreagsthe critical radius and
thereforethe potential for ripening. Aeduction in tle temperature between the nucleation and growth
phaseshas been demonstrated to eliminate this.riBke translation of cation exchange to the
nanoscaldas had significant implications fanaterial synthesis and pesgnthesis transformatiorns
surfacesdue to the quick dynamics compared to bulRq. This is a convenient tool for QD shell
formation since it does not require elevated temperatures and enables the stoichiometry and
morphology to be extended beyond the capabilities of conventional higleratome techniquethat
are limitedby temperature and composition phase diagrams.

Finally, the simplifying spherical approximation in the above formulatioeglects the difference
in surface energy of the variousystal facets. In reality certaira¢ds will grow preferentially and
therefore control over the morpholotgyenabled by diffusion limited reaction kineticstioe presence

of stabilizing ligands which preferentially bind to specific facets.
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1.5 CulnS;, Quantum Dots

An emerging class of QDsynthesised from ternary compounds demonstrate exciting properties for a
variety of applications~or exampleternary HIil-VI, chalcopyrite semiconductor compounds such as
CulnS (CIS) exhibit inherant straindue to the bond length mismatch, (R Ry.v). A tetragonal
anion displacemeris manifestin the tetragonal distortion of the crystal lattice and an abundance of
intrinsic defectare formedvhich strongly influence the electronic and optical propefti8 129

The band gaps oflll-VI, materials are anomalously reduced relative to the band gaps of their
binary IIFVI danalogued[35]. Mixing, or hybridisation, betweep andd orbitals in the upper valence
bandshifts the valence bandaximumto higher energy130,131]. This phenomenorsienhanced in
cuprous compounds such as @IBh a strongd-charactelin the upper valence banBurthermore, a
dynamic interplay between the band edge positions and defect formation enengies the band
gap stable against edtoichiometry, anckither ntype or ptype behaviour can be selected by tuning
the offstoichiometry without introducing externiatpurities [L32).

Table 1.1 List of values for the effectivmass' , Bohr radiusd and bulk band gagOy  of various QD

materialsncluding CIS

Material (! @ /nm Oy eV

Cuing 0.14[133 4.1[13§  1.53[35]
CdTe 0.09[134 7.3[136 1.44[139
CdS  0.16[134 24[137 2.42[14q
CdSe 0.10[134 5.4[37] 1.74[139
PbS  0.13[134 18[13§ 0.37 [141]

The synthesis of high quality CIS QDs has been reproduced by various ¢fad2ps49 and the
highly luminescenand long lived emission has begmaracteriseg@rimarily by steadystate and time
resolved PL spectroscop$42-149. Based on the observed broauigsion band and large Stokes
shift it is clear that defect states dominate the emission of CIS Qs.is consistent witholw
temperature PL spectroscopyudies which show that the abundance of intgap defect states
contribute significantly to thavailable deexcitation pathways in bulk CIS atidhtit is likely that the

PL is related to defecfd49. In contrast to the small Stokshift and narrow emission band observed

45



for example in CdTe QDf3, 54, whi ¢ h i n dddgeaemission, insiehtltbse characteristics
suggest that the PL dynamics of CIS QDsiarfactrelated to deep intrgap defect states.

This is supported bthe observation thahe PLQY of coppepoor CIS QDswhich areexpected to
have a high density of defects associangth the copperpoor phasds greater than that of an
equivalent stoichiometric samplét has beerpostulatedhat this defectelated emission originates
from donoracceptor pair (DAP) recombination between donor and acceptor states associated with a
local absence of a copper atdi®3]. The possibledefects include copper vacanciescf{Vand
indium-copper antsites (nc,), although thex are theoreticalindications that neutral defect
complexes such [2 + Inc”'] and [Ine2* + Cu,?] are preferentially formeih coppefrpoor CulnSg
explaining the experimentally observed increase in cojppium antisites[151]. All of the point
defectsthat may exist in CIS are iustrated in Egyure 19. The defects that arise in real samples are
dependent on the composition and synthesis conditiamongst a multitude of factors. For example,

exposure of the QDs to oxygen durimgpostsynthesis may redt in oxygensulfur antisites.
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Figure 19: The calculated transitioenergyof intragap states associated with variguént defects irbulk CIS.
The zero transition energy is taken as the position of the valence band maximum.

An order of magnitude increase in PLQY is associated with CIS/ZnS QDs and-ghiftuia the
PL spectral peak position is consistently observed. It is generakypted that the binary sulfide layer
saturates the 'dangling' bonds at the QD surface. The reduced surface disasdeciatedvith the

suppression ofintragap trap states that promote rawliative recombination.Despite this
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understanding, the mecham behind the highly radiative component observed in CIS/ZnS QDs
remains uncertaifil42,143

Time-resolved (hanosecondghotoluminescence (PL3pectroscopyf CIS and CIS/ZnS QDs
typically indicates two decay componentshighly radiative component with a long lifetime (on the
order of 100 ns) is enhanced upon ZnS shell formation, whitsueh smakr (~ 10 ns) decay
constart associated with surface trap states is supprgdg@edl49]. These studies mainly conclude
thathe emissiomr i gi nates from t he CB s iupanexcitationwhighp e ar s
contradicts the DAP recombination postulated by Naml[143].

A couplingbetween the conduction band (CB) amdlonor state could be possible on an wHst
time-scale a first attempt to gain information about possible uftat nonradiative de-excitation
channelsin CIS/CdS QDs following photexcitation was undertaken by ket alin the form of
(femtosecod) transient absorption (TA) spectroscdiy?. A loss feature was observed at the band
edge position and was attributed to the bleaching of the ground state (GSB), yet no contribution from
stimulated emission (SE) or excited state absorption (ESA) veawifidd. Furthermore, no time
resolved TA spectra were present8dveral recent studies have performed more thorough TA studies
on CIS QDs 150 153-154], although there is still no general conclusion in the literature as to the
origin of the longlived PL in CIS QDsA detailed study of the siz#ependent PL properties in CIS
QDs was performed by Omagd. al [155] and the conclusion that the PL originates from igap
donor states such asjrantisite defects was made.

The advantage of TApectroscopy is that the kinetics of the madiative as well as the radiative
decay processes can be resolved, allowing for a more complete model of the excited state dynamics to
be formed[47]. The TA experiment performed in this work is described itice 2.2.3 and the

resuls are discussed in chapter 4
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Chapter 2

Experimental Procedures

This chapter describes the various synthesis methods feba3kK QDs employed in this work. In
addition, the experimental techniques used fordaracterisation of the morphological, structural
and optical properties are presented, and the underlying principles are discussed where it is relevant to

later discussions.

2.1 Nanoparticle §nthesis

2.1.1 Dodecanethiol stabilisg CIS and CIS/ZnSQuantum Dots
2.1.1.1 Synthesis

The synthesis of hydrophobic QDs was achieved by adapting a literature method in which the
surfactant dodecanethiol (DDT) acts not only as both stabilising ligand and source of sulphur for the
nanoparticles, but also as the reactolvent [12, 146, 149]. The underlying principle behind this
method is that a large (1000x) molar excess of thiol promotes complete surface ligand coverage and
therefore good colloidal stability.

A wide range of indium and copper precursors have bbewn to be compatible with this general
method, including single source thiolate complex&6[1157. For the synthesis of CiBased QDs in
this work, indium (Ill) acetate and copper (l) iodide were used, because of their demonstrated
reactivity and solhility [119]. For the synthesis of stoichiometric CIS QDs, equal molar quantities of
copper and indium compounds were mixed with a molar excess (1000x) of DDT at room temperature
in a glass rountbottom threenecked flask (100 mL) that was then fitted wahcondenser reflux
column and bubbiler, as illustrated in Figure 2.1. The reaction was performed inside a fume hood to
mitigate the risks associated with the potential for toxic gases being released during the reaction and

the elevated temperature of thgugment. The typical volume of a single synthesis was between 10
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and 100 mL; the upper limit was not explored whilst the lower limit arises due to the minimum depth
in the flask required for an accurate reading from a thermometer placed through onseckthe

The reaction solution was purged with argon for 30 minutes and continuously stirred. This crucial
step prevents oxygef from reacting withsulfur vacancies) and forming aygensulfur anti
site defect®) which have been shown to becorporated into CIS thin films formed by atomic layer
deposition, influencing the-fype conductivity [58]:
-0 w B/ O Q8 P

After purging with argon, the solution was heated to 10@tCwhich point metathiolate
complexes are formed [119], as indicated by a transition from a cloudy mixture to a clear solution.
These metathiolate complexes act as the monomers for nucleation. Incidentally, the specific nature
of the metal precursorsloes not appear to directly influence nanocrystal nucleation since a
homogenous solution of mettddiolate complexes is formed regardless of the particular oxidation
state of the precursors. The addition of a small amount ofbdodimg point oil such asctadecene
(ODE) or oleylamine (OLA) increases solubility and speeds the production of monomers. It has also
been demonstrated that these solvents also play a coordinating role during nanocrystal growth and that
their presence has important implications tlee final crystal structure of the synthesised QDs [119,
120]. Specifically, theaetragonalzinc-blend phase of CIS is formed in the presence of ODE, whilst
sphericalwurtzite ClSnanocrystals aréormed in the presence of OLA dnioctylphosphine oxide
(TOPO).Interestingly there appears to be little to no variation in band gap between the two phases.

Once metathiolate complexes are present at high concentrations (i.e. if the solution is super
saturated) and the solution is at a high enough tempefat@@0°C), nucleation occurs, indicated by
a relatively sudden colour change from yellow through orange to red, as shown in Figure 2.2.
Gradually increasing the temperature to 150°C over a period of 10 minutes maximises the fraction of
reagents that aresinsformed into the metéhiolate monomers before nucleation mxs As discussed
in section 1.4.1this minimises the size distribution of the product nanoparticles. Furthermore, the
exact temperature at which nucleation occurs depends on the extenpesbeaturation of the

monomer
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stirrer Three-necked flask

Figure 21: Apparatus required for the solvothermal synthesis oftZi§d QDs.

The subsequent growth phase was performed at a slightly lower temperature than the nucleation
phase. Typically, the temperature was reduce2DfC immediately after nucleation and the colour
of the solution over ten minutes became very dark red (Figure 2.2). This colour change is a result of
reduced confinemepas discussed in ChapterThe absorption band of the nanocrystal isgieifted
towards that of the bulk material, indicating nanocrystal growth. After 30 minutes the solution was
almost black, indicating that the nanoparticles absorb strongly throughout the entire visible spectrum.
Given the absorption spectra of bulk CIS this suggésat the nanopartes are larger than the

exciton Bohr radius of CIS (~ 4 nnj1L58].
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Figure 2.2: Digital photographs illustrating the colour of the solution at the four main stages of CIS QD
synthesis: a) room temperature precursor mixture, opaqlemwdl) heated to 16@50°C, transparent yellow
orange metathiolate complexes; c) heated to 220°C, red indicating nucleation; and d) solution refluxed at

200°C for 30 minutes, very dark red indicates large nanopatrticles.

The reaction was quenched once thesired size (colour) was achieved by removing the heat
source and immersing the glass flask in a whdgh. A slow cooling process has been shown to be
detrimental to the sizdispersion of the final QD product; therefore every effort was taken td sypee
this process, such as replacing the water in the bath after 30 seconds.

A passivating 6shell &8 of ZnS was formed by the
QDs after the core growth had been partially quenched by immersion of thanfeasbkld water bath
until the temperature of the solution was below 4Q0Typically, 0.5 mmol zinc stearate was
dissolved in ODE by heating to 80°C under continuous stirring before injection. The solution was

refluxed for one hour at 180°C before beingched in the same manner as for CIS QDs.
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At room temperature the QD solution was removed from the flask by pipette and a small amount
of organic solvent such as hexane or chloroform was added to encourage a stable colloidal suspension
of the CIS QDs tde formed.
2.1.1.2Quantum Dot Cleaning

A purification method based on centrifugation and solvent extraction was used to separate
unreacted precursors and reactiyrproductsfrom the assynthesised hydrophobic QDs suspended in
an organic solvent. The principle is to develop a mixture of solvents that when combined will:

i) be miscible with the solvent in which the QDs are suspended;

i) promote precipitation of the quantum dots; and

iii) dissolve any unreacted precursors and reactigndalucts.

Therefore, the extraction solvent used to clean the CIS and CIS/ZnS QDs suspended in hexane
consised of a mixture of chloroform, methanol (MeOH) and isopropyl alcohol (IPA) in a 1:1:10
volume raio. A tenfold volume of this mixture was added to thepaspared CIS QDs and mixed by
sonication and vortexing. At this point the poor solubility of the QDs in the polar solvents was
indicated by a slow precipitation of the QDs from the solvent. Thetisnlwas then transferred in
equal parts into two centrifugation tubes. The solutions were then centrifuged at 4000 rpm for ten
mi nutes, after which the QDs were compressed at
solvent was the decante@nd the pellet wadispersed in hexane. The precipitation and centrifugation
process was repeated at least three times. The cleaned QDs were stored in glass vials at low

temperature (< 5°C).
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Figure 2.3: UV/vis data showing the spectral absorption edyathesised CIS QDs (solid line) and the

absorption spectrum after one (dashed line) and two (dotted line) cleaning iterations.

The absorption spectrum, measured by UMBlgsspectroscopy (see 2.2.2), of thesgathesised
CIS QDs and the correspondiagectra after both one and two purification steps are shown in Figure
2.3. The spectra are normalised to their values at 500 nm. It is apparent that absorption is increasingly
weakened below 400 nm, indicating that unreacted material has been removéefi@QBb solution.

The absorption above 400 nm remains relatively unchanged throughout the cleaning process, and can
be attributed to the QDs.

It appears thasince very little difference can be identified between the absorption spectrum after
one precipitabn/centrifugation steps and the absorption spectrum after two steps. This suggests that
the majority of unreacted precursors that can be removed by this technique are so after the first
iteration. Despite this indication, the CIS QDs used in this theslsrwent at least two itdfans to

ensure sample quality.
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2.1.2 MUA stabilised CIS and CIS/ZnS Quantum Dots

Mercaptoundecanoic aci(MUA) stabilised CIS QDs were synthesised by similasithermal
reaction to the DDT stabilisedIS QDs, although the solvent MUA is a powder at room temperature.
For the synthesis of stoichiometric CIS QDs, equal molar quantities (0.25 mmol) of indium acetate
and copper iodide were mixed with a thadd molar excess of thiourea (0.5 mmol) and arfield

molar excess of MUA (1 mmol). This mixture is a powder at room temperature and was therefore
heated slowly t@ p 3t under gentle magnetic stirring in a three necked flask until a yellow opaque
liquid was observed. The solution was then purged aigon for 30 minutes. Further heating to

p Y 3t resulted in the solution becoming transparent,aagchdual colour change from yellow to dark

red was observed, indicating nanoparticles nucleation. The reaction was quenched by immersing the
flask in a coldwater bath.

MUA stabilisedCIS/zZnS QDs were synthesised following the injection of 0.5 mmol thiourea and
0.5 mmol zinc nitrate hexahydrate, dissolved in deionised water, into thmtmesised CIS QD
solution and refluxing at 130 for 4 hours. The shellrpcursor solution was adjusted to pH 10 by the
dropwise addition of NaOH to avoid aggregation of the carboxylic acid functionalised CIS QDs
during ZnS shell growth. The reaction was quenched by immersing the flask in a cool water bath.

Purification of theMUA stabilisedCIS and CIS/ZnS QDs was achieved by repeated precipitation
by addition of isopropanol followed by centrifugation.

2.1.3 MercaptoundecanolCIS and CIS/ZnS Quantum Dots

Mercaptoundecanol (MUD$tabilisedCIS QDs were synthesised by egp@t solvothermal method.

First, 47.5 mg (0.25 mmol) copper (I) iodide, 146.0 mg (0.5 mmol) indium (lll) acetate, 76.4 mg (1.0
mmol) thiourea and 204.4 mg (1.0 mmol) MUD were dissolved in 6 mL ethylene glycol. The solution
was sonicated for 30 minutes and then transferred into a-tleaeed roundottomed glass flask by

glass pipette. The flask was placed inside a heating mantle and the solution was purged with argon
whilst being magnetically stirred continuously for 30 mesutThen, the solution was heated to 100°C

at which point an opaque yellow solution was formed. Further heating from 100°C to 160°C caused a
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gradual colour change from yellow, through orange, to red. Refluxing at 160°C for a further 15
minutes was sufficig to form QDs emissive at rad-NIR wavelengths.

To form the ZnS layer, the CIS core QDs were cooled to 100°C and 181 mg (0.5 mmol) of the
singlesource precursor zinc diethglithiocarbamate (ZDEC) was added to the solution. This solution
was then reflyed for 1 hour at 110°C, at which point a second batch of ZDEC was added into the
solution and refluxed for another hour. The reaction was quenched by rapidly cooling the flask to
room temperature in a water bath.

For cleaning, the QDs were removed frtime flask by glass pipette directly into centrifugation
tubes and diluted once with the addition of methanol. The same extraction solution as for the DDT
stabilisedCIS QDs described in section 2.1.1 was used.

2.1.4 Ehcapsulation of CIS/ZnS Quantum Dotswith Amphiphilic Polymer (Amphipol)

Hybrid QD/amphipol NPs were formed by self assembly between CIS/ZnS QDs and the amphipol
poly(maleic anhydridalt-1-octadecene), -@Dimethylamino)l-propylamine derivative (PMAId,
purchased from Sigma Aldrich, FiguredR.PMAL-d has two charged groups, namely a carboxylic

acid and a tertiary amide. At high pH the carboxyitspendeds deprotonated and thus has a
negative charge and at low pH the amide is protonated and has a positive charge. This zwitterionic
nature,where a net charge is present across the entire pH range (except at neutral pH), is useful for
dispersing QDs in solution by electrostatic repulsPiRIAL-d (a white powder at room temperature)

was dissolved in chloroform (10 mg/mL) and added to the pdri€lS/ZnS/DDT QDs dispersed in

hexane to give a QD:PMAH molar ratio of 1:30.

55



HO O CH2(CH2)gCH4

n

O~ NH

K/\N...CHB

CH3

Figure 2.4: Molecular structure of PMAd. The molecular weight of PMAH is 12 kDa.Reproduced from

[159.

The solution was then stirred continuously under argon flow2fdrours and the solvent was
evaporated overnight in the dark, at room temperature, forming a dried film of QDs embedded in
PMAL-d at the bottom of the vessel. Deionised water was added and adjusted to pH 10 by-the drop
wise addition of NaOH. The completaspension of the QD/PMAH NPs in the agueous phase was
ensured via the ultrsonification of the suspension for 15 minutes. The standard QD:Pd/#stio

used was 1:25, based on simple calculatidhg. volumeV of a regular tetrahedral QD is related to

the aread of each face and the heighby

. P
w =0 Q
5 c®
The face area can also be relate@@tby
5 ME(I) 0'|7|6"Q &
T g S

where®is the edge length of the tetrahedral QD. The volume of the tetrahedral CIS QDs can
therefore be related to the len@dof the triangular projection in TEM, which is equivalent to the
height:

Vo
() —Q c8
Y

The corresponding QD total surface area is simply and is therefore given by
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For example a QD of sizé€ o¢¢ dhas a total surface area of approximatelg & . A surface
coverage of 15 PMAId monomer units per &, or 0.5 polymer chainperé &, is assumed based
on the molecular mass of PMAL, indicating that a minimum of 12 polymer chains per QD is
required for complete surface coverage. Typically the molar excess of RMi#ds doubled so that
the QD:polymer ratio was 1:25, in orderensure optimal encapsulation.

Two methods were evaluated for the separation of excess unbound-8ftéin the suspension.
Firstly, an iterative centrifugation method (Figure 2.5) requires the NP solution containing unbound
PMAL-d to be repeatedly filted through the membrane of a diafiltration centrifugation device
(DCD), retaining the QEpolymer NPs and removing free PMAL The flow through the membrane
is driven by centrifugation, so that the larger mass of the QD/PMIAIPs compared to a single

PMAL-d polymeric chain results in increased transport through the membrane.

f—= -—
Ultrafiltrate —
_— Ultrafilter _—
— Retentate Free PMAL
= inwater (_—
~
\_>\ Centrifugal
QD/PMAL force 5
NPs + free Concentrated
PMALiIn QD/PMAL
water NPs

Figure 2.5: lllustration depicting deashd membrane filtration by centrifugation.

Secondly, a tangential flow filtration (TFF) system was evaluated (Figure 2.6). An electric pump
draws from a feed of CIS/ZnS/PMAL NPs suspended in water through a vertical filtration
membrane at a higher pressure than the permeate side of the membrane. The tangential flow of the
suspension relative to the membrane has a rinsing effect and dedoedisgs and the continuous

nature of the flow is a significant practical advantage over-daddiltration.
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Figure 2.6: lllustration depicting the tangential flow filtration system used for removal of unbound-BMAL

from the QD/Amphipol NP suspension.
The retentate is returned to the stock solution through PTFE tubing and the permeate was
discarded as waste. d3h solvent was added to the feed to conserve the NP concentration although

this can be neglected in order to perform sample concentration simultaneously.

2.1.5Dodecanethiolstabilised CuFeS and CuFeS,/ZnS Quantum Dots

DodecanethiostabilisedCuFeS, (CFS)and CFS/ZnS QDs were synthesised in an identical manner to
the CIS and CIS/ZnS QDs described in section 2.1.1, except that the indium acetate was replaced with
an equivalent molar quantity of iron (lll) acetylacetonate. The band gap of CFS is maitdr shan

that of CIS and as such the absorption of CFS nanocrystals is significarslyifted in comparison.

The result of this is that the colour changes described for the synthesis of CIS QDs does not apply to

CFS NCs; the solution is very dark frahe start and no change in colour is observable by eye.

2.1.6 CdTebasedQuantum Dots

CdTe core QDs were synthesised following a literature mefth@@ 161]. First, 0.9113g cadmium
perchlorate hexahydrate and 0.397mL thioglycolic acid (TGA) were dissalv200mL of deionised

water, forming a solution with pH ~5. Sodium hydroxide (1 M) was added bywdsgpaddition until

the solution pH was 11.2 and the solution was then transferred to the reaction flask by glass pipette

and purged with argon for 30 mites. In a separate reaction flask, 0.2g aluminium telluride was
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purged with nitrogen for 15 minutes. With nitrogen still flowing through the two flasks, 15mL sulfuric
acid (0.5M) was injected into the flask containing the aluminium telluride, formihgriteh gas
which was carried with the nitrogen into the main reaction flask. After 15 minutes the nitrogen flow
was turned off and the tubing between the flasks was removed. The main reaction flask was heated to
100°C and refluxed for 40 minutes after whitie reaction was quenched by immersing the flask in a
cold water bath.

The synthesis of CdTe/ZnS core/shell QDs was performed in a similar manner. First, 34mg of zinc
nitrate is dissolved in 60mL CdTe QD solution synthesised as above. The solutiorflwasd rat
100°C for one hour with an additional 5mg of thiourea added after 30 minutes. The reaction was
guenched by immersing the flask in a cold water bath.

The removal of unreacted reagents and reactigardducts was achieved by the precipitation of
the QDs from solution by the addition of an equal volume of isopropyl alcohol, followed by
centrifugation at 14 rpm for 5 minutes at 17°C, forming a pellet of QDs at the bottom of the
centrifugation tube. The supernatant was decanted and the pellet -saspemded in isopropyl
alcohol and centrifuged again. The pelleted QDs were then suspended in 1mL of deionised water

modified to pH 11 with sodium hydroxide.

2.2 Optical Spectroscopy

Optical spectroscopy refers to the study of the interaction betweeratightnatter as a function of
wavelength in the ultraiolet (UV), visible and near infreed (IR) regions of the electromagnetic
spectrum. A variety of materials, from organic molecules to inorganic structures such as quantum dots,
undergo electronic trait®ns at these energies and it is therefore a widely useful technique to
characterise the spectral properties of absorption, excitation, and emission. Furthermore, the use of
pulsed lasers enables the temporal dynamics of these processes to be stadsedtbifemtosecond

time scale. Optical spectroscopy in general is therefore a highly useful technique for studying both the
ultra-fast and long lived excited state dynamics of both dark and emissive states in CIS/ZnS QDs.
Specific spectroscopic techniquesevant to this thesis are described in more detail in the following

sections.
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2.2.1 Fluorescence Spectroscopy

Fluorescence spectroscopy (spedtmorometry) enables quantification of the spectral properties of
excitation and emission and thus provides a basis on which the origin of photoluminescence in CIS
based QDs can be investigated.

Briefly, high intensity ight from an excitation source is directed at a QD suspension held in a
guartz cuvette. The interaction between a single photon and a QD results in an electron being excited
from the valence band into the conduction band. Subsequently, the electronearetboibine, with
a probability of emitting a photon at some point in the process dependent upon the photo
luminescence quantum vyield (PLQY) of the quantum dot. The intensity of emitted photons as a
function of energy is measured by a phd&tector, whichs orientated at 90° to the excitation beam
in order to minimise the probability of detecting a transmitted or reflected phbbendetector is
usually based on a photomultiplier, phaliode, or a chargeoupled device and the recorded intensity

profile is usually resolved by wavelength, resulting in an emission (or excitation) spectrum
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Figure 2.7: Schematic diagram showing the components and mechanism of the Perkin Elmer LS55 fluorescence

spectrometer.
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The excitation beam can be produced from various types of light source, including lasers, light
emitting diodes (LEDs) and lamp3uneablelaser systems provide many benefits: a high power
density is achievable in comparison to other sources, improvingetiitivity of detection; and the
associated temporal coherence allows excitation with extremely narrow spectral distribution (nm),
simplifying the detection process and increasing the information content of measurements. Although
the situation is changin the impracticality and initial sefp cost otuneablebenchtop laser systems
typically prevent them from being feasible; lamps provide a much more practical alternative to lasers,
in terms of easef-use. Usually, xenon arcs or mercwgpourlamps ae used, enabling the entire
visible spectrum to be probed. Mercwgpourlamps are less often used, since their spectral power
output consists of several narrow peaks between 350 nm and 600 nm and the available excitation
wavelengths are therefore reseid, whereas the power output of xenon arcs is almost constant
throughout the visible spectrum.

The Perkin Elmer LS55, the instrument used to record all photoluminescence spectra presented in
this thesis, contains a pulsed xenon arc lamp in order to rsmipfiotebleaching in the sample and
extend the lifetime of the lamp. Spectral resolution of the excitation and emission processes is
afforded by a monochromator at either side of the sample, consisting of a collimator, which converts
the diverging light bthe light source to collimated light; and a diffraction grating, which reflects the
incident light at a wavelengithependent angle. The wavelength to be transmitted is selected by
adjusting the monochromator to block reflected light at all angles extafptorresponding to the
desired wavelength.

In order to record an emission spectrum, the excitation monochromator is kept fixed at the desired
excitation wavelength, and the emission monochromator swept over the desired spectral range. On the
contrary, vhen recording excitation spectra, the emission monochromator is kept fixed and the

excitation monochromator is swept.

61



800 .

600 +

400

PL intensity/ a.u.

200

O ] I I I I = I
550 600 650 700 750 800 850
Wavelength/ nm

Figure 2.8: Atypical PL spectral peak of CIS QDs measured at varying slit widths, demonstrating the increased

noise as the slit is cled. The arrow indicates the direction of increasing slit width.

Each monochromator includes a variable slit with a width limited to between 2.5 and 13 nm
controlling the spectral distribution of the transmitted light. The slit width also influencesehsiint
of light incident on the sample and on the detector and thus the-tgmaike ratio for a given
sample. The transmitted light intensity is proportional to the square of the slit width and thécsignal
noise ratio decreases as the slit widtheduced. Alternatively, the system can be modified by the
addition of neutral density filters to the same end, giving more quantifiable data.
2.2.2 Ultraviolet/visible Spectroscopy

Ultraviolet/visible spectroscopy (absorption spectroscopy) measuresbfweption of the light
source by the sample in the ultraviolet (UV), visible and-n&ea-red (IR) regions of thepectrum.
In this case it is the transmitted light, which does not interact with the sample, which is detected,
indicating how much light as absorbed by the sample. The transmission through a reference
consisting of the solvent alone is also recorded, the difference between the sample and reference
spectra giving the contribution from the sample alone. The transmission spectrum is thereddove

an absorption spectrum, quantifying the amount of light 'lost' due to interactions with the sample.
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Typically, the light source is a tungsten, deuterium or halogen lamp. Multiple lamps are often
incorporated into commercial UV/Visible spectromstim order to extend the accessible region of the
spectrum. The excitation light is passed through a monochromator enabling the excitation wavelength
to be scanned across the entire spectrum and typically an adjustable slit affords control over the
intengty of light incident on the sample. As for fluorescence spectroscopy, a smaller slit width

improves resolution but decreases the power incident upon the sample.
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Figure 2.9: Schematic diagram showing the components and mechanism of the Perkiraiba 35 UV/vis

spectrometer.

The excitation light is then directed through a beam splitter; half of the initial intensity is incident
upon the sample and the other half on the reference. The sample and reference beams are then focused
onto separate phaletectors. The measured change in excitation intei@ityer a distanc& w
through a QD suspension, relative to the reference, is relatedateghaation cross sectignand the

concentration of particlgs by the following equation:
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Over apath lengthithis can be reduced to

I1To 1170 , Qb ¥
and the transrttancethrough the samplis expressed as

4 o Q 8
B cay

Since the absorbanag, is equal to the logarithm of the transmittance through the sample,
o) 1 TY , a0 N

andthe macroscopic absorbance by a QD solution is related to the molatierticoefficient and
the molar concentration of QDS, via the BeelLambert law[162]:

0 -0a ¢ T
The practical significance of this equation is that the concentration of a given sample can be easily
determined by routine absorption spectroscopy._if is known.
2.2.3 Transient AbsorptionSpectroscopy
Transient absorption spectroscopy measures the absorbance at a certain wavelength of a material or
molecule as a function of time after excitation, providing information about the temporal dynamics of
norremissive states as well as emissive states amriefore a powerful technique for investigating
the nonradiative excited state dynamics of CIS/zZnS QDs.

Briefly, two separate beams are generated from a pulsed laser source and are directed so as to

spatially overlap in the sample. A temporally shomghhintensity ‘pump' beam excites the sample into
an excited state, and variably delayed 'probe’ pulses are used to measure its linear absorbance as a
function of time after excitation. The measured quantity is the difference between the optical density

of the excited sample and the sample in its ground state:

wiQ dé%%f PP

The three primary processes which may contribute towardsa@ mon o @OD s/iZnHn al i
QDs ardllustrated in Figure 2.10 and adescribed below:

i) Ground state bleach (GSB): Immediately after excitation by the pump pulse, a
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fraction of QDs will exist in the excited state; the number of QDs in the ground state is
reduced. Consequentlground state absorption with the pump is lower than with the
pump off, and a negative @OD signal i s obse
state absorption.

i) Stimulated emission (SE): Stimulated emission is the process by which the probe
beam indaes QDs in the excited state to relax to the ground state, emitting photons in the
process that have the same frequency, polarisation, phase and direction as the incident
photons. The resulting increase in light intensity on the ptietector translateta
negative @OD which generally resembles the
since this phenomenon occurs only for optically allowed transitions.

iii) Excited state absorption (ESA): Upon excitation by the pump pulse, transitions from

the excited site into higher states can occur due to absorption of the probe beam,

resulting in a positive @OD signal
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Figure 2.10Diagrams of a simplified three level model of a QD in the excited state (left hand side) and ground
state (right hand sideghowing theprocesses which contribute to a mero signal in TA spectroscopy: a)
ground state bleach (GSB); b) stimulated emission (SE); and c) excited state absorption. Filled circles represent
electrons and hollow circles represent holes. Arrows describe thiblpge®be induced transitions and crossed

arrows indicate transitions which are not available.

In this work, a femtosecond laser system (ClKR CPA-2110) was used to generate pulses of
150 fscentredat 772 nm with energy 1 mJ and a repetition raté kHz. Both the pump and probe
pulses were generated from a fraction of the 772 nm fundamental laser output. About a third (350 pJ)
was used to generate a 40 fs pump pulse with a variable wavelength (480 nm to 700 nm) and with

energy of up to 25 pJ, by @nlinear optical parametric amplification (NOPA) process.
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Figure 2.11 Schematic diagram showing the components andlayf the TA spectroscopy sep.

The white light continuum 'probe’ was generated by focusing (f = 30 mm) a small fraction (5 pJ)
into a 1 cm fused silica cuvette filled with deionised water, generating a stable continuum from 480
nm to approximately 1100 nm, and was collimated with aaxif parabolic mirror.

The sample medium is pumped at a sufficient high flow rate throughed fikica flow cell to
avoid reexcitation of the same sample portion. The foci position of the pump beam is set slightly
before the sample position and optimised on the excited state absorption signal of a Rhodamine 6G
dye solution, and the pump beamlig@ed to cover the whole interaction region of the probe beam in
the sample medium.

The probe light was spectrally dispersed by a fused silica prism in a modifiedH6rdra spe-
trometer and mapped into space onto a line scan camera. Each expadqergd between 500 to
2500 laser shots per time delay on a 4bathot base (pump on/off). The signal processing was ca
ried out in LabView 2012The temporal chirp of the probe continuum was mathematically corrected
for after the spectra were collectdxhsed on the experimentally observed coherence spike.
2.2.3.1 Holeburning

A third variable wavelength laser beam can be introduced into the scheme which may be locked
onto a transition in order to produce stimulated emission. This allows selectiveutigjoop of
emissive or absorbing states at a chosen time after excitation. Therefore an intense laser pulse is

needed that can be provitby the fundamental 772 nm pulse, its second harmonic 387 nm or any
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light that is not required for the pump or prohdse from the NOPA. The wavelength tunability of

the NOPA allows an electronic transition to be tuned onto and state to be selectively depopulated.
2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique based on the liberation of an electron from an
atom in a sample by a high energy incidenta} photon. The kinetic enerdy of an emitted

electron is related to the binding enefgyof the initid state
O @ O %o <P q

where(t is the energy of the incident photon and the work fundé@s the energy required to

remove an electron from the surface of a materialisddscribed by the equation:
% O (0] ®o

whereO s the vacuum energgndO is the Ferntienergy of the material.

The composition and chemical state of egle can therefore be determined by measuring the
number of emitted electrons resolved over a range of binding energiesk{) and comparing to
reference values of elemental binding energies. Furthermore, small (eV) shifts in binding energy peak
positions can convey information pertaining to chemical bonds in the sample.

The attenuation of the-Kays by the sample enables a typical penetration depth of approximately
10 nm; therefore XPS is an inherently surfaeasitive technique. Although applicaticare therefore
limited to either ultrahin samples or the surfaces of larger structures, etching techniques can be
i ntroducepr afoi |6de ptthhe ssansityity ®f. XPS ik ef great emefit anethe
context of colloidal QDs, however, sinbeth the composition of the entire semiconductor core (if <

10 nm) and the organic surface chemistry can be quantified.
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Figure 2.2: Schematic diagram showing the components of a typical photoelectron spectroseapy set
enabling XPS, UPS and LEED/Auganalysis to be performed.

Generallyb X-rays are directed onto a grating diffraction monochromator before being directed
onto the sample stage. The resultinga} photoelectrons from the sample are decelerated by a
retarding electric field and thekinetic energy is analysed by the variation of the orbit in a magnetic
field.

The removal of an electron from an atom within the sample creates a local positive charge, which
in turn affects the binding energy of the remaining electrons, potentially reletive data. An
el ectron gun can be used to 6floodd the sampl e
any remaining charge induced shifts can be corrected for by the addition or subtraction of a charge
correction value calculated from tineeasured shift in the C1s peak position fritra characteristic
reference position. The accuracy of this value is vital to the sensitivity of XPS in identifying small

chemical shifts.
2.3 Ultraviolet Photoelectron $ectroscopy (UPS)

UPS is a complimentargchnique to XPS, except that it probes the weakly bound valence electrons,
which all materials have within a few eV of the Fermi level, rather than the core electronic states.
These valence electrons are involved in bonding and electrical conducti@meatidis important to
understand. In bulk, these states are broad and the valence spectrum appears continuous. In QDs
however, the valence states are more discrete and can theoretically be identified, although this

requires averaging over all angles, whigpically broadens the spectrum significantly.
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2.4 X-ray Diffraction C rystallography (XRD)

Braggbs | aw describes the constructive interfer
angles of incidence—that correspond to the spaci@dpetween the planes:
¢ _ ¢CQOEF P

The diffraction peaks are due to the scattering of the radiation by the atomic nuclei and are
characteristic of the crystal structure. The widtlthe diffraction peaks also carries information about
the crystalline grain size and the strain in the crystal structure, although instrumental broadening must
be accounted for prior to this analysis.

The Scherrer equation (equation 2.15) relatesitieeblroadening of a diffraction peak at angle
—with the grain sizé€ and is valid for nansized crystals only (i.e. smaller than‘0.d) [163]:

° & @

wherell is a shape factor, close to one, that accounts for the shape of the crystallite. Typically, the
value ofll is around 0.9. The Scherrer equation can be combined with the Stokes and Wilson
formulation for strairinduced broadening which depends on ¢ghinhomogenous strainand a
constant

I 6r0A+ o

The WilliamsonHall approacH164] combines the size and strain broadening by

f I —=—. 610AF} P X

-
1 AT-S 6= Y o) ==" Py

Therefore, by plotting A T-@gainstO E-tcan quantify the sizenduced broadening by the
magnitude of the intercept and the strain induced broadening from theslope
In this work diffracti on diaebavithvastep sizeoof 0.08°cfar e d i n

ca.lhourusing a P&6Analytical X6Pert MBéntafohdomatry, o, Th
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usi ng. @udidiah ( 0.15418 nm). The powders were placed on a low background silicon
sample holder which was rotated at 15 rpm, to minimise the effecktatreépreferred orientation. A

silicon standard was run under identical conditions, in order to determine the instrumental broadening.
Rietveld refinements were prepared wusing the pr

ICDD (International Centréor Diffraction Data) PDF4 database.
2.5 Electron Microscopy

The Rayleigh criterig165] for the resolution of two poirtke objects viewed through an optical
microscope with a circular aperture state that the first minimum in the diffraction patieme afust

be located far enough away from the central maximum of the other, and that the minimum angular
separation at which two object can be separately resolved depends on the wavetdngth

illumination source
~ P&
Q —_— Q)
OES ®
wherec¢—is the angle of collection of the microscope and the numerical fa#tagakes into account

the Airy disc of the diffraction pattern. A more rigorous formulation was provided by Mg,

taking into account the numerical apertuied & O E-} of the microscope:

céﬁ8 g m
Whereas the resolution of optical microscopes, with operational wavelengths order of 100

nm, is therefore diffractictimited to approximately 200 nm, electron microscopes benefit from the

much shorter de Broglie wavelength of electrons and are theoretically able to achieve resolution on

the pm scale, making it an extremegdpwerful tool for imaging the structure of biological and

inorganic materials at the nanoscale. The resolution achievable with light microscopy is limited by the

wavelength of the light source used. The development of UV microscopes increased themdsplutio

a factor of two, but suinicron resolution was thought to be impossible. However, the de Broglie

wavelength of a typical electron used in TEM is a few thousandthearfi@netreallowing for much

higher resolution approaching the atomic scale. Becatithe nature of electrons, the lenses used in

electron microscopy are actually electrostatic or magnetic lenses and are designed to behave like
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optical lenses and be radially symmetric to prevent astigmatism.

2.5.1 HighResolution Transmission ElectronMicroscopy (HR-TEM)

Standard transmission electron microscopy is a form of microscopy where electrons are passed
through a thin sample interacting with the sample as it is transmitted. At low magnification this is
conceptually similar to absorption speditopy in that it is the transmission or absorption of the
electrons that provides contrast. At high magnification howeeanplexwave interactions mean that

more advanced image analysis is required to resolve structures.

The TEM must be evacuated to I@ressurespgit  Pa) in order to reduce electrgas collisions
and minimise the noise in the imagebeam of electrons from an electron gun is passed through two
condenser lenses which produce a thin coherent beam of monochromatic electrons. A condenser
aperture removes electrons which are far from the optical centre, before the beam is transmitted
through the sample. At low magnifications, the thickness and composition of the sample determines
the extent to which the electrons are absorbed. The imafggme&d by an objective lens which
focuses the transmitted portion of electrons. An objective aperture provides higher contrast in the
image. Two intermediate lenses and a projection lens then enlarge the image before it is detected by a
CCD camera.

Various modes of TEM are differentiated by the way in which image contrast is provided. The
specific modes used in this thesis are high resolution transmission electron microscopy, which
produces fringes in the image which arise from the periodic crystal laticehigh angle annular
dark field imaging, which provides excellertantrast enabling analysis of the size and shape of QDs.

The substrates used for imaging with HIEM were approximately 5 mm x 5 mm holey carbon
grids (Agar Scientific) comprising of 30 micron copper mesh supporting an amorphous carbon thin
film, onto which the sample is deposited. Samples were prepared for TEM by dilutingpifepased
QD solution with alcohol (typically isopropyl alcohol) and placing the solution in an-agmacdor
for 30 seconds. A glass pipette was then used to place a single drop on the centre of the grid and
allowed to dry. Once dried, the grid was then mounted onto a standard Omicron Saluete
preparation was optimised to provide even grid coverage/digraatically varying the concentration

of solution being drojgast. This is an important step to take since solvent drying effects often cause

72



large aggregates of QDs to form on the grid, rather than an even single layer. This can make size
dispersion angsis and resolving lattice fringes difficult. In addition, contamination is typically worse

for thick samples, meaning the time available for imaging before the area of interest is severely

deteriorated by the electron beam is significantly reduced.

Figure 2.B: CIS/ZnS QD solutions deposited in 1:1 methanol: chloroform solution. Columns from left to right:
0 minutes, 3 minutes, 10 minutes and 15 minutes beam exposure time. Rows from top: 10puM, 5uM and 2.5uM

QD concentration.

The series of TEM imagein Figure 2.3 show the extent of charging over 15 minutes beam
exposure of identical samples dropcast at concentrations of 10 uM, 5 uM and 2.5 pM, from top to
bottom. As expected, contamination does not occur as quickly at lower concentrations, dtlieough
downside to this approach is that it is harder to find well populated areas to image.

2.5.1 HighAngular Annular Dark Field Imaging (HAADF) in Scanning Transmission Electron
Microscopy (STEM)
Scanning TEM differs from standard TEM in that the etattveam is highly focused on a single spot

and scanned over an area of interest. The raster process enables-spstilaiyd mapping by EDX
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or EELS and in combination with a higimgle (HA) detector STEM enables annular dark field (ADF)
imaging, hence # acronym HAADF. The advantage of HAADF is that the contrast is provided by
the atomic rass, or Znumber of the sample.
2.5.2 Energydispersive Xray Spectroscopy (EDX)
EDX is an analytical characterisation technique used to determine the eleommpaisition of a
sample. The characteristic-tdys emitted by a sample illuminated by a beam of charged particles
such as electrons are detected and the atomic percentages of individual elements within a sample can
be determined. Due to the need for a beafmcharged particles, EDX is often performed in
conjunction with TEM. The incident beam of electrons excites a bound electron in an inner shell of
the atom out of the shell, leaving behind a hole. An electron from an outer shell relaxes to fill the hole,
emitting an Xray with energy equal to the energy difference between the inner and outer shell. For
examplev X-r ays are emitted when an electron drops
(principal quantum number 1). Because each elemerd ba&ue atomic structure, and therefore for
exampleX-rays with characteristic energies, thaa{s emitted by a sample can provide information
about its composition.

Sample preparation for EDX is identical for TEM, except that for the compositionalsenafy
CIS QDs, samples must be deposited on grids made from an alternative material to copper, as the
copper in the grid contributes significantly to the EDX spectrum, even when focusing on the centre of

a single carbon section.
2.6 Atomic Absorption Spedroscopy (AAS)

Atomic absorption spectroscopy (AAS) is an analytical spectroscopic method for the compositional
characterisation of a sample. The technique is based on the characteristic visible absorption of up to
60 elements. A nebuliser creates a fieeoaol from a liquid sample that is then mixed with a fuel

such as acetylene and an oxidant (air) before being vaporised by a high temperature flame. Light from
a hollowcathode lamp is then passed through the atomised sample and a detector measures the
transmission/absorption. Importantly, the holoathode lamp emits light at the same wavelength as

the analyte and a different lamp must be used for each element to be analysed.
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In this work, the CIS QD dispersions to be characterised were dried undemvandtthe residual
digested with aqueegia before being diluted with deionised water to form an aqueous solution for
AAS measurements of Cu concentration. The AAS measurements in this thesis were performed using

a Perkin EImer Model Analyst 100 system.
2.7 Dynamic Light Scattering (DLS) and Zeta Potential

Dynamic light scattering (DLS) is a spectroscopic method for measuring the size dispersion of a
colloidal suspension of particles. A coherent light source is directed through the suspension and an
autacorrelation of the timeesolved intensity of light scattered by the particles reveals characteristic
time-scales related to the Brownian motion of small particles in solution. This correlation decays
exponentially due to diffusion of the particles. Fornodisperse samples the decay follows a single
exponential with a decay rate that is proportional to the translational diffusion coefficient. The random
re-orientation of the particles is siziependent and the spectral profile of the hydrodynamic radius of
particles in suspension can be determined from the Stikesein equation. The analysis is greatly
simplified by the initial assumptions of a monodisperse suspension of spherical particles, and the
measured hydrodynamic radius for samples for whicleeihthese assumptions does not hold must
be treated as an approximation.

The accuracy which DLS affords can be enhanced by working at low nanoparticle concentrations
and at neutral pH; intgrarticle collisions and electrostatic interactions are notwuatted for and can

be avoided in diluted samples with a high salt concentration.
2.8 Cell Viability Assays: WSTland MTT

HaCat (human keratinocyte) cells were provided by Dr. Routledge (University of Leeds) and cultured
in RPMI media (Gibco, Paislegcotland) containing 10% fetal calf serum (FCS, Sigma) at 37°C in
humidified 5% CQ. After seeding at a density of 20.000 cells/well in a 96 well plate, HaCat cells
were incubated overnight in RPMI and 10% FCS. The spent medium was removed and reptaced wit
fresh RPMI (without FCS) in addition to QDs (or polymer) with concentrations ranging from 0.01 to
100 pg/mL and incubated for a further 24 hours. Positive and negative controls were done by omitting

the QDs and incubating with 1@ hydrogen peroxide gspectively. After incubation with the QDs
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in medium, either AWST-1 or MTT viability assay was performed. The W$T(Roche) was pe

formed according the manufacturero6s instructions
For the MTT assay, the cells were washed with phosghdfered saline BS (Sigma) and 100

ML MTTL1 solution (5 mg/mL mg MTT in PBS, filtesterilised was added to each well (containing

100 pL medium with QDs or PMAJd). The cells were then incubated for 4 hours, avoiding exposure

to light. Each well was topped up with 100 gEMTT2 (10% SDS (w/v), 10 mM HCI) and incubated

overnight at 37 °C. The optical absorbance at 540 nm was measured with plate reader and the results

expressed as percentage viability compared with untreated cells. For the MTT assay the QDs remain

in the wdl during the spectroscopic aspect of the assay. Control experiments where therefore pe

formed without HaCat cells to determine the light dispersion and adsorption due to the QDs. These

O6backgrounddé val ues b e ocgmn@Dsandghbackgioundwas suldracted 0 a n d

from the viability assay data (as a result, cell viability data for the MTT assay can have values slightly

below 0%).
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Chapter 3

Synthesis andCharacterisation of CulnS;-
basedQuantum Dots

This chapter presentse morphological, structural and optical raerisation of CIS QDs. Firgthe
morphological and compositional characterisation of standard 3 nm £hadn8patrticles is probed by
TEM, EDX, XPS and XRD, indicating the presence of chalcopyrite crystaictate and
stoichiometric composition. Next, the sidependent optical properties of Cujn&noparticles are
guantified by fluorescence and UV/Vis spectroscopy and are discussed in terms of quantum

confinement.

3.1 Structural Characterisation of CulnS, Quantum Dots

3.1.1 Electron Mcroscopy
The morphology of the CIS QDs synthesised by the method described in section 2.1 was imaged
using HRTEM (see section 2.5.1 for preparation details). At low magnification, the QDs show

triangular morphology, as is shown in Figure 3.1a).
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Figure 3.1 a) Low magnification HRTEM image of CIS QDs showing uniform size distribution (scale bar 10
nm). The triangular morphology of the QDs projected in TEM suggests tetrahedral morphology; b) High
magnification HRTEM image (Scale bar 5 nm). Measured lattice ®iisgparations of 0.195 nm and 0.320 nm
correspond to the (220) and (112) crystal planes, respectively. The definition of QB siged throughout this

thesis is illustrated.

At higher magnifications HREM enables colums of atoms to be imaged due tce thattice
fringes produced from complex wave interactions, as can be seen in Figure 3.1b). An image analysis
progr amme, |l mage J, was used to plot the 06gray
on a line drawn perpendicularly through aie of fringes. The line profile was then fitted with a sine
waveform with the determined periodicity corresponding to the fringe seperation. An example for the
0.32 nm fringe separation visible in Figure 3.1b) is shown in Figure 3.2, with this parficglamg
a fringe separation of 0.3 + Onin. The accuraccy of this process relies on finding an area where there
is an even intensity in the image, since the sine fitting function becomes less accurate as the
amplitudes of each period deviate outsideoastant range. The precision in the measurement is
dependent on the process of calibrating the scale of the image in Image J to the scale bar from the
TEM image, and on ensuring that the line runs perpendicularly through the lattice fringes. The scaling
error is small, since the image was magnified and the end points of each scale bar were determined to
within + 2 pixels. Since the 20 nm scaled TEM images contained approximately 50 pixels per nm, the

error in the final measurement that arises from thrmedion was calculated to be less than £ 0.1 nm
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for the smallest QDs in this study (2.9 nm), for which this systematic error is most significant. Errors
arising from norperpendicular line profiles were minimised by first determining the angle of
orientaton of the lattice fringes and ensuring the line was drawn at 90° to this. At least twenty line
profiles such as the one shown in Figure 3.2 were analysed and a elezddbipopulation emerged,
indicating two distinct fringe separations. Both are labkiteFigure 3.1bjand were determined to be

0.3 £ 0.1 nm and 0.2 £ 0Am, corresponding to the (112) and (220) crystal planes of ghailt®

CIS, respectivelyl49].
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Figure 3.2: Gray value profile of a line drawn through a series of lattice fringes Imgthenagnification HR

TEM shown in Figure 3.1 b). THaack solidline represents a fit using a sine waveform.

The improved ability of high angle STEM (HAADF) toveal the tetraganol morphology of the
CIS QDs is shown when comparing Figure 3.3 against Figure 3.1. Relative to HAADF, even at higher
magnifications in HRTEM the edges of individual QD are not well defined. HAADF provides
improved contrast between theSCQDs and the carbon film due to the large difference in atomic
number: the tetragonal morphology can be clearly resolved even at smaller magnifiéation.
discussed in sectidhl.], the tetraganol morphology is expected to be produced when DDT is used as

surfactan{119].
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Figure 3.3 a) HAADF image of CIS QDs at high magnification (900 kx) showing tetrahedral morphology; and

b) at lower magnification (320 kx) showing uniform size distribution.

The QD sizedispersion was measured from the HAADF andHEM images manually in Image
J . T h ed, of stetragerQD is defined within this thesis as the longest cotoetide distance
of the triangular projection in TEM. The size distribution ofif samples with varying synthesis
reaction times are shown in Figure 3.4 in the form of histograms. All of the measured distributions fit
well to a Gaussian normal function, with sidispersions of approximately D%, increasing as

with synthesis timeThis fits the picture of size broadening described in section 1.4.1.2.
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Figure 3.4 Histograms showing the size distributions of four CIS QDs of increasing size from a) to d). Bin
widths in a) to ¢) are 0.1 nm and in d) is 0.2 nm. Black lines repraggatssian fit to the histogram. Measured
size and size dispersion (FWHM) were as follows: a) 2.9 + 0.8 nm; b) 3.1 + 0.8 nm;xc]1.3.5m; and d) 3.8

+ 1.4 nm. Each sample was sized by counting at least 100 individual particles.

3.1.2 Xray Diffraction

The presence of chalcopyrite crystal structure in thesyathesised CIS QDs was further
demonstrated by means ofrXy diffraction (XRD). The XRD pattern, shown in Figure 3.5, is in good
agreement with thdPCDSreference patter(file card number75-0106) The diffraction peaks are
assigned with the lattice planes from which they arise. The two strongest peakg a27.8° and

46.3° correspond to the (112) and (220) planes, respectively. It is interesting to note that it is these two

planes thaare identifiable through the lattice fringes observed inTHERA.

81



(112) (220)

m (204)
3_ /\
© (116)
. (312)
2
<
S
o
O

(101)
10 20 30 40

20/ degrees

Figure 3.5 XRD pattern for powdered CIS QDs. A good correlation with reference data for CIS chalcopyrite
(shown as vertical lines on theaxis (JPCDS File Card No. f{BL06)) is observedith peaks indexed to the

Miller indices of this phase.

In the absence of strain, the libeoadening of a diffraction peak at angleis related to the

crystalline grain siz®©.

: I
O AT oP

wherell is a shape factor, close to one, that accounts for the shape of the crystallite. For a tetrahedron
the value ofl is around 0.9. The wavelength,of the incident Xrays was 0.15418 nm. For the XRD

data shown in Figure 3.5 the grain size was determined to be 3.6 + 0.6 nm.

3.1.3 Compositional Avalysis of CIS Quantum Dots

EDX analysis was performed on CIS QDs of size 3 nm. The QDs were dropcast onto SiN grids in the
same manner as for TEM, rather than on to copper grids, allowing the background signal from the
grid to be distinguished from the CIS QDs (containing copper). Spectra were taken over an area of

approximately 200 nm x 200 nm, and over a period of 60 secSpestra were recorded at at least
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ten sites that displayed good @Dverage, and the data was averaged. Within an accuracy of + 0.1,

the Cu : In : S ratio was determined to be 1.0 : 1.0 : 2.0, indicating stoichiometric CIS.
Complimentary XPS analysis wagrformed on the same sample as EDX. A dansprvey is

shown in Figure 3.6The peaks used for compositional analysis are labelled: Cu 2p, In 3d, C 1sand S

2p. The signal from the Au substrate (Au 4f) can be seen at around 85 eV.

350000 cu2p .
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Figure 36: Survey XPS spectrum of CIS QDs on Au substrate. The individual peaks used for quantitative

compositional analysis atebeled.

The C 1s profile shown in Figure7a) is spectrally consistent with a QD surfatabilisedwith
DDT, i.e. a long carbon chain withterminal methyl group. However, since carlmarbon bonds are
expected to dominate the signal and the C 1s peak was centred at 285.4 eV a calibration was
performed on the entire sample da#, shifting each spectrum down in energy by 0.7 eV to the

reference value 284.7 eV.
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Figure 37: XPS spectra (solid grey line), fitted with Voigt distributions (dashed lines) in Casa XPS. a) C 1s; b)
Cu 2p; ¢) In 3d; and d) S 2p.

The individual Cu 2p, In 3d and S 2p profiles of the CIS QDs are shown in Figug 8) and d),
respectively.The inherent surface sensitivity of XRffakesan accurate compositional evaluation
difficult for CIS QDs; XPS is suited to the characterisation of surface chemistry. However, in
conjunction with EDX, a qualitative picture dfd crosssectional distribution of elements through the
QD can be developed. Table 3.2 shows the atomic percentage of each element (Cu, In and S) in the
sample and the corresponsing Cu:In:S atomic ratio as measured by XPS and EDX. XPS over
estimates the $urr content relative to EDX, suggesting that the CIS QDs have a sidfusurface,

consistent with a thiol passivation layer.

Table 3.2: Atomic percentage of Cu, In and S, and the Cu:In:S ratio in CIS QDs as measured by EDX and XPS.

Cu atomic % In atomic % S atomic % Cu:ln:S (£ 0.1)
XPS 25.0+0.5 22.3+0.5 52.3+0.5 11:10:23
EDX 255+0.7 24.3+0.8 50.2+0.6 1.0:1.0:2.0

84



The valence states of the CIS QDs, as measured with UPS, are shown in Bglite 3alence
band edge ofbulk CIS is known to consist of hybridised Cu 3d and S 4p orbitals, resulting in a

significantly reduced band g&p28-131]. The baseline used to fit the spectrum was a Tou§be&].
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Figure 38: UPS spectrum of CIS QDs showing the valence tsindtture (grey line). A Tougaard baseline is

used to fit a total of 7 Voigt functions (thin black lines) to the data, giving a good envelope fit (dashed black

line). These fits are a guide to the eye only.

The analysis of this spectrum must take into antohe valence states of the ligands on the QD
surface. These features are expected@te® below the valence band edge of the CIS QBS].
This is convenient for determining the position of the valence band, but complicates the elemental
identification of states from CIS. Figure B.shows the first 3 eV of the valence spectrum.
Extrapolatiry a linear fit from between 1.7V and 1.P eV to thex-axis indicates that the valence
bard edge lies at 0.89 + 0.01 eV. If wesane that the Fermi level is in the centre of the band gap,
this would suggest a band gap of 1.788 eV, which is qualitatively consistent with quantum
confinement in CIS QDs. The broad tail below the Fermi edge is attributed to thsotropic

arrangement oPDs on the gold surface and size inhomaignn the QD suspensiorj$69].
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Figure 39: The low energy side of Figure&magnified. The red line represents an extrapolation of a linear fit

to the xaxis, intercepting at 0.89 eV.

3.2 Optical Characterisation of CulnS, Quantum Dots

3.2.1 GeneralCharacteristics
The emissive properties of CIS QDs synthesised following the method outlined in section 2.1.1 were
probed with fluorescence spectroscopy; a typical PL spectrum for 3 nm QDs is shéiguaran3.D.
The broad nature of the PL spectral peak compared to the CdTe QDs presented in section 2.1.6 is
immediately obvious; the full width of the spectral peak measured at half of the maximum amplitude
(FWHM) is 125 nm, compared to approximately 8b for CdTe QDsThe reasons for the broad PL
are most likely a broad size distribution and that the emission originatesfrom intra gap defect states;
the energetic position of these defect levels within the band gap depend to a high degree on local
properties of the crydtatructure and as such an ensemble of QDs would be expected to have a range
of positions.

A typical absorption spectrum of CIS QDs is also shown in Figu@ 8hbwing absorption out to
approximately 700 nm. The shape of the absorption spectrum agdast glance to be a steep

negative gradient that tails off above 400 nm.
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feature, comparable to the narrower excitonic features observed in the absorption spectrum of CdTe
QDs. The broad natu this exciton band, as for that of the broad PL band, cannot be accounted for

by sizedispersion alone.
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Figure 3.D: a) Typical PLemission spectrum (red line) and UV/Vis spectrum (black line) for GUDi%. The
second derivative of the absorptiopestrum is shown (dashed line); b) Digital photograph of CIS QDs

illuminated with a UV lamp.

Although synthesis methods for CdTe QDs are menelbped than those for CIS QBedthus
smaller size distributions can be achieved, the absorption spectru@dTd QDs with size
distributions similar to the CIS QDs shown here still demonstrate much narrower excitonic features

than CIS QDsA possible explanation for the observed broad absorption could be that the subsequent
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higher excitations are energeticalljoger in CIS than in CdTe and thus the multiple Gaussians
overlap to a higher degree and the first excitonic feature is broadened as a result.

CIS QDs demonstrate a large energetic difference between the first excitonic feature in the
absorption spectrurmnd the PL spectral peak positi@alled the Stokes shifthis large Stokes shift,
although possibly contributed by large phonon coupling (e HunagRhys factor) alsoindicates
the involvement of intr@ap states in the PL procesBhis view is suported by two further
observations: firstly, that for | arge CIS nanop:
longer wavelengths (> 850 nm) than a band edge transition would permit, given the bulk band gap of
CIS; and secondly, that the.®Y of copper poor CIS QDs, which would be expected to have a high
density of defects associated with a copper deficiency, is greater than that of an equivalent
stoichiometric sample5[7, 170] This latter observation suggests that a point defect asabeiéte a
deficiency of copper is involved in the PL proceBhis is feasible since anherent abundance of
point cefects arisesn CIS due toa tetraganol distortion of the crystal fielwhd the corresponding
mismatch between the- and CtS bond lendts

Figure 3.1 shows the absorption spectrum from FigureO3alongside the corresponding
excitation spectrum. The informational difference between the two is that the excitation spectrum
reflects only absorption events which result in a PL response, aghéne absorption spectrum
includes contributions from scattering and from absorption byemaissive states. Thus, if the two
spectra are normalised between zero and one, this analysis can at least qualitatively demonstrate
which excitation wavelengths guiuce the most efficient PL respon$ée excitation spectrum shown

in Figure 3.1 indicates a rising feature above 700 nm at longer wavelengths than the absorption onset.
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Figure 311: Absorption (black circles) and excitation (white circles) spect@aroh CIS QDs.

The Tauc plot in Figure 3.1shows = |h and = |h” against the excitation photon enetgy
The exponents of 2 and ¥ correspond to direct and indirect transitespgctively.For incident
photon energy greater than the baag ( 3> Ey), a linear fit extrapolated to theaxis can provide
an estimate for the band gap of the QDs. The problem here is that this is a method for estimating the
band gap, yet the band gap must be known in order to determine the appropriateefitong The
two tauc plots extrapolated linear fit intercepts ¥axis at an average point of 2.9 eV. This is
extremely large for CIS QDs. Since the valence band maximum binding energy was determined to be
0.9 eV below the Fermi level, this places thenkidevel ~ 2 eV below the conduction band. This is
extremely large, considering that minimatype behaviour is expected due to the only slightly Cu

rich phase as determined by EDX (see section 3.2).
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Figure 3.B: Plot of the integrated PL area against absorption as measured by UV/visible spectroscopy for both
CIS QDs(filled circles)suspended in hexane and Lucifer Yellow dye suspended in (hatkw circles) The

black solid and dashed lines represent linear fits to the Lucifer Yellow and CIS QD data, respectively.

The PL quantum yield (PLQY) of the CIS QDs was determined by cangptre absorption and
emission to a standard dyeugifer Yellow, LY) of known PLQY.Figure 3.B shows the integrated
area of the PL emission spectrum of CIS QDs dispersed in hexan atigpersed in water over a
range of absorption. The PLQY of the CIS QDs is thus determined by the equation:

O €

0 0@
0 B

c
c
c
e

og

Where Ois the gradient ofhe linear fit to the data in Figure 3.and¢ is the refractive index of the
relevant solvent. For the CIS QDs shown in Figur@ g gradient was determined to be 12188 and

the gradient determined for Lucifer Yellow was 35384. Given that the PLQWadffer Yellow is 0.21

and that the refractive index of hexane and water is 1.375 and 1, respectively, the PLQY of the CIS

QDs was calculated to be approximately 0.13.
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3.2.2 SizedependentTrends

The dependency of the PL spectral peak position on CISi@iis illustrated in Figure 31As the

QD size is increased from 2.9 nm to 3.8 nm the PL spectral maximum is increased from 660 nm to
720 nm. This is consistent with the expected reduction of the band gap as the QD size is increased
towards bulk. Thamost interesting obesrvation is the evolution of the PL spectral peak shape as the
QD size is increased. Curve a) fits well to a Voigt fitting function except for a slight tail at the red end

of the spectrum.

1 L I

a) B) cl) d)' | e)

Normalised PL intensity/ a.u.

700 750 800 850

Wavelength/ nm

550 600 650

Figure3.14: NormalisedPL spectra for fiveCIS QD samples of increasing size from left to right. The first four
samples correspond to the QDs for which $imograms are shown in Figurel3a) 2.9 + 0.8 nm; b) 3.1 £ 0.8
nm; ¢) 3.5 £ 1.1 nm; and d) 3.8 + 1.4 nm {dashed line). The fifth spectrum e) corresponds to large QDs

grown for30 minutesunder the conditions described in section 2.1.1 (size unknown).

The sample shown in Figu@14 e), which was grown at 200°C f@&0 minutes, displays a PL
spectral peak at 800 nm. Bulk CIS has a band gap of 1.5838V171], corresponding to a
wavelength of 810 nm. As the QD size is increased, the spectral peslkiftecand the blue side of
the sgctra remains well characterised by peak fitting functions which get broader as the size is

increased. The slight tail however appears to develop into a intense shoulder as the QD size is
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increased, and appears to be relatively static in energy. The stexivatives of the PL curves were
analysed to illustrate this phemeron further, as shown in Figure 8.1The sizedependent
component is clearly visible between samples a) to d), shifting from 650 nm to 706 nm. This
component cannot be easily locatedtli® second derivative of spectrum e), although by eye it

appears to be located at approximately 740 nm.

I J I N I S 1 b | S 1

2" derivative of PL intensity/ a.u.

T T

700 750 800 850
Wavelength/ nm

Figure 315: Second derivatives of PL spectral peaks py)hd) and e) from Figure 3.14

600 650

The relatively size independent component at approxign8i nm corresponds almost exactly to
the bulk band gap of CIS (1.53 eV). The intensity of this component is largest in spectrum e), i.e. the
largest QDs. The surprising observation is the presence of this peak even at smaller QD sizes. This
latter pointsuggests that the PL in this regioray arise from a fraction of QDs in the sample that
have O0bul kd el ©octheother hand itscould becan artefact which arises from a drop in
the sensitivityo f  t h e 6 Raltplediube (PMTinatheNIR [172].

The origins of the roomemperature PL observed in CIS QDs are known to involve-gapa

states, although the specific relaxation mechanisms have not been identified. The size independence
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of the PL feature at 810 nm suggests the possibility of a elmwaptopair recombination process,
involving 6deep6 | evels that do noAmosehhorbugh wi t h
analysis of the defectlated PL properties of CIS Q@based on timeesolved spectraspic data is

given in Chapter 4

Absorbancel/ a.u.

400 500 600 700 800
Wavelength/ nm

Figure 3.5: Second derivatives of 5 CIS QD samples of increasing size (from bottom to top): a) 3.0 nm; b) 3.2

nm; c) 3.4 nm; d) 3.6 nm; and e) 3.8 nm as determined B HR imaging (notshown).

The location of the first excitonic transitid can be difficult to observe in absorption spectra as
measured by UV/visible spectroscopy, due to the broad nature of the spectral features (see Figure
3.10). A Gaussian curvevasfittedto the low energy end of the spectrum to give an estimate of the
position ofE;. This method only provides an accurate value for smaller QDs where the sample size
distribution is small, and the electronic states are discrete. A more universal and rocateanethod
is to calculate the second derivative of the absorption spectra; the local minima in the region 500 nm

to 600 nm correspond & and can be located even for larger QD samples. The broadening associated
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with increased QD size can be seen guFé 3.5 more clearly than in the zero order spectra.

6204 ' ' ' ' ' —

610 - !
£ . .
£ 600+ -
g | |
S  590- |
(7] J J
S 580- 4
| <o ] |
S 570 :
E , .
S 560- )|
g ] i
- 5504 % i
2 : -
L 540 - § I

530

670 680 690 700 710 720 730 740
PL peak position/ nm

Figure 3.7: First excitonic transition spectral position plotted against PL spectral peak position for 20 CIS QD
samples of various sizes, ranging from 2.9 nm to 5.1 nm. The black line repredergardit with no

constraints.

The dependence of the Stokes shift CIS Qi@ 8 illustrated in Figure 3.2here thevavelength
of E; is plotted against the corresponding PL spectral peak positibnear fit to the data reveals a
gradient of 1.2% 0.11, showing that the Stokes shiléceasess thePL spectral peak position is red
shifted, i.e. as th&D size increases. This is understood in terms of quantum confinement: the
conduction band in small QDs is expected to comprise of discrete stdties, become more
energetically seperated with reduced size; and the lower conduction band states of large QDs
resembles more closely the bulk behaviour. For the largest QDs in Figuret#1Stokes shift is
approximately 120 nm (0.33 eV), in agreemeith PL studies on bulk CIS in the literatur42].
The Stokes shift for the smallest CIS QDs (2.9 nm) in this data is 135 nm (0.48 eV).

In order to directly quantify the size dependency of each of the spectral features, the size
distributions of 10 QD amples, in addition to the four shown in Figurd, 3vere with emission

covering the entire range of wavelengths achievable with this synthesis method, were determined by
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TEM. The relationship between QD sif2,and the wavelength of the PL spectral peak, and first
excitonic transition,_ , are shown in Figure 3land were empirically modelled by fitting each set
of data with growth equations parameterised with the corresponding values in bulk7Cls{&nd
670 nm, respectively):

Ypmonmen ° 8 OB

and

PXTUYYwg ° B ORI
These empirical equations relating QD size #raspectral peak positions enable an estimate for the
average size of a given QD sample to be made from routine optical spectroscopy, avoiding the need to
perform timeconsuming and expensive TEM analysis.
The effective mass of electrons and holes in 81$.3& and 0.16% p x grespectivelyand
the Bohr radius given by equation 1.4#¢ & The calculated Bohr radius for CIS QDs is drawn as

a vertical arrow on Figure 381
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Figure 3.B: The spectral positions of the first excitation (filleidcles) and the PL emission (hollow circles) of
CIS QDs suspended in hexane, plotted against QD size as measuredTiMHRee Figure 3.4)Points
mar ked with an 6éx06 represent the QDs sized by HAADF

was set at 400 nm for all measurements.
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Within the effective mass approximation the additional energy experienced by an exciton in the

first-excited state in a quantdoonfined semiconductor crystal, relative to bulk, is given by

— o8

The form of the expected size dependency of the conduction band and valence band edges based on
equaton 3.4 is shown in Figure 3.18ecause of the much larger effective mass of hioleSIS
compared to electronand the inverse dependence of the band edge position on the effective mass of
the relevant charge carrighe conduction band edge shifts much more with reduced QD size. In
absolute terms this formulation is inaccurate sitike CIS QDs are not spherical particles.

Qualitatively however the relative response of each individual band edge position to changes in size is

elucidated.
"3.5 ' 1 * T * 1 5! T . T # 1
4.0- D et !
> -4.5- :
o
= CuInS2 Bulk
QE,)) 504 — - 'CU|n82 QD "
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Figure 319: The individual band position shifts with QD size (dotted lines) relative tdotitle band edge

positions (solid line), as calculated within the effective mass approximation.
For CIS the shift in VBM may be undestimated by a straigfiorward calculation within the

EMA since it neglects that the bulk VBM is significantly increased in energy dowel toybridisation
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between Cu 3d and S 2p orbitfl28-131]. The extent to whie this hybridisation is affected by QD
size is unknownGiven thatquantum confinemeriicreases the spacing between energy levels it is
expected that the resulting decrease in exchange integral betwgearitid levelsmay supress the

hybridisationandlead to an enhanced VB sidependency.

3.3 ConcludingRemarks
The morphology of the CIS QDs synthesised as described in section 2.1 was determinetitiy HR

HADDF and XRD showed tetragonal morphology, chalcopyrite crystal structure and narrow size
distribution. The composition was determined to be close to stoichiometric by EDX and XPS although
the relative surfaceensitivity of XPS revealed a slightly suHtich surface. Fluorescence
spectroscopy showed a broad emission band in the red regtom sfectrum that could be sizaed

into the NIR by extending the synthesis reaction time to produce larger QDs. The broadband emission
and the large Stokes shift indicate that the PL is related tegapastates. The PL spectral profile
appears to resnble a single distribution for small QDs and can be tuned between 600 and 800 nm,
although for larger QDs a bimodal PL spectral profile emerged. This is unlikely due to the formation
of a bimodal QD size distribution for longer synthesis times and is likehg to be associated with a
competing radiative dexcitation channel that is suppressed in small QDs. Theratative and

radiative excited state dynamics are discussed in the next chapter.
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Chapter 4

Excited Sate Dynamics in CIS/ZnS Quantum
Dots

In this chapter the morphological and optical characterization of CIS/ZnS core/shell QDs are shown.
A dramatic increase in PLQY and a slightly bkhéfted PL spectral peak were observed in agreement
with the literature. The ultrfast excitedstate dynamics of CIS/ZnS QDs are determined by transient
absorption (TA) spectroscopy and the nature of the higddiative but broad PL component in

CIS/zZnS QDs is shown to be related to higing donor state rather than the conduction band.

4.1 CulnS/ZnS Quantum Dots

The effects of ZnS shell formation on the morphology of CIS QDs was investigated with TEM
(Figure 4.1). Because of the extremely thin nature of the ZnS skeln@nolayers from calculations
based on starting quantities of zinc) and #meall lattice mismatch (<2%) between the crystal
structures of CIS and Zn3495, it would be unreasonable to expect to resolve the interface between
the two phases by HREM, especially in ultrsmall nanoparticles such as QDs. However the

relative sizebefore and after ZnS shell growth can provide an estimate for shell thickness.
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Figure 4.1: HRTEM of CIS/ZnS QDs.

The structural nature of the CIS/ZnS QDs was investigated by XRD, shown in Figure 4.2. The
characteristic XRD peaks for the zibtend ZnS ie very close to those of CIS and would only
expected to be observed as shoulders on the CIS peaks for a very thin ZnS shell. This is consistent
with the pattern shown in Figure 4Phe CIS/ZnS QD XRD data indicates a crystalline grain size of
3.0 £ 0.7 m, as determined from the Scherrer equation (see section 2.4).

The Cu:Zn ratd was determined to b4 by XPS (profiles shown in Figure 4,3lthough the
surface sensitivity may exaggerate the atomic percentage oRdiyyaical EDX spectrum of CIS/ZnS
QDs is shown in Figure 4.4. However, this data was taken using a copper grid and quantitative

analysis is therefore difficult.
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Figure 4.2: XRD pattern for CIS/ZnS QDs (black line). The pattern for the CIS QDs presented in section 3.1 is
shown for comparison (dashed line).
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Figure 4.3 XPS profiles ofa) Cu 2pregion b) In 3d5region c) S2p region and d) Zn 2p region.
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Figure4.4: EDXspectrum of CIS/ZnS QDs.

Upon ZnS shell formatiom blueshift of up to 100 nm in the PL spectral peak position was
consistently observed. The temporal dependence of thisshifien CIS/ZnS QDs synthesised from
zinc stearate is shown in Figudeb. It is postulated in the literature that the highly reproducible blue
shift arises due to cation exchange during shell formatidd].[The Gibbs free energy of formation
for ZnS is only marginally higher than that for CK2@6.0 and-221Qué ¢ &, respectively [44)
and the high temperature and excess of reactive zinc in solution enables zinc to replace either copper
or indium in the outermost layers of the CIS QD, as opposed to forming a monolayer of ZnS directly
onto the QD surface and growjiroutwards. A study by Klimoet al [142] observed that upon
forming a CdS shell by the drapise addition of a cadmium oleate solution in trioctylphosphate
(TOP) to the CIS QDs at 210, the emission intensity was dramatically improved as for the case of
ZnS shell growth, but the PL spectral peak position was-dilifeed only slightly and after 10
minutes a reghift was observed. Thirmation energy for CdS-156.5Qu ¢ &[174]) is much
higher than both CIS and ZnS and Cd ions are thus less likely to diffuse into the interior and reduce
the CIS core QD size. The ratiifted PL observed for CIS QBsabilisedwith thicker CdS shells is
likely to result from a transition from tgpl to type Il heterostructure, i.e. electrons are delocalised
throughout the entire QD and radiative recombination at the core/shell interface prodesiafedd

emission (see section 1.4).
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Figure 4.5:Evolution of the PL spectral profile over the duration of 60 minutes shell growth, with the arrow

serving as a guide to the eye.

In addition to the observed bhshift, the PL intensity is significantly enhanced, as shown in
Figure 4.5.Given that the PLY® of the CIS QDs was determined to be approximately 13% (see
equation 3.2), the PLQY of the CIS/ZnS QDs is estimated to be in the ras@¥®60he improved
emission is attributed to the passivation of surface defects, suppressing thadintve
recombnation channel associated with cardy CIS QDs. The optimum reflux time is shown to be
between 40 and 60 minutes, at which point the integrated area of the PL spectral peak is an order of
magnitude larger than that of the cary CIS QDs.The reductionn PLQY after 60 minutes of
growth can be explained by increased strain as the ZnS layer becomes thicker and interfacial defects

form which act as nomadiative trap states just like the case of surface defects for CIS QDs.

4.2 Transient Absorption Spectroscopy

Figure 46 shows the spectratansient absorption expressed as the change in optical density (OD)

with respect to the optical density atttmee r 0 i n uni ts of m O DnegétidO D/ mOD)
band between 550 nm and 700 worrespondstoaeducti on i n absorption ¢

pumpedd QD g aligns wiith the firstcegcitonic feature of the absorption, indicatggand
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state bleachGSB) thatslowly recovers over the fir§l0 ps.The broad positive signal observed within

the first 5 ps at both longer and shorter wavelengths is attributed to excited state absorption (ESA).

20 —

15 =

10 —
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—

T T " T "1 77
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/ mOD

Figure 4.6 Transient absorptiospectrum of CIS/ZnS QDs over the first @0 afer excitation at 54@m.

Besides GSB, a negative signal can also imphadiative process; an emitted photon incident

upon the detector is expressed as decreased absorption. Despite the larghstakeserved in CIS

QDs, the features in the absorption and the PL spectra are both broad enough to overlap significantly

betwesn 550 nm and 700 nm (see Figure0B.such that the negative TA signal in this region may be

expected to be contributed to by stimulated emission (SE) in addition toTh8Be three processes

(GSB, SE and ESA) are discussed in detail in section 2@e3gure 2.10).

The transients in Figuré.7 show the excited state evolution over the first 20 ps after excitation,

with increasing pump wavelength-@ Spectral profiles through the transients at 1 ps show that the

negative signal is reshifted and bcomes broader with increased pump wavelength.
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Figure 4.7 TA data with spectral cut (at i) of CIS/ZnS QDs acquired with varying excitation wavelength

and pump intensity. &= 540nm, 1.1 J ;

daa colour scale as in Figu#e6.

=B625nme0.6¢ J ;

105

=655nme0.7¢ J ;e=d72nm, 4.5 J .

TA



Since the GSB component is not expected to shift with pump wavelength, the obserskift red
could be related to a SE component stretching out to longer wavelengths. The lines of best fit in figure
3 were comprised of three Gaussian componems:positive, centred at 950 nm, representing ESA;
and two negativerepresenting GSB and SHo constraints were imposed on the GSB component,
whilst the centre position (693 nm) and the FWHM (100 nm) weeel ffor the SE component on the
basis of the steady state PL spectrum (see Figure 3.103tidrey positive signal at the exditm
wavelength isan artefact of the excitation lassmdwas removed manually from each profile prior to
fitting.

Fitting rewals that the 'red’ part of the negative signal stretches out to about 850 nm andeean ther
fore be assigned to SE, in agreement with our PL studies and those in the literattiré9jldhe
redshift of the negative band as a function of excitation wangle can thus be understood as a
change in the relative proportion between the fixed GSB and the SE components. The relative area of
the SE component increases with pump wavelength, pointing to a saturation effect of the state which
is involved in the retgation process and providing further grounds for the assertion that the observed
negative signal is partly due to SE.

Time-zero and scatterdajht corrected kinetic traces close to the GSB and ESA centre positions
(620 nm and 950 nm, respectively) arewshan Figure 4.8 a). The inset figure shows a magnification
of the first 5 ps of the 950 nm and 620 nm data points that have been used in the initial fitting (the 620
nm data set and its corresponding fitting function has been inverted prior to the natiovaktep for
easier comparison). The 620 nm data were fitted with-exfponential growth function (blue line)

with extracted time constants (27 £ 1) ps and (1.8 + 0.1) ps.
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Figure 4.8 a) Kinetic cuts at 620 nm (circles) with the blue lirresenting a bBéxponential fit and at 950 nm
(triangles) with the red line representing aetxponential fit.b) First 5 ps vith normalized data points for the
fitted range on a logarithmic scal® Kinetics showing initial signal amplitude and final amplitude at 2.8 ns for
the 620 nm data.

107



We associate the slower growth component of ~27 ps with Auger decay. A correlatierrbbe
amplitudes of the 2gs component in the 620n and the 95m signals was observed, each making
up ~30% of the total amplitude, once the data was normalised to exclude the carriers trapped in the
long-lived state (see Table 4.1).

Table 4.1: Normalised amplitudes expressed as percentages of the 27pspangrdv@tiidecay components

in the 620 nm and 950 nm kinetic traces, respectively, and the offset in each signal at 2.8 ns.

620 nm 950 nm
tei 30 % 32%
T p&n i 24 % 51.3%
Offset (at 2.8 ns) 46% 16.7 %

This indicates a direct coupling between the CB ¥Bdhat can be described by Auger recdmb
nation. Multiexcitation processes such as Auger effects require high pump fluences, which our expe
imentd conditions provideThe average occupation numigéiOtan be calculatebdy multiplying the
absorption crossection of the QDs , calculatedto becg ¢ p 1 Al from the empirically
determined molar extinction coefficient (see Chaptemih the pump fluenc&®  which was e-
timatedto be&& ¢ p mA [ based on a spot size of-60um and a pump power of 1.1 pJ:

uvd , Q vy P

The average occupation number of the 1s electron &at€) can then be calculated via equation

4.2:

P T8

We calculat€t  Cto be close to unity with at least 50 absorbed photons per particle on average
(equation 4.1)However, this model is only valid in the case that either the pump fluence is low or the
excitation energy is much greater than the band gap. The experiments in this work do not fulfil these
conditions and thus the values @rOand@& Omay be exaggerated. Neverthelessmparingthe
high pump fluence here with Figure 2(b) and 4(b) in the work byebual [154] and Liet. al[142],

respectively, indicates that the experiments were condirctbd saturated regime.
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After 2.8ns (not shown) the transient at 620 levels off to an intensity 031 mOD, which
corresponds to ~4% of the initial value at time zero. That the GSB recovery is incomplete is
consistent with a fraction of excitonsihg trapped in the emitting state on a timescale e1Q@ns,
as previous timeesolved PL studies suggedh addition, given the high fluence used in this
experiment, the offset in the 62@n data could also include a contribution from Auger recomioinati

We assign the faster growth component (1.8 ps) with carrier trapping, most likely at remaining su
face defects due to incomplete surface passivation with ZnS. These surface traps arise fron+ unsatura
ed bonds and limit the symmetry of the system, givisg to ultrafast, broadband absorption signals.

The kinetics at 950 nm were fitted with the two time constants derived from the 620 nm data (i.e.
1.8 ps and 27 ps) but required an additional fast component to describe an early decay component,
determined to be (0.5 0.2) ps, assumed to be into a deepat state arising from an internal point

defect.
4.3 HoleBurningor o6 FumpgPr obed Spectroscopy

To determine if this state is related to the observed photoluminescence in CIS/ZnS Qbarrhiakg

(HB) was used to drive the stimulated emission pme@sl monitor the effect on the dynamics at the
GSB and ESA position3.he TA shown in Figure 48 was excited at 540 nm and hblgrned at 772

nm after 6 ps. Kinetic profiles at 600 nm, 685 nm and 900 nm are shdwgure 4.9). At the HB

position thenegative signal at 600 nm and 695 nm is reduced by ~45 % and ~72 %, respectively,
whereas the excited state absorption at 900 nm is unaffected. The latter qualitative observation is the
most interesting since it provides direct evidence that the absakiditgd state is not depopulated by

the dump laser and is therefore not the emissive state. The instant appearance of the ESA signal with
the excitation laser implies it originates in the CB, whilst the delayed rise of the SE component
(~0.4ps), which fis well with the 0.5 ps time constant assigned to a decay into aigaprstate,m-

plies that the SE originates from a svdndgap state. Therefore, the traditional picture of both ESA
and SE originating from the CB%8] is not consistent with the punrgump-probe data. This obsev

tion lends support to the idea that the observed room temperature PL in CIS/ZnS QDs can e attribu

ed to the fraction of electrons which undergo an ilist, nonradiative relaxation from the CB into a
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long-lived, highlying donor state. Whether the PL originates from a coupling with ayow acce-
tor state or with the valence band cannot be determined from this data. However, the conclusion can

be drawn that the emission does not originate from the CB edge, but frofgaptdonor states.
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Figure 4.9 a) TA spectrum of CIS/ZnS QDs hebeirned at 6 ps at 772 nm. The kinetics (b) are analysed at the

GSB (blue circles), SE (green squares) and ESA (red triangles) spectral positions.

4.4 Discussion

Our results postulate an electroole recombination via a trapped electron, which is contradictory to

the conclusion drawn in a recent publication by Cadéftcial [153] that also investigated the
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relaxation dynamics with femtosecond transient absorpi@ctroscopy. Cadirgt. al point out that
6the maxi mum bl each should be twice the value a
with the data presented here in figur &), where the bleach amplitude increases ffé8dmOD to a
plateau ofapproximately-32 mOD after 5Qps. Admittedly, a direct comparison between the study by
Cadirci et. al and the work presented in this paper is difficult as experimental conditions, such as
excitation wavelength and pump fluence, are different. Neverthelms findings are further
supported by a recently published study by Onedtaal [155], who carried out a detailed size
dependent photoluminescence study on CIS @idkattributed the origin of the PL emission to either
indium-copper antsite defects (lp) and/or sulphur vacancy £y defect states. Narat. al also
summarise the possible donor states gdné,, or an interstitial copper (Quatom [H3]. It is argied
that the \4to-V¢, coupling seems to be the dominant recombination pathway in ClSnotyr&Ds
as the density of ¥and \, at the surface is high [55]. This agrees with the interpretation by Klimov
et. al and also explains the low PLQMeasured in Chaer 3 with competitive norradiative
pathways related to surface state$]1

It is thus generally accepted that Yap states at the QD surface provide a very efficient de
excitation channel in QDs, and that they can be suppressed by surface tr§ahiysts, 176, 177).
Based also on the enhanced PL observed effect in epppelCIS [57,170 178, plus the fact that
the synthesis technique employed by this study is sulthyr it is clear that ¥ states are not

involved in the highly radiative recombination route in CIS/ZnS QDs.

111



A

Conduction band

> 1.5
()
3
S 1.0
<
Y]
c
9
S
o 0.5
<
2
e
0.0

9
Culn In 2+

2+
Cu I r‘Cu

Valence band

= 15(e)
1.8ps !
v

(Surface states),

\

SR S e

Figure 4.D: lllustration of the reported position within the band gap of the.fCulnc,2"] and [Ine2* + 2Vey']

defect complexe bulk CIS (left) and theproposed recombination pathways involving the hgap defect

states in quanturoonfined CIS/ZnS QDs (right). Solid arrows represent proposed radiative transitions and

dashed lines represent Amadiative transitions.

Based on studies of the similar seariductor CulnSgin addition to individual defects the neutral

defect complexes [l + 2V ] and [Cuy, + Inc] can be expected to have relatively low formation

energies in CIS, especially in the coppeor phaseq7]. Furthermore, the formation of [Gut+ Inc]

anti-site dimers is promoted in the vicinity of fint 2V¢]

defect s,

and |

arge

be formed around sulphur anions, especially in hanocompositel @l These defect complexes are

illustrated in Figure 4@ The identifi@ation of In,, or Cu, defects as being involved in the highly

radiative recombination process is therefore consistent with observations of the effects of off

stoichiometry on PLQY. From HEA studies in bulk it is known that thedpstate is areffectivetrap

state (~20us)[A0] that can emit to the valence band, as cap <tates.

Nam et al discount either DAP recombination or a transition directly into the VB on the grounds

that the dependency on QD size of the VB and-g#ja states cannot account fioe size dependence

of the observed PL, concluding that it must be the CB and not the VB that is involved in the radiative

transition [42,143,158 Although the total change in band gap with CIS QD size has been shown to
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fit reasonably well with such &eoretical treatment, these studies rarely experimentally determine the
shift in each individual band edge position separatel@][lahd the extent to which the inigap
states depend on QD size is not known. Cyclic voltammetry performed on CIS QD#ab\szes
indicates that the CB and VB actually shift much more evenly than predicted from confinement
models that are based on the effectivass approximatiorly 1].

A possible explanation for this apparent deviation from the expected size depeofidred/B
position is the complex nature of the valence band in CIS; it is known that thempgigrandd or-
bitals in the valence band of bulk CIS undergo hybridization, shifting the VB edge to higher energy
[131,178]. In CIS QDs however, the energetiseparation between tpeandd orbitals would be x
pected to increase as a result of quantum confinement, reducing the extent of hybridizatien and d
creasing the energy of the VB edge. Similar effects have been demonstrated indopeoeCdSe

QDs [179] and HgTe nanoparticle’].

4.5 Concluding Remarks

The excited state dynamics in CIS QDs is accepted to involvegaprastates associatadth point

defects in the interior of the QD and surface defects, as discussed in Chapter 3. The formation of a
ZnS shell on the CIS QDs saturates 6dangling bor
and the associated noadiative recombiation. The PLQY is dramatically improved as a result, and a
slight blueshift in the PL spectral peak position is observed. Despite this understanding as to why the
radiative recombination channel is enhanced in CIS/ZnS QDs relative to CIS QDs, the st

of the highly radiative transition remains ca#el in the literature. A combination of transient
absorption spectroscopy and hblerning has shown that as the state responsible for the
photoluminescence is emptied, no change in the excitezlatabrption (ESA) is detected. Based on

the assumption that electrons in the conduction band readily undergo ESA to higher excited states, we
conclude that the lonlived PL in CIS and CIS/ZnS QDs must come from the fraction of electrons

which undergo anltra-fast decay into a higlying donor state.
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Chapter 5

Quantifying Absorption: The Size-dependent
Molar Extinction Coefficient of CIS Quantum
Dots

In this chapter the molar extinction coefficient. for CIS QDs is determined in order that the
concentration of a given CIS QD sample can be determined by absorption spectroscopy and the Beer
Lambert | aw. The size dependence of U is invest
the location 6which depends strongly on QD size; and at high energy (3.1 eV), where the absorption
of QDs should be relatively sidzedependent. The size distribution of the QDs and the presence of a
ZnS shell are both evaluated and accounted for in the calculations.

In this work, the combined compositional and morphologitadracterisatiorof the CIS QDs
enables the concentrationof a series of QD suspensions of known sizes to be measured, and
therefore for _ to be determined from UV/visible spectroscopy via BeerLambert law 167].

o) -_6 P
where0 _ is the absorbance at wavelengthnddais the path length.

The extinction coefficient is determined at two spectral positions. At high energy, where the
density of states is expected to be largely continuous, and the absorption spectrum is expected to be
sizeindependent. Furthermore, the increased absorptioarttsnthe UV provides greater sensitivity
to low QD concentrations. In addition, the extinction coefficient is determined at the spectral position
of the first excitonic transition giving a more accurate indication of the absorbance as a function of

QD size
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5.1Measuring Absorption

The size distributions of CIS QDs in ten suspensions were measured by TEM to be within the size
range 2.1 nm to 5.2 nm. These samples are the same as in tzen@lcsrve shown in Figure 3.17

The average sizes of ten additional suspensions were estimated based on the sizing formulation
derived in equation 3.2 (see section 3.1).

The concentration of copper in the 20 CIS QD suspensions was determined by atomic absorption
spectroscopy (AAS). Aneasured volume of the CIS QD suspensions in hexane was evaporated by
drying under nitrogen. The resulting QD powder was digested with acid (Aqua Regia) to enable AAS
measurements. The concentration, artpper million, was then translated into a CIS Gample
concentration in units of mol/L (M), based on the density of bulk CIS and the mean QD volume as
determined from the QD size distribution by TEM.

Since the first excitonic feature in the absorption spectrum of CIS QDs is significantly broader
than hose observed in most other QD materials, the most reliable method of locating the first
excitation positiorO is through the second derivative of the absorption spectrum. This is discussed in
more detail in Chapter 3. Gaussian curves were then fittduetérst excitation feature, constrained
by the positions of the local minimum in the second order absorption spectrum, and the width of the
feature, given by the standard deviationwas be measured. A linear correlation betwgemnd the
relativesize distribution of the QD¥( 'Q as measured by TEM is illustrated in Figure 5.1. A linear
fit, extrapolated to the origin, enables an estimate to be made for the expected standard dewiation

the first excitation feature in a perfectly monodisgesample, i./Q 1t
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Figure 51: The width of the first excitonic feature in the absorption spectrum plotted against the relative size
distribution in CIS QDs.

The size distribution of QDs in a suspension was accounted for by multiplying the medsured
sorptiond by the ratio of the measured standard devigtiont o t he 061 dewhéréd devi at
is the calibrated absorption value to be used in the-Bambert law. The value gf was determined

to ber® 1 ¢ & T fPr the QD samples in thistudy.

5.2 Molar Extinction Coefficient

The molar extinction coefficient (in units of &M™) of the CISQDs was empirically related to the
mean sized (nm) via a power law in accordance with the power law dependency obn size for
other QD materials reported.
- W (015
The size dependence of the molar extinction coefficier® aias fitted to equation 5.3 with
coefficientwequal to 830 660 and exponembequal to 3.70 0.60 (Figure 5.2)

-0 Yyom® vd
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The exponentat E; is larger than that reported for other QD materials reported (tablardlhe
coefficient wis an order of magnitude smaller, suggesting a fundamental difference betweamdCIS
other QD materials such as CdTe and CdSethe QD size increases the absorbance of @S in-
creases at a faster rate than for both CdSe and CdTe QDs, this is consistent with the comparatively
large absorption coefficient for bulk CIS§ p mA | [173]) that is an order of magnitude higher
than for bulk CdSe. In addition to an empirical fit, the experimentally observed size dependence of

- 'O a can be modeled using the formulation for the absorption coeffici€éhtof a QD derived in

section 1.3
0 w (@) a O Oy
] ‘IA ! ‘C_vp Qo R LB
prmimip T F]O|/Ic“)’OF, ¢YO
where
0 “QO W
L@

1 Tp mca ok -1
In strongly confined @s the energy spacing to higher excited states is large enough that the
absorption at. O may be assumed to include a negligible contribution from higher transitions.

Equation 5.5 is therefore simplified:

o) ... O ©O©O
oNg* YO ¢YO

The transition energy dD is bigger than the band gap as shown in equation 1.23 by the kinetic

energy of the electron and hole. Since for p the momentun) “j Q equation (1.25) is related

to equatior (1.1%:

and the second derivative with respect to the QD 'Qiizegiven by:

@
v

YO 308 L&

. ’

Substituting these two expressions into equation 5.7 gives an expressiod faas a function of QD

size,Q the bulk band ga@  and the effective excitonic ma'ss
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The material specific constantdj'Q was empirically determined to be (1.9 =
01) pmQwd &a by fitting equation 5.10 to the molar extinction coefficient data displayed in
Figure 5.2. This is the same order of magnitude for C83[CdSe [B2-184], CdTe [182] and PbS

[185] QDs reported in the literature.

25 30 35 40 45 50 55

Molar extinction coefficient/ 10°M'cm™

QD size/ nm

Figure 5.2: The calculated molar exdtion coefficient for 20 CIS QD suspensions in the size range of 2i9 nm
5.2 nm, at the first excitation energy. The solid line represents the theoretical fit described by equaéind 5.1

the dashed line is an allometric fit.
This semiempirical modelreproduces the experimental data well; a fit good¥it ( T80 w do
the data alO with the exponent determined to be 3.2 £ 0.1, which is lower than that determined by
the exponential fit (equation 5.4), i.e. the two fits diverge as the QD size ireréageis most likely
due to the fact that the contribution from higher energy transitions is neglected by the model. As the

size of the QD increases, the energy levels become less discrete and the energy gap between the first
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and subsequent transitionsadeases, making this approximation less valid and producing thesincrea
ing discrepancy between our data (the empirical fit) and the-esewpirical model with increasing QD
size.

Table 5.1List of the reported pows(seeequation 5.Bfor various QDmaterials

Material Exponentw

Culn$  3.70 0.60
CdTe 2.12[187

cds 2.3[187]

CdSe  2.65[18%;
3183, 1823

PbS 2.32[185]

The size dependence of the molar extinction coefficieo®a® czan be fitted to equatidia 3 with

coefficientwequal to 2123 1090 and exponeniequal to 3.8 0.3 (Figure 5.3).

-0 Qw ¢ p QF v p
As is expected, the value ofs larger at 3.1 eV than & for a given QD size. The result of this is
that the determination of solution concentration of-QISs using o® Q was opposed to O  will
provide greater sensitivity and enable lower concentrations to be defEegedata in Figure 5.3 is
alsofitted with a theoretical expression, given by equation 5.12, which is based on the work by Ricard

et. al[46] and Klimovet. al[186]:
RO®Qw w sSQs| o Qa8 VP ¢
It is also important to note that the exponent at 3.1 eV should be closer to 3 than the exgfinent at
since the absorption at high energies is less size dependent (Figure 5.3, dotted line). The fact that this
is not the case is likely to be caused bydbmetribution at 3.1 eV of the broad first excitation band for
large QDs.This is consistent with the hypothesis that large agglomerates are formed during the

synthesis stage that was used to explain the static feature at 810 nm that increasingly ditrainates

PL spectrum of larger QDs (see Figures 3.14 and 3.15).
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Figure 5.3: The calculated molar extinction coefficient for 20 CIS QD suspensions in the size range df 2.9 nm
5.2 nm, at 400 nm (3.1 eV). The solid line represents the theoretidakéitibed by equation 5.12 and the

dashed line is an allometric fit (equation 5.11).

Besides the small lattice mismatch (<1%) with Cl&9], a wide band gap (3.1 eV) makes ZnS an
ideal shell material for CIS QDs, since, energetically, the position afahg@uction band and valence
band of the CIS core lie within the band gap of the ZnS shell. This not only further confines excitons
within the CIS core, but improves the PLQY significantly by removing surface defects and the non
radiative relaxation pathwagssociated with therfb3-55]. In addition, the band gegdignment in
CIS/ZznS QDs is such that the ZnS will not absorb incident light at wavelengths above 4@Onm (a
proximately).

As reported in chapter 4, formation of a ZnS shell both dramatically enhidnec® QY signif-
cantly and blueshifts the PL spectral peak position. The nature of the observeghifties still under
contention in the literature and as such presents a problem when considering the effect of surface pa

sivation with ZnS on the maguoie of the extinction coefficient of CIS QDs.
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If, as postulated in the literature and supported by the data prese@teapirer 3, the blushift re-
flects a reduced CIS core size originating from cation exchange during shell formation, thp-assum
tion thatthe ZnS shell does not affect the optical density of the CIS core allows equation 5.10 to be
used in the case of C | Dlofahe £IS @ddescompdnentis used @frf e ct i v
placement of2 This effective core size is simply the size d5@D needed to reproduce the PL
spectral peak position of a given sample CIS/ZnS QDs.

This method was validated by preparing two CIS QD suspensions with different mean QD size
(6 'O'ahdd "O)Yyand subsequently growing a ZnS shell on each until Bleimaxima was observed
to occur at the same wavelength (Figure 5.4); the PL spectral peaks of sauf@ése ™and
0 "Tdye ™dre both centered at 638 + 1 nm, corresponding to an effective co2 giz24 + 0.2 nm
for both solutions baskeon the PL sizing curve shown in Figure&.The absorption spectra of CIS

QD suspensions A and B are shown in Figure 5.4.
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Figure 5.4a) The absorption spectra of two identically emissive CIS/ZnS QD solutions with different Zr
thicknessesA: solid line and B: dotted line). The absorption spectrum of B:CIS/ZnS is multiplied by a fe
1.9 (dashed line) to correct for the difference in concentration from A:CIS/ZnS. b) PL emission sg
solutions A:CIS/ZnS (solid line) and B:CIS/Zii@otted line). The dashed vertical line depicts the commc

spectral maxima for both samples.
The overall CIS/ZnS QD size (from TEM) and the volumetric ratio of GIBNS (calculated from
AAS datg were combined to estimate the apparent shellthiclme and t he o&éef fOecti ved
For both solutions, the estimated core sizes were the same as the core sizes predicted from-the PL si
ing curve for CIS QDs within experimental error. There is little difference between the absorption pr

files of sdutions A:CIS/ZnS and B:CIS/ZnS when B:CIS/ZnS is normalized to A:CIS/ZnS at 520 nm.
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This supports the assumption that the thickness of the ZnS shell has little effect on the absorption
properties of the CI®Ds or, therefore, on the extinction coefficiefihe concentration of QDs in
solutions A:CIS/zZnS and B:CIS/ZnS were determined using the-IBambert law in an identical
manner to the CK®Ds but using the effective core sizBs,the molar extinction coefficients of the
equivalent effective core siZelS-QDs and the measured absorbance values of the CIS/ZnS solutions
(corrected for size distribution). The ratio of concentration between solutions A:CIS/ZnS and
B:CIS/ZnS is 1:1.8 (table 5.2), which is close to the factor of 1.9 used to normalize thiestwvption

profiles (Figure 5.4a).

Table 5.2 The concentration of solutions A:CIS/ZnS and B:CIS/ZnS determined from absorption measurements

and the effective core diameter obtained from Equation 1

Solution ConcentrationiiM
A: CIS/ZnS 11.0+0.8
B: CIS/ZnS 6.0+0.4

The main sources of er iOcan be ascribedchte thedsigingemethodsn at i o

used and the uncertainty in the location of the first excitonic absorption peak. Fhaityreaction
yield of the synthesis requireempositional analysis to be carried out on digested solutions in order
to independently determine the QD concentration in solution. The purification procedure piior to d
gestion is therefore vital because anyreacted Cu precursor remaining in solutiduring AAS
measurements will affect the accuracy of the determined concentration.
5.2 Concluding remarks
The size dependent molar extinction coefficient was determined for colloidal CIS QDs suspended in
hexane, enabling the concentration of a given CISs@épension via applying the Bdeambert law
to the absorbance as measured by UV/Vis spectroscopy. The data presented in this work allows this
method to be applied to CIS QDs in the size range 2.8 t0 5.2 nm.

Firstly, the extinction coefficient was detemad at the first excitation position for each QD
sample suspension. Since the wavelength of this first excitonic transition is strongly dependent on QD
size, strong size dependence in the extinction coefficient was expected. The data presented in this

chaper was fitted with good accuracy to a power law, with the extinction coefficient increasing as a
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function of the QD size to the power of 3.7, which is in agreement with the expected strong size
dependence. Indeed this exponent is much greater thangbeteckfor other QD materials, as well as
for similar studies done on CIS QD%87]. The slightly larger exponent determined here is most
|l i kely a result of either a diff er synthesisedrom def i ni
the materials in Table 5.1 are typically spherical and therefore either the radius or diameter are
obvious choices to represent QD size. However, for the tetrahedral CIS QDs in this work there is no
established way of representing the particle sizge convention used throughout this thesis is
discussed in section 2.1.4, however tlefinitiono f 6 s i z e Gs[1B7his notecleae. IThe mMatae
was also fitted to a sereimpirical model, yielding an excellent fit, despite higher electronic
transitiors being neglected for simplicity. This further exaggerated the size dependence of the
extinction coefficient since absorption by higher transitions was assigned to the first transition.

In addition, the extinction coefficient was determined for each segpeat a set wavelength (400
nm (3.1 eV)). Since the absorption spectrum at high energy is almost identical for each suspension,
this data does not reveal any additional information related to size effects. However, since the
absorption at low wavelengthis stronger than at the band edge, it does give the method for

determining QD concentration greater sensitivity to small concentrations in solution.
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Chapter 6

Phase transfer of hydrophobic Culn$-based
QDs into the aqueous phase

Various synthesis techniques have been developed that enable the direct synthesis of QDs in the
aqueous phase, resulting in hydrophilic QDs that can be suspended in water over a wide pH range.
The synthesis technique outlined for CIS QDs in Chapter 3, howewdtsrieshydrophobic CIS QDs

that aggregate when exposed to the aqueous phase, causing the PLQY to be drastically diminished via
a selfguenching mechanism. This chapter takes two separate approaches to the fabrication of
hydrophilic CIS QDs that form stabkolloidal suspensions in the aqueous phase: the development of
direct synthesis techniques for hydrophilic CIS QDs with polar surface ligands, eliminating the need
for further synthetic steps; and the peghthesis encapsulation of hydrophobic CIS QDOthw

amphiphilic polymer to produce hydrophilic QD/polymer hybrid nanoparticles.

6.1 Direct synthesis of hydrophilic Culng QDs

6.1.1 Mercaptoundecanoic acidgtabilised CulnS, QDs

The synthesis of MUAtabilisedCIS QDs, described in section 2.1.2, produbgghly luminescent

QDs, although they displayed extremely poor colloidal stability in water. The rapid degradation in PL
intensity of the same sample after 24 hours is illustrated in Figure 6.1. The PL spectrum of the sample
immediately after cleaning somparable in intensity and spectral shape to that of EtBfilisedCIS

QDs (see section 3.3). PL spectroscopy was repeated on the same sample 24 hours later, under
identical instrument settings. The PL intensity was reduced by an order of magnitutle apddtral

profile was significantly distorted.
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Figure 61: PL spectra of MUAtabilisedCIS QDs within one hour of synthesis (dashed line) and after 24 hours
(solid line).
The structural deterioration of the two samples was illustrated further by XRD. Half of the sample

was dried immediately after cleaning and stored in a nitrogen glovebox, and the remainder was dried
after 24 hours in ambient conditions. Both XRD patteressdown in Figure 6.2, showing a dramatic
transformation from broad peaks that are in agreement with CIS reference pattern to a multitude of
narrow peaks suggesting very small fragments. Shiggests that the deterioration in the optical

properties is aased by rapid corrosion.
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Figure 62: XRD patterns of MUAstabilisedCIS QDs dried within one hour of synthesis and stored in a
nitrogen glovebox (dashed line) and after 24 hours (solid line).

As described in section 2.1.2 the synthesis techniquihése QDs used a fofold molar excess
of MUA in relation to the copper and indium sources. Given that the excellent colloidal stability and
high crystallinity of the hydrophobic DD3tabilisedCIS QDs presented in chapter 3 is attributed to
the large molar excess of DDT during QD fabrication, it would be plausible that-fofdunolar

guantity of surfactant is not enough to promote full surface coverage, exposing the surface to

oxidation anddegradation.
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6.1.2 Mercaptoundecanoktabilised CulnS, QDs

The morphology of MUDstabilisedCIS QDs, as described in section 2.1.3, was probed by TEM and

STEM, as shown in Figure 6.3.

100nm

Figure 6.3TEM (left) and STEM (right) images of CIS/MUD QDs.

The PL and UV/vis spectra of the QDs are shown in Figure 6.4. The PL spectral peak generally
resembles that of the DD3tabilisedCIS QDs in both spectral position and shape. The absorption
spectrum, however, differs in that the first excitonic transifeature is significantly more defined,
indicating a narrow size distribution. The Stokes shift in this sample is approximately 170 nm (0.76

eV), significantly larger than DD$tabilisedCIS/ZnS QDs.
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Figure 6.4 PL and absorption spectra of MWbabilisedCIS QDsin methanol.

The MUD stabilisedQDs are an ideal system to probe the effect of [Cu]:[MUD] molar ratio during
synthesis on the quality of the product CIS QDs. The integrated area of the PL spectral peak,
normalised to the absorption at the excitation wavelength, served as a measuedfioidPicy. The
molar excess of MUD in relation to Cu was varied between a factor of 4 and 16, whilst all other
experimental conditions were kept constant within experimental error. As shown in Figure 6.5, a
positive correlation between increasing PL@éfncy and an increased molar excess of MUD was
observed. The PL enhancement appears to reach a limit before a [Cu]:[MUD] value of 1:10
suggesting that this concentration is the minimum required for complete surface coverage. Assuming
a 100% reaction yieldnd a CIS QD size of 3 nm (based on the PL spectral peak position), the ligand
packing density on the QD surface for a tenfold molar excess of MUD over Cu is estimated to be
approximately 4 per ntnThis works out at approximately 60 ligands per QD amauinsereasonable

for an optimally packed monolayer of MUD on CIS.
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Figure 6.5 Plot of the relative integrated area of the PL spectral peak of ktabilisedCIS QDs synthesised

with varying copper MUD molar ratios.The black line is a guide to the eydyon

The effect of the Cu to In molar ratio [Cu]/[In] during the synthesis reaction on the PL efficiency
of the CIS QDs was examined. The relative quantites of In and MUD were kept constant, with
indium:MUD equal to 1:10. The optimal value of [Cu]/[In]tAe synthesis stage for PL performance
has been reported elsewhere to be approximately 0.7 and it is clear thabiCQIS QDs exhibit

enhanced PLQY compared to stoichiometric samples.
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Figure 6.6 a) PL spectra of MUAtabilisedCIS QDssynthesiseavera range of Clih molar ratios; b) Plot of

the integrated area of the PL spectral peaks in a) against the concentration of copper relative to indium

([Cu/[In]]. The dashed line is a sigmoidal fit serving as a guide for the eye.

The PL spectra shown in Figu 6.6 illustrate the same trend for the MdabilisedCIS QDs

synthesised here. The PL intensity normalised to the absorption spectrum increases as [Cu]/[In] is

reduced. Unlike in the literature, the PLQY does not degrade when [Cu]/[In] is reduced(h&low

[170]. This is most likely due to variatioms synthesigechnique Figure 6.7 shows the absorption at
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400 nm of each QD suspension from Figure 6.6. The absorption of the QDs synthesised decreases as
the relative concentration of copper is reducggggesting lower concentrations and therefore a
diminishing reaction yield; rather than forming increasinglypor CIS QDs, a limit at [Cu]/[In] ~

0.7 is reached. Reducing the concentration of Cu beyond this point appears to starve the reaction of

copper
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Figure 67: The concentration oMUD stabilisedCIS/ZnS QDssynthesized with varying [Cu]/[Inyalues,
corresponding to the das&aown in Figure 6.6 b).

Only slight spectral shifts were observed (< 10 nm), with no correlation to Cu/In ratio. Therefore
this is likely due to sampl-sample variation in synthesis parameters, rather than an effect of off

stoichiometry, as the band gap of CIS QDs is expected to be stable agastichfometry.
6.2 CulnS,/ZnS/PMAL -d QD/amphipol Hybrid N anoparticles

6.21 Purification
Encapsulation of CIS/ZnS QDs with the zwitterionic, amphiphilic polymer (amphipol) Riaas

achieved nostovalently. The solvent evaporation method discussed in section 2.1.4 produced dried
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nanoparticles (NPs) that were eagiysuspended in deionised water, although the suspension was
cloudy, indicating an excess of free unreacted PMIAQ solution.

Two methods for removal of excess polymer from solution were evaluated. Firstly, the absorption
spectrum of the waste solutiofiea each iterative stage of centrifugation in the DCD cleaning method
(see section 2.9) was recorded. The absor@totwo wavelengths (300 nm and 350 nm) decayed
exponentially over subsequent iterations at 3000 rpm, with identical decay codstizntsined for

each wavelength (Figure 6.9):

0 T™p ™8T ePwW
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The rate at which the absorption decaysr subsequent centrifugations suggests that 3 iterations

are required to remove ~ 90% of the unbound PMARQ solution.
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Figure 6.9: The measured absorbance at 350 nm (filled circles) and 300 nm (hollow ofr¢hes)decanted

waste solutioraftereech filtration by centrifugation. The data is fit with exponential decay functions.
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A second purification method, tangential flow filtration (TFF), was evaluated. The potential
superiority of this m#hod is described in section 241and was tested agairdeadend filtration by

comparing the efficiency and absolutearing ability of each method.
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Figure 6.10The cumulative lasorbance of the permeate at 250 nm frdfr Thethod for CIS/ZnS/PMAId NPs.

The black line represents arponential fit.
Thedecay constant determined by the exponential fit to the data was:

0 T8 P& (03
A comparison between the DCD and TFF filtration methods shows that in terms of efficiency,
assuming each centrifugation step in DCD taB8sminutes to prepare and perform, the two
techniques are comparable. The advantage of TFF therefore lies in itsgaatioer tharefficiency

6.2.2 Characterisationof Colloidal Stability

The CIS/ZnS/PMAEd QD/Amphipol hybrid NPs, synthesised as reported in sectibm, 2vere
visualised with HRTEM and HAADF. The HRTEM images in Figure 6.11 show both single QDs

and clusters of QDs. This is consistent with drying effects reported forcdsipcolloidal QD
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suspensions and does not have any implications for the ability of the falricadibod to produce
single QDs encapsulated in polymer. The observation of single QDs in tif&EMRmages however

suggest that the method is in fact successful. The purification process is thorough enough that it

cannot account for the large number ofy#nQDs observed.

Figure 611: HRTEM images of CIS/ZnS/PMAid NPs; a) low magnification image and b) high magnification
image.
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The size of the NPs in solution was measured by DLS over a wide range of pHLiQHaBd as
illustrated in Figure 6.12 wdsund to average 13.0 £ 0.7 nm. This value does not reflect the physical
size of the NPs, but their hydrodynamic radius (Stokes radiusjhaneforesolventNP interactions

must be considered.
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Figure 612: The hydrodynamic radius of CIS/ZnS/PMAILNPs,as measured by DLS, over a range of solution

pH. The black line is a weighted linear fit with no constraints.
The small distribution around the mean hydrodynamic radius demonstrates the ability of the
zwitterionic NPs to form a highly stable colloid. Théghly charged surface was confirmed by

measuring the zeta potential across the same pH range, as shown in Figure 6.13.
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Figure 613: The surface zeta potential of CIS/ZnS/PMALNPs over a range of pH. The black line is a
weighted linear fit with n@onstraints.

The zwitterionic nature of PMAId provides electrostatic repulsion either side of an isoelectric
point at pH 7.1 £ 0.7: at low pH the tertiary amide (see Figure 2.4) is protonated and exhibits a
positive charge, providing int®P repulsion; ad at high pH the carboxylic acid groups become
deprotonated and carry a negative charge (Figure 2.4). This is clearly observed in zeta potential
measurements of the surface charge across the same pH range and is shown in Figure 6.13.

The absorption an®L spectra of CIS/ZnS/PMAH NPs are shown in Figure 6.14 a). Both are
consistent with the spectra shown in Chapter 3 for the BiabilisedCIS/ZnS QDs, demonstrating
broad features and a large Stokes shift. Emghé absence of seffuenching between uttiple QDs
within large NPsa small decrease in the relative PL intensity is expected in the polymer encapsulated
sample purely due to increased absorption by the thicker organic layer. The difference between the

refractive indices of water and hexandl aiso have an effect on the measured PL intensity.
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Figure 614: a) PL spectrum of typical CIS/ZnS/PMALNPs; and b) integrated area of the PL spectral peak as
a function of solution pH,elative to PL intensity at pH 1B. The black e serves asg@uide to the eye and the

dashed horizontal line indicates the normalization position.
The PL response of the NPs to the pH of the suspension, expressed as the PL intensity normalised
to pH 11.5, is shown in Figure 6.14 b). The PL is sustained betwe&0099 of the maximum

intensity for the entire pH range, except for between pH 6 to 8, with a minimum at approximately pH
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7, in agreement with the measured isoelectric point of the NPs. Since neither of the functional groups
is charged in neutral conditions dould therefore be expected that the NPs would aggregate. This
does appear to be true to a certain extent, although at neutral pH the PL is still approximately 85% of
the maximum at pH 11.5. This apparent lack of aggregation is attributed to stemdriegrhisidrance
between NPs.

To further demonstrate successful polymer encapsulation, the QD:RMAdlar ratio was varied
during the encapsulation process and the PL intensity of the product NPs was measured, since the PL
of the colloidal suspension is gmally considered to be a good indicator of stability. A general
upwards trend in PL intensity is observed as the relative molar quantity of polymer is increased,
which starts to level off at a QD:PMAd ratio of 1:20, as can be seen in Figure 6.15. Tuggests

that the standard ratio used (1:30) is sufficient to produce single QDs encapsulated irdPMAL
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Figure 615: a) PL spectral peak positidfiled circles) and normalisedPL integrated areéhollow circles)of
CIS/znS/IPMAL-d NPssynthesisedvith varying relative molar quantity of polymer. b) Digital photograph of
CIS/zZnS QDs suspended in hexane (left) and CIS/ZnS/PMIAIPs suspended deionisedwvater (right).

A systematic reghift is obvious as the molar excess of PMdlis reduced belowenfold. This
observation is consistent with the provided explanation for the concurrent decrease in PL intensity.
Selfquenching occurs in colloidal QD suspensions of high concentration by Forster resonant energy
transfer. Energy can only be transferremhi small to large QDs that are separated by less than 10 nm,
thus a global reghift is observed. The multiple CIS/ZnS QDs within large QD/PMANPSs are
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likely to be within this range. An example of this phenomenon is illustrated in Figure 6.16. The
coneentration of CIS/ZnS QDs in hexane was gradually increased as the PL spectrum was repeatedly
measured. An initial linear increase with concentration eases as energy transfer processes become

dominant; a simultaneous rstift in peak position and decreaséPL intensity are observed.

PL intensity/ a.u.

550 600 650 700 750 800 850
Wavelength/ nm

Figure 616: Qualitative illustration of the initial increase and subsequent decrease in PLQY of CIS/ZnS QDs
suspended in hexane as the solution concentration is increased. The arrow serves as a guide to the eye and

highlights the gradual redhift at high concentrations.

6.2.3 Sensitivity to Metal lons in $lution

The sensitivity of the CIS/ZnS/PMAH NPs against metal ions in solution was tested by performing
PL spectroscopy of NP solutions in deionised water in the pres#fnearious biologically relevant

metal ions. The relative PL intensity of each solution, relative to a negative control, is shown in Figure
6.17. Copper and iron were the only two metals observed to quench the PL significantly, with copper

guenching théL by nearly 50%.
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If the absorption of QD PL by CugWas responsible for the dramatic quenching, the PL spectral
peak of CIS/ZnS/PMALD NPs would be expected to blghift significantly as the concentration of
Cu in solution is increased, as a result. The static peak position as quenching increases, illustrated by
an arrow in the direction of increasing Cu concentration in Figure 6.Xhds that this is not the

case.
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Figure 619: a)Relative change in the PL intensity of CIS/ZnS/PMAINPs at 660 nm (hollow circles) and
CIS/PMAL-d NPs at 710 nm (filled circles) in the presence of'@ns in solution. a) The low concentration

data were fitted (solid lines) to a Stevalmer equation (equation 6.2). b) The high concentration data is
presented on a logarithmic scale (dashed lines are a guide to the eye).
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The concentratiodlependent genching was quantified via the Steralmer relationship 188,
which describes a linear relationship between the concentration of the quencher, [Q] and the relative

decrease in normalised PL intensity

- .
%PQU (053

where"Oand"O are the PL intensity in the presence and absence of the quencher, respectiv@ly, and

is the SterrMolmer coefficient of the quencher. This constant describes the quenching rate and
depends on the temperature, solvent viscosity and the lifetime of the unquenched PL, and is therefore
determined experimentally. The value@ffor CIS andCIS/ZnS QDs calculated from Figure 6.19 b)
werepdtw T8¢ prmt O andp& @ T8¢ prt O |, respectively.

That the quenching rate for the CIS/ZnS/PMAL NPs is ~ 50% larger than for the CISHAMAL
NPs can be understood in the context of physitakactions with the surface. Reports suggest that
Cu™ ions can react with the ZnS surface of eshell QDs creating G6,, leading to an increased
density of surface trap states. This explanation is consistent with the fact thairGthave less ai
guenching effect on core CIS QDs; CIS QDs already have high densities of surface trap states
compared to CIS/ZnS QDs.

The observed quenching effect of Cu@ thus more likely to result from physical interactions
with the QD surface, despite the thickganic layer.Non-linear quenching is observed in systems
where the quencher has limited accessibility to the fluorophore, as is the case for the QDs
encapsulated with polymer, and can be modeled by considering a modifie¥@teen expression;

o ) )
O 0O Q0 Q o

where"Qis the fraction of fluorophores which are accessible to the quencheR amdhe Stern
Volmer coefficient for the accessible fraction. A plot"™0f 'O "O againstpX 0 6 is shown in
Figure 6.20. A linear fit reveals that tlyantercept, which corresponds g@'Q, is 2.7 £ 0.4. This

implies that the percentage of the total sample surface area that is accessible toitmes @uas 37 +
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6 %. The combintdon of the DDT ligands and the thick PMAd layer around the CIS/ZnS QDs form
an effective barrier to the €uions in the majority of the sample (~63%); however, ~37% are not
fully protected and can allow €uions to interact with the QDs. The gradiems determined to

be o8 180 p 1 O, which corresponds to a Stevblmer coefficient for the accessible fraction,

Q,of 181 ™8 pTO.
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Figure 6.20 Modified SternaVolmer plot for the data shown in Figure 6.19 a). The black line represents a linear
fit, the gradient of which is proportional to the modified St€otmer coefficient and the-intercept represents

the fraction of the total sample surface area accessible to thi@@ast

Quenching of QOluorescence in the presence of Tans has been observed for CIS Q&Y
as well as for other QD system$9D, 191 and the quenching mechanism is still under debate.
Reports suggest that the Lions can react with the ZnS surface of core/shell QDs creatig§,,Cu
which lead to incresed density of surface trap states. Another possible explanation is tHat Cu
complexes with the QD resulting in a nmdiative recombination pathway. However, for the
CIS/ZznS/PMAL-d system, the quenching behavior indicates that only a fraction of thea€@Ds
affected. Quenching caused by complexation ot @uthe surface seems less likely given that the
organic chemistry of both CIS/ZnS and CIS are identical (and therefore we would expect a similar

response to the quencher). It seems more likely teaCth ions react with the ZnS surface and form
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surface trap states which reduce the PL intensity. This explanation is consistent with the fact that Cu
ions have less of a quenching effect on core CIS QDs; CIS QDs already have high densities of surface
trapstates compared to CIS/ZnS QDs.

6.2.4Assessment of Cytotoxicitypy Cell Viability Assays

Thein vitro effect of CIS/ZnS/PMALd NPs on the viability of HaCat cells was assessed by means of

an MTT assay and a WSITassay. The observed cell viability thfe cells was dependent on the
chosen assay; the MTT assay seems téi@ally exaggerate the reduction in cell viability, probably

due to an interaction between the NPs and MTT formazan crystals, similar to that observed with
carbon[192-195] andboron nitride [196] nanotubesjn addition toiron oxide [197] and titanium
dioxidenanoparticles]9§. Our results reiterate that care has
cell viability assays in thdéield of nanotoxicology and that multiple cell biity assays must be
compared to gain a reliable picture of cytotoxicity.

The results of a MTT assay are shown in Figure 6.21 (white hashed bars). The cells retained a vi
bility greater than 50% up to concentrations of 10 pg/mL and higher. Unbound felals alson-
vestigated using an identical MTT assay (light grey hashedl Bdues viability assay with PMALd on
its own suggested that the observed CIS/ZnS toxicity at 100 pg/mL can be attributed ted? SBAL
hough further studies comparing the cell Viapbf cells loaded with CIS/ZnS QDs encapsulated in a
variety of polymers are needed to confirm this. It is likely, however, that all amphiphilic polymers will
have some influence on cell viability.

A further control experiment of thioglycolic acgdablised CdTe QDs (dark grey bars) showed a
loss of viability to levels below 50% at lower concentrations (0.1 pg/mL) than for the
CIS/ZnS/PMAL-d NPs, although the cytotoxicity of CIS/ZnS/PMALNPs seems to be comparable
to that of TGAstabilisedCdTe QDsHowever, we note that the health concern withb@ded QDs is
not that they might trigger acute toxic effects, but that accumulation of Cd ions in vital organs, as seen

in-vivo, may generate severe chronic toxic effects.
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Figure 6.21 MTTcell viability assay results for HaCat cells loaded with CIS/ZnS/PMANPs (white bars),
free PMAL-d (grey bars) and TGAtabilisedCdTe/ZnS QDs (black bars). Error bars represent the S.E. (*p <

0.01, **p < 0.001)Incubation conditions for MTT assay are described in section 2.8.

Interestingly, the MTT assay shows a very distinct behavior compared to thd \A&SayFigure
6.22). At low concentrations of CIS/ZnS/PMAH NPs, viability seems to improve, which is partly
caused by the PMAW. However, at higher concentrations, viability seems to decrease insievo
manner. Between 0410 pug/mL(20 nM - 200 nM) viability is approxmately halved, while at 100
pg/mL2uM), a second fAstepo in viability | dassayi s obs
which shows full viability up to 10 pg/mi(200 nM). We note that in the MTT assay, either the
PMAL-d or QDs remain presemt the MTT mixture during the assay. Therefore, we propose that the
discrepancy between the two assays is due to artifacts induced by interactions taking place between
the NPs and the tetrazolium MTT dye or formazan, a phenomenon which has previoushpogen r

ed in the literature for various nanostructure32%198,.
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Figure 6.22 Cell viability of HaCat cells loaded with CIS/ZnS/PMALNPs (white dashed bars), free PMAL
(grey dashed bars) and TGhabilisedCdTe/ZnS QDs (dark grey dashed bars), froM/&T-1 cell viability
assay. Error bars represent the S.E. (*p < 0.01, *p < 0.0@tubation conditions for WST assay are
described in section 2.8.

6.3 Concluding remarks
The basic approach to CIS QD synthesis described in chapter 3 produces QDs with a hydrophobic
surface that must be transferred to the aqueous phase ksyptistsis surface modification.

Firstly, this work has shown that with different choices of suafaicand solvent alongside slight
changes to the reaction conditions, hydrophilic CIS QDs can be synthesised that display comparable
optical properties to the stapé-the-art DDT stabilisedCIS QDs. Mercaptoundecanoic acid (MUA)
and mercaptoundecanol (MUD)ere both demonstrated to work in similar synthesis conditions,
although MUD appeared to act as a more stable surface coating in aqueous suspensions.

Secondly, a simple polymer encapsulation method for thesyastiesis transfer of hydrophobic
CIS/znS @s into the aqueous phase is evaluated in terms of optical performance, colloidal stability
and sensitivity to metal ions in solution. The amphiphilic polymer (Amphipol) used is a zwitterionic

derivative of poly(maleic anhydride) called PMAL It was show that if enough polymer is used to
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