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Sum m ary

Summary

This p ro jec t explores th e  use o f q uantum ly confined  m ateria ls  as photon  absorbers, w ith  th e  

aim  to  produce nanom aterials th a t w e believe w ill increase efficiency in rep o rted  q uantu m  dot 

based photovo lta ic  designs. The structure o f th e  thesis is as fo llow s.

C h ap ter 1 is a lite ra tu re  rev iew  o f topics im p o rtan t to  this research and a general introduction  

into sem iconductors, nanom ateria ls  and photovoltaics. The aim s and objectives o f th e  w ork  are  

also d eta iled  in this chapter.

C h ap ter 2 describes all o f th e  experim enta l details re lating  to  th e  w ork  presented  in th e  thesis  

and has been labelled w ith  experim enta l specifics concerning each result chapter. Also included  

is a b rie f explanation o f ins tru m en tatio n  and th e  range o f characterisation  m ethods used 

th ro u g h o u t th e  thesis w ork.

C h ap ter 3 is dedicated to  th e  d eve lo p m en t and optim isation  o f th e  hot injection synthesis o f a 

range o f sem iconductor nanom ateria ls  fo r use in photovo lta ic  devices, w ith  m ateria ls  chosen 

to  exp lo re  th e  e ffec t o f band gap size and band gap structure w hen  incorporated  in QD based 

solar cells. W e  also describe th e  application o f gold nanopartic les to  th ese  produced structures  

and th e  effects  o f o leylam ine based halide tre a tm e n ts  upon th e  resulting lum inescent, w ith  the  

aim  o f im proving surface passivation and so m aking th e  synthesised structures m ore effective  

as sensitizers in a photovo lta ic design.

C h ap ter 4  investigates th e  use o f e lec tro p h o re tic  deposition as a tool to  produce th in  film s o f 

CQDs upon porous T i02 electrodes, w ith  th e  resulting photosensitisation  exam ined. W e  have  

also stud ied  a num ber o f post tre a tm e n ts  as a m eans to  increase th e  resulting p h o tocu rren t 

th ro ug h  bulk sem iconductor deposition and ligand exchange. Included in this w o rk  is a b rie f 

e x am in atio n  o f cation exchange also as m eans to  a lte r th e  absorption  and stability  o f a QD  

sensitised T iQ 2 e lectrode.

C h ap ter 5 describes th e  fabrication  o f tw o  a lte rn a tive  types o f QD based photovo lta ic  devices, 

q u a n tu m  dot sensitised solar cells and d ep le ted  hetero ju nctio n  solar cells. This study also 

explores discotic liquid crystal q uantum  dot com posites, as possible m ateria ls fo r photon  

harvesting. O verall, th e  ch ap ter covers th e  m ateria l fabrica tion  o f these devices; exam ine th e ir  

p ro perties , fo llow ed  by analysis o f th e  resulting devices produced.



Summary

Chapter 6 provides a conclusion to this body of work and outlines the main achievements of our 

research. This chapter also includes a num ber of suggestion for research to carry out based on 

our finds, which we believe will be fruitful and interesting.

Finally, we strongly believe that this project will contribute to fu rther developm ent o f quantum  

dot based materials and their uses in a range of im portant photovoltaic devices.
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HEL - Hole Extraction Layer
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HRTEM - High Resolution Transm ission  
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LC - Liquid Crystal
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M O C VD  - M eta lo rg an ic  Chem ical V apour  

Deposition
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NC - Nanocrystal
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ODE - Octadecene
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ODPA - Octadecylphosphonic acid

OLY - Oieylamine

Pmax- M axim um  Power

Pt - Theoretical Power

PBDT - 1,4-phenylenedicarbam odithioate

PDI - soluble perylene diam ide, (N ,N 9-b is (l- 

ethylpropyl)-3,4,9,10-perylenebis

PL - Photoluminescence

PCE - Power conversion efficiency

POM - Polarized optical microscopy

PVB - Polyvinyl butyral

SEM - Scanning electron microscopy

QD - Quantum  Dots

QDDSSC- Quantum  Dot Sensitised Solar Cell

QR - Quantum  Rod

QY - Quantum Yield

RE - Reference Electrode

Rs - Series Resistance

R s h - Shunt Resistance

RTAQ - l,5 -d ihydroxy-2 ,3 ,6 ,7-tetrak is(3 ,7- 

dim ethyloctyloxy)-9,10-anthraquinone

Abbreviations

SB - Schottky Barrier

SEM - Scanning Electron Microscope

SPD - Spray Pyrolysis Deposition

SILAR - Successive Ion Layer Adsorption and 

Reaction

STEM - Scanning Transmission Electron 

Microscopy

TBP - Tributylphosphine

TDPA - Tetradecylphosphonic acid

TEM - Transmission electron microscopy

TOP - Trioctylphosphine

TOPO - Trioctylphosphine oxide

TMS - Bis (trim ethylsilyl) sulfide

WE - W orking Electrode

UV- U ltraviolet

VB - Valence Band

Voc “ Open Circuit Voltage

Vis - Visible

XRD - X-ray crystal diffraction
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Chapter 1 Introduction

Chapter 1 Introduction
The rapid growth of fossil fuel prices and greater danger of global warm ing due to  increased 

carbon dioxide emission (greenhouse effect) dictate an urgent need for alternative energy 

sources. Sunlight is the largest o f all available carbon-neutral energy sources, therefore solar 

energy harvesting based technologies are of extrem e im portance. The focus o f our work is to 

develop new semiconducting nanom aterials and investigate their potential in solar energy 

harvesting devices. In this introduction, w e will overview the main fundam ental aspects related  

to  semiconducting materials and nanom aterials, their properties and applications in solar 

energy harvesting.

1.1 Semiconducting nnaterials

1.1.1 Band Theory
Electron density in atoms is described by atom ic orbitals, giving a probability map in space of 

electron position relative to the nucleus. For a molecule, a linear com bination of atom ic orbitals 

(LCAOs) can be used to describe the electron density across a num ber o f atoms present and is 

called a m olecular orbital (M O ). D ependent upon the net interaction o f the LCAOs these 

m olecular orbitals can then be assigned a label of bonding, due to in-phase electron wave 

interaction, anti-bonding, due to  out o f phase electron wave interaction or non-bonding 

orbitals, in which the net in phase and out of phase interaction add to zero.

Antibonding

Non-bonding

Bonding

Figure 1.1 Showing the three m olecular orbitals created betw een three atom s each with one atom ic orbital 

A bonding orbital is a M O  of low er energy (Figure 1.1) than the atomic orbitals that have 

interacted to produce it, generating an electron density map for a-bonds in which electron(s) 

present in the orbital have a higher probability of being present betw een the nuclei. An anti- 

bonding orbital is a M O , which is o f higher energy than its constituent atomic orbitals and 

produces an electron density map for a-bonds in which probability of electrons being between  

the nuclei is low. A non-bonding orbital is a M O  of the same energy as one o f its constituent
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atom ic orbital. These three d ifferent LCAOs have the effect o f producing a num ber o f d ifferen t 

energy levels that electrons may occupy in a molecule.

W hen referring to extended solids, LCAOs can be fu rther applied to explain the band structure

N = o o

N=2

N=1/

N=3

Antibondinq

Nonbonding

N=6
N=10

N=14

Bonding

Band

Figure 1.2 Band structure fo rm ed  fro m  LCAOs, where N is the num ber o f atoms

found in solids^ (Figure 1.2), this is due to the near infinitely fine energy levels possible due to  

the sheer num ber o f atoms present, producing bands of allowed energy levels and areas of 

disallowed energy levels called a band gap (BG). These allowed bands can be fu rther divided 

into tw o  categories called a valence band (VB) or a conduction band (CB). The VB is the  highest 

energy states that electrons occupy in a m aterial at absolute zero while the CB is the lowest 

unoccupied state. Electrons in the VBs are considered to  be localized upon each 

atom /m olecule, while electrons present in the CB are considered to be delocalized across the  

solid. Above the conduction band at a given energy lies the vacuum energy, the energy level at 

which an electron becomes a free electron. Another im portant term  is the energy difference  

betw een the conduction band and the vacuum called the electron affinity.

The Pauli Exclusion Principle states that no tw o  electrons may occupy the same electronic state 

and determ ines the filling of energy levels w ith electrons; this therefore  gives rise to Fermi- 

Dirac statistics, which is used to describe the filling o f energy levels w ith single-particles, which 

are identical and governed by the Pauli Exclusion Principle. These statistics gives rise to the  

concept o f the Fermi-level, which is energy level at which there  is a 50% chance of electron  

occupancy, w ith energy levels above this being nearly em pty and energy levels below this being 

nearly full. At absolute zero, this correlates to the very top  of the VB and is given the term  Fermi 

energy. For tem peratures above OK, the  Fermi-level moves up towards the CB, because as 

electrons gain therm al energy, they can be excited into the  CB.
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Depending on the LCAO of a chemical, when exam ined as an extended solid, th ree distinct band 

structures are produced giving rise to three distinct classes o f materials (Figure 1.3), a 

semiconductor, an insulator or a m etal. M etals are m aterials that have an overlap betw^een the  

VB and the CB, placing the Fermi-level in the middle o f the band. This gives electrons in metals  

a huge num ber of available energy states accessible by a tiny energy input, which produces the  

m any w ell-know n properties of metals, including its excellent electrical and therm al 

conductivity, and the strong reflectivity of a newly polished metal surface.

Vacuum

Valence 
Band I

Metal Semiconductor Insulator 

Figure 1.3 Band d iagram  o f a m eta l, sem iconductor and  Insulator

In contrast to  this, semiconductors and insulators have a BG that separates the VB and the CB, 

w ith  band gap energy (Eg) being larger in insulators (roughly above 4 eV) and smaller in 

semiconductors. For semiconductors at absolute zero the Fermi-level lies in the middle o f Eg, 

betw een the full VB and em pty CB at a forbidden energy level if the density of states is equal in 

the valence and CB. For tem peratures above this, some electrons will gain access to  the CB due 

to  therm al energy and so the Fermi-level is shifted towards the CB.^

1.1.2 Semiconductor Types and Properties
Semiconductor properties are strongly defined by the  band gap energy (Eg), corresponding to  

the  ease at which electrons can be excited from  the VB to the  CB. Electrons excited into the CB 

can contribute to the electrical conductivity of a m aterial; therefore , as the Eg becomes larger, 

the  conductivity of a m aterial decreases. W hen an electron is excited into the CB, an unoccupied 

state is left in the VB, term ed an electron hole; these are also responsible for electrical 

conductivity found in semiconductors. The hole in fact does not move, but electrons in the  

neighbouring lattice move into the unoccupied position, the  hole, which has the net result that 

the  hole appears to move in the opposite direction o f electron m ovem ent.
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c
LU

Vacuum level

© 1Photon tI “  Exciton

Figure 1.4 Form ation o f an exciton in a semiconductor due to absorption o f a photon

W hen an electron -h o le  pair are generated due to  photon absorption, they can be described as 

an exciton, a quasi-particle, held together by the coulomb attraction o f the tw o  opposing 

charges (Figure 1.4). The distance between the electron-hole pair is term ed the exciton Bohr 

radius. The radius is a function o f the bond strength, which is determ ined by the dielectric 

constant of the m aterial and the effective masses of the excited electron and hole (Appendix A) 

with the average size lying in the nanom etre range ( 2.9 nm for CdS, 11.3 nm for InP, 46  nm for 

PbSe). In bulk semiconductors excitons only exist at low tem peratures, due to the w eak binding 

energy holding the pair together (27 m eV for CdS, 15 meV for CdSe, 5.1 meV for InP)^ above 

which tem perature , the electron and hole have enough therm al energy to overcome this bound 

state and act independently.

An excited electron in a semiconductor after a period will decay from  its excited state in the CB 

back to the VB and recombine with an electron hole in w hat is called recom bination. This 

recom bination results in the release o f energy e ither in the  form  of a photon, term ed radiative 

recom bination or in the form  of heat, term ed non-radiative recombination.

A pure semiconducting m aterial is called an intrinsic semiconductor and has an equal proportion  

of electron holes to  free electrons when stoichiom etric, the population of which increases 

relative to  tem perature . Intrinsic semiconductors norm ally have low conductivity values unless 

heated to high tem peratures or possess a small Eg. This low conductivity can be greatly  

increased through the introduction o f dopants creating crystal defects that introduce energy 

levels w ithin Eg. These crystal defects are categorised w ith respect to  their origins e ither as 

extrinsic, due to impurities or intrinsic due to  the crystal structure itself.

Extrinsic crystal defects due to aliovalent substitution are term ed extrinsic doping. W hile  

intrinsic defects produce intrinsic doping due to  the pure substance being non-stoichiometric. 

Both types of dopants can produce an excess o f e ither holes term ed p-type or free electrons  

term ed n-type, which dom inate the conductivity behaviour. For example, n-type Si can be 

produced by aliovalent substitution through the introduction o f group-15 elem ents (P, As, Sb)
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resulting in excess e lectrons in a la ttice  position  due to  it possessing o ne e lec tro n  m o re  in its 

valence shell th an  Si. These excess e lectrons w ill in troduce a d o n o r level in th e  Eg, n ear th e  CB 

and a llo w  e lectro n s to  be easily excited in to  th e  CB and so shifting th e  Fem i level to w a rd s  th e  

CB. The sam e n -typ e  b eh av io ur is produced by n o n -s to ich io m etry  in intrinsic ZnO, w h e re  Zn is 

in excess and  occupies in te rstitia l sites in th e  la ttice , producing  an excess o f e lectro n  charge  

carrie r in th e  lattice.""

P-type Si can be produced by a lio va len t substitu tion  th ro ug h  th e  in trod u ction  o f g ro up -13  

e le m e n ts  (B, Al, Ga) resulting in hole p ro du ctio n  in th e  la ttice  due to  it possessing one e lectro n  

less in its va lence shell th an  Si. These holes w ill in trod u ce an acceptor level in Eg jus t above th e  

VB, w hich  a llow s e lectrons to  be excited in to  th ese  levels fro m  th e  VB, producing  holes in th e  

VB, and causing th e  Ferm i-level to  shift to w a rd s  th e  VB. T h e re fo re , in p -typ e-sem ico n du cto rs  

th e  m a jo rity  charge carrier are e lectro n  holes and  e lectro n s are  th e  m in o rity  carrier. The sam e  

p -typ e  b e h av io u r is produced by n o n -s to ich io m etry  in CuOz, since CUO2 is intrinsically Cu 

d efic ien t, th is results in Cu vacancies in th e  crystal s truc ture , resulting in hole production.^

1.1.3 P-N Junction
P-N jun ctio ns are  th e  basis fo r sem iconductors fu n d a m e n ta l ro le in in te g ra ted  circuit 

techn o lo g y, find ing  app lications in diodes, transistors, p h o to vo lta ic  cells, lasers and light 

e m ittin g  d iodes (LEDs). The sim plest device, th e  d iode, allow s cu rren t flo w  in o ne d irection  

m o re  read ily  th an  th e  o th e r d irec tio n  (rec tifica tio n ) and can be m ade using a p-n jun ctio n . A p- 

n ju n ctio n  is fo rm e d  at th e  po in t o f co n tact b e tw e e n  an n -typ e  and p -typ e  sem ico n du cto r  

(show n in Figure 1.5) and is described as a p-n h o m o ju n c tio n  w h e n  both  sem iconductors utilised  

are  th e  sam e o r a p-n h e tero ju n c tio n  w h e n  tw o  d iffe re n t sem iconductors are  used. W h e n  these  

tw o  m ateria ls  are  b rought to g e th e r electrons flo w  fro m  th e  n -typ e  to  th e  p -typ e  sem ico n du cto r  

and holes flo w  fro m  th e  p -type to  th e  n -type. These charge carriers th en  und ergo  reco m b inatio n  

w ith  m a jo rity  carriers in th e  respective m ateria ls  leaving b eh ind  in both  m ateria ls  charged ions. 

This charge tra n s fe r th e re fo re  leaves a n e t positive charge on th e  n -typ e  m ateria l and a net 

n eg ative  charge on th e  p -type m ateria l and so setups an e lectric  fie ld  across th e  p-n jun ctio n  in 

th e  o rd e r o f 0 .6  to  0 .7  V  fo r Si. This charging pushes d ow n  th e  n -typ e  band levels and pushes up 

th e  p -typ e  band levels until th e  Ferm i-levels o f th e  tw o  m ateria ls  are  equal. The area in w hich
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charge carrier transfer has taken place is called the space charge layer or depletion zone, due 

to  lack o f charge carriers in this region and the presence of an electric field.

Depletion
region

n - dopedp - doped

o  o

p - doped n - doped

Voltage
Built ir fvoltage

n - dopedp - doped

Figure 1.5 Diagram  showing the structure o f a p-n junction fo rm ed  between a n-doped and p-doped semiconductor, 
graphing charge, electric fie ld  and voltage

1.1.4 Schottky Junction
Another im portant type of diode is the one based on Schottky junction, a junction created 

between a metal and a semiconductor. The semiconductor used can be e ither n-doped or p- 

doped and any m etal can be used. W hen the m etal is brought into contact w ith the  

semiconductor, its m ajority charge carriers near the junction are injected into the metal, 

creating a depletion region in the semiconductor called a Schottky Barrier (SB). A simple model 

for calculating the height o f the SB is given by S cho ttky-M ott theory fo r n-type and p-type 

semiconductors (Equation 7.2) (Appendix A). This is an overly simplified m odel, since this does 

not take in to account that the work function and electron affinity both contain surface dipole 

term  dependencies. These surface dipoles are a function of electron distribution and so 

therefore will be effected by the surface condition, i.e. quality, surface states and the particular 

crystal plane exposed. This therefore means that unfortunately the barrier cannot be accurately 

predicted using this equation. A num ber o f models have been devised to  take better account of 

the resulting barrier, including the effects of electronegativity, but as of yet no reliably 

predictive model has been developed.®’®
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1.1.5 Quantum Size Effects and Quantum Dots
As discussed above the continuum  of bands found in a bulk m aterial owes the ir origins to the  

huge num ber of LCAOs in an extended solid. W hen a m aterial's size is reduced to  the nanom etre  

range, creating a nanocrystal (NC), the num ber of atoms is vastly reduced; so much so that this 

picture of a continuous band no longer holds, and in fact is better described as finitely spaced 

discrete energy levels that make up the VB and CB. This new electronic structure due to size is 

term ed the quantum  size effect and has a num ber o f consequences for the properties o f the  

m aterial, creating a m aterial that possesses properties interm ediate betw een the bulk and 

discrete molecules.

E

Increasing Band Gap

Conduction
band

c

Bulk Band Gap ♦
Valence 

band

Nanocrvstal

Bohr Radius

Quantum Dots

O ; ' o
\  \

Reducing Nanocrystal Size
i:

Figure 1.6 D iagram  showing the effect o f exciton confinem ent. The effect o f reduction o f size o f a semiconductor 
nanocrystal below the Bohr radius produces this quantum  confinem ent o f the exciton. This in turn increase the band  
gap as size reduces fu rth e r and the nanocrystal can now  be described as a quantum  dot.

W hen speaking specifically o f a semiconductor, the quantum  size effect is term ed quantum

confinem ent. This takes place when the size o f the semiconductor nanocrystal approaches

dimensions of the Bohr radius of the exciton (term ed in term ediate confinem ent) or below the

Bohr radius (term ed strong confinem ent), as shown in Figure 1.6. Quantum  confinem ent o f the

exciton greatly increases its bonding energy and so excitons are found to exist at room

tem perature  in semiconductor NCs.^ As the transition is made from  bulk to quantum ly confined

m aterial, the band position alters, resulting in widening of Eg relative to size and can be

estim ated using the Brus equation (Appendix A).®'“  Interestingly, this widening does not push

both the VB and CB in opposite directions equally. This effect is dependent upon the actual
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e ffe c tive  masses (m * )  o f th e  hole and th e  electron^^' so fo r ex am p le  in CdSe, w/hich has a 

me*= 0.13 w h ile  mh*=1.14, th e  m ajo rity  o f th e  increase in Eg is seen th ro u g h  th e  CB o f CdSe 

shifting to w ard s  h igher energies. W h e n  th e  exciton  is confined  in one, tw o , o r th re e  d im ensions  

o f a sem ico n du cto r NC, th e  s truc ture  is called a, q uan tu m  w ell, q u a n tu m  rod or q u a n tu m  dot 

(Q D ) respectively. Q u a n tu m  Dots can be com posed o f any q u a n tu m  co n fin ed  sem iconducting  

m a teria l, but m ost co m m on ly  used QDs are based on binary sem iconductors . These include  

QDs o f group ll-V I m a teria ls  such as CdSe,^^'^^ CdS,^®' ZnS,^®'^° ZnSe,^^'^^ lll-V  m ateria ls  such as

InP,^'*'”  InAs,^® and InSb^® and IV-V m ateria ls  such as PbS,^°'^^ PbSe,^^'^^ PbTe,^®'^^SnS,^® SnSe^® 

m o re  rare ly ll-V  such as Cd3 P2'*° and Cd3As2.'’  ̂ In recent years, QDs based on te rtia ry  

sem iconductors such CdSexSi-x,'’ '̂ PbSexSi-x,'*'’ CulnSi,''^ CulnSe2,'’® and q u a te rn a ry

sem iconductors such as ,CdxZnx-iSySev-i‘’^and CuZnlnS3'’* have b een  d eve lo p ed .

1.1.6 Optical Properties of Quantum Dots
Since Eg can be tu n e d  by vary ing  th e  q u an tu m  c o n fin em en t o f th e  exciton , fro m  th e  bulk value  

to  m uch-increased  values, th e  resulting ab sorp tion  and em ission o f th ese  QDs can be tu n e d  

across a range. Q D's ab sorp tion  pro file  exhib its a characteristic  first peak, w hich  is ind icative o f  

th e  exciton  binding en ergy in th e  q u a n tu m  confined  sem ico n du cto r m a te ria l. The absorp tion  

spectrum  a fte r  th e  first exciton, displays rising absorp tion  stren gth  w ith  decreasing w av e len g th , 

m ean ing  a QD can absorb light o ver a broad range o f w avelen gth s . In ad d itio n , QDs w ith  a d irect 

bandgap show  a large ab sorp tion  coeffic ients  ranging fro m  1 x 10^ to  1 x 10® M ^  cm  \  w hich  is 

also size d ep en d e n t.

It has also been  show n th a t th e  ab so rp tion  p atte rn  o f a single Q D displays a fin e  s tru c tu re  not 

fo un d  in th e  bulk re la ting  to  th e  d iscrete en ergy levels in th e  VB and CB.^^-^^'^''Thisfine structure  

is b lu rred  and h idden as th e  d is tribu tion  o f QD size increases, te rm e d  inh om ogeneous line 

broadening .

Also due to  exciton  c o n fin em en t, p ho to lum inescence (PL) becom es strongly p ronounced  fo r  

d irect BG QDs. The shape o f th is lum inescence is n orm ally  fit using a single Lorentzian  peak, 

w ith  its F W H M  d ep e n d e n t upon th e  te m p e ra tu re  and m a trix  due to  h om ogeneous line 

broadening^^'^® and th e  size d is tribu tion  o f QDS (inh o m o geneou s line b roaden ing ). The  

lum inescence m ay also so m etim es have peaks re la ted  to  tra p  states, w hich  p roduce a broad , 

strongly red sh ifted  lum inescence. This typ e  of em ission is co m m o n ly  fo un d  in m agic sized 

q u a n tu m  dots due to  th e ir  large surface area.

The e ffic iency o f th e  PL is m easured  using Q uantu m  Yield (QY), w hich  gives a p ercen tag e  value  

corresponding  to  th e  n u m b er o f photons em itte d  d iv ided by th e  to ta l photons absorbed. The
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QY o f a QD is strongly dependent upon the rate o f non-radiative relaxation and therefore  the  

existence of inter-bandgap states. These states can be form ed due to surface defects, impurities  

or crystal defects and strongly decrease QYs.

The Stokes shift, the difference between. This value has also been tied to the size o f the  

quantum  dot, w ith decreasing size increasing the observed Stokes shift. This has been explained  

to be due to  the presence of dark and bright exciton states in the valence band, the energy 

betw een which increases w ith decreasing quantum  dot radius.

1.1.7 Colloidal Quantum Dots (CQD)
Discrete nanoparticles can be synthesised by a range of d ifferent methods^® including sol-gel,^® 

spray pyrolysis,®® m etalorganic chemical vapour deposition (MOCVD),®^ “  molecular beam  

epitaxy (MBE),®'*®^ chemical bath deposition (CBD)®* and even recently dem onstrated  

biosynthesis but the  most w idely used technique today for QD synthesis is a w et chemistry 

colloidal approach. This route uses chemical precursors that are treated  in a solution (using 

heat or o ther means), resulting in decomposition and production o f m onom ers that then  

nucleate and grow to  form  the NC. The rate of growth is controlled using ligands, which bind to  

the surface of the NCs form ing a colloidal shell around the particle (see Figure 1.7). A huge range 

of ligand have been used including, alkyl thiols,^^'^^ phosphines, phosphine oxides, phosphates, 

amides, amines, carboxylicacid^^'and nitrogen containing aromatics.^^ The type o f ligand chosen 

will dictate the solubility of the quantum  to a range of solvent and so allows a huge range of 

flexibility w hen creating CQD solutions. The binding strength of the  ligand and its physical size, 

will dictate the stability of the solution, preventing aggregation of QDs and oxidation of the QD 

surface.

Ligand

Quantum

Dot

Colloidal 
Quantum Dot

Figure 1 .7  A collodial quantum  semiconductor with organic ligand covering the surface 

Apart from  the quantum  confinem ent effect, it is also im portant to consider that a large portion  

of the atoms composing a QD is situated on its surface and so the  entire QD electronic state is 

strongly influenced by surface interactions. This can be quickly estim ated to equal 24 % of atoms 

for a 6 nm CdSe QD are upon the QD surface which rises to  35 % for a 4 nm CdSe QD, and fu rther 

to  60 % for a 2 nm CdSe QD. Due to this, the absorption and emission wavelength o f a CQD can
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be blue sh ifted  o r red sh ifted  by surface ligand in terac tion s and m atrix  effects . In ad d itio n , QDs 

can be very vu lnerab le  to  surface oxidation  due to  th e  large surface energies, resulting in surface  

tra p  fo rm a tio n . This process is particu larly  p ronounced  especially w h en  u nd er illu m ina tio n , and  

is te rm e d  photob leach ing .

o  a
C  (U
o  o  
^  §  

o
Nudeatiori

Growth

Time
Injection

Figure 1 .8  This shows the nucleation and grow th process o fco llod ia l quantum  dots using the hot injection m ethod

Collo idal synthesis can be achieved  using a range o f approaches Including solvotherm al,^®’ ®̂ 

m icrow/ave synthesis,^®' “  and e lectro n  beam  irradiation.®^ ®̂  H o w eve r, th e  m ost com m on  

approach  to  produce collo idal q u an tu m  dots do d a te  is hot in jection  first proposed in 1993.®^ 

This synthesis relies upon th e  heating  o f a reaction  vessel contain ing, so lvent, ligand and one o f  

th e  q u a n tu m  d ot precursors to  a specific chosen te m p e ra tu re . A fte r reaching th is poin t, a 

syringe is th en  used to  quickly in troduce a vo lum e o f th e  second precursor in th e  absence o f 

oxygen, quickly increasing th e  co n centra tion  o f m o n o m e r in so lution (as show n in Figure 1 .8  . 

Several factors are  used to  contro l th e  synthesis, including precursor concentra tions, 

te m p e ra tu re  and solvent. This initial step produces hom ogeneous n uc leation  o f m o n o m e r into  

QD seeds in solution, w hich th en  im m e d ia te ly  begins to  g ro w  in size due to  heterog en eou s  

n uc leation  o f m o n o m er. T h e re fo re  to  achieve a small size d is tribu tion  in QD size it is very  

im p o rta n t to  separa te  th e  g ro w th  step and th e  nucleation  step, by m aking th e  nucleation  step  

o f th e  reaction  take  place o ver a short period  o f t im e  . Follow ing this, seeds are  a llow ed  to  grow  

to  a set poin t in t im e  a fte r  w hich  th e  q u an tu m  dots so lution is cooled. This is done b efo re  th e  

m o n o m e r co n centra tion  reduces to  th e  poin t a t w hich O stw ald  ripening begins. O stw ald  

ripening is a process th a t takes  place in an inh om ogeneous sol, by w hich sm aller crystallites  

dissolve in to  solution and redepo s it upon th e  larger crystals. This is a th erm o d yn am ica lly  

favou red  process and so takes  place spontaneously  due to  th e  increased energy o f  surface  

atom s re la tive  to  in te rio r a tom s. If le ft unchecked O stw ald  ripen ing  has th e  undesirab le  e ffec t 

o f increasing size polydispersity in a QD sam ple.
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1.1.8 Core-Shell QD Heterostructures
Quantum  dot properties can be fu rther m anipulated by coating one semiconductor in a shell of 

another semiconductor, which is term ed a core-shell structure and have been extensively 

studied.®® Three distinct types o f band alignments can occur betw een the semiconductors of 

core-shell QDs and is dependent upon the band gap, work function and electron affin ity of the  

core and shell semiconductors (as shown in Figure 1.9 ). The following types o f QDs are known.

l. l .S . i  Type I

Type I involves coating the core m aterial in a semiconductor with a larger Eg with the aim of 

restricting environm ental interaction with the optically active core m aterial. Due to  the band 

gap arrangem ent, the exciton of the QD is confined to the core m aterial and therefore  is less 

sensitive to  surface states, including surface defects. The net effect is an increase in the  

quantum  yield of the core-shell QD and much greater stability against photobleaching. As the  

shell thickness increases due to the  lattice strain, a red shifting in absorption occurs. Examples 

include CdSe/CdS,*^'®° CdS/ZnS,®^ ZnSe/ZnS,®^ PbS/CdS and InP/ZnS.®''

l. l .S .ii  Reverse Type I

Reverse type I core/shell QDs are form ed through the coating of a core QD w ith a shell o f smaller 

band gap semiconductor. This type results in partial exciton delocalisation in the shell resulting 

in red shifting of the absorption and emission, increasing w ith shell thickness. This due to  

exciton delocalization to the surface of the smaller Eg of the shell and also has the effect of 

generally low er PL QYs relative to the Type I QD due to the  exciton being more exposed to  

surface trap states and solvent interaction. Examples include CdS/CdSe®^ and ZnSe/CdSe.^®

l.l .S .ii i  Type II

Type II core/shell QDs results in the shell m aterial having its CB or its VB in the BG of the core 

m aterial, producing a staggered band alignm ent, and results in exciton separation over the two  

materials, with the hole residing in one m aterial and the electron in the other. This has the end 

effect of producing a QD w ith a band gap smaller than e ither the shell or core m aterial and 

results in a strongly red shifted absorption and emission for the QD, which is strongly dependent 

upon shell thickness. Examples include CdSe/CdTe®^ ®® and ZnSe/ZnTe.®®

1.1.9 Multiple shelled QDs
Apart from  binary core-shell QDs it is also possible to produce multi shelled QDs, which consist 

of a core coated in a multiple of shells of d ifferent semiconductors. This enables ever more  

complex structures to be form ed and a range o f interactions to  take place betw een the shells ,
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examples include CdSe/CdS/ZnS“ ° and CdTe/CdS/ZnS.“  ̂ How ever, the study of these m ultiple  

shelled QDs is outside the scope of this project.

Core 

Conduction band

- r  
+

Band 
I

Valence band

Figure 1 .9  D ifferent band alignm ents o f  core-shell quantum  dots, dependent upon the band gap, valance band and 
conduction bands o f shell and core semiconductor m aterials.

1.1.10 Lattice Mismatch and Strain
To grow one semiconductor upon another it is im portant to consider the crystal structure o f the 

tw o  materials, since if the tw o  materials do not share the same crystal phase, epitaxial growth  

of a shell becomes impossible due to  the mismatch betw een crystal types. Even when crystal 

structures are shared betw een materials, lattice param eters may differ, inducing lattice strain 

upon the resulting structure. The am ount of strain induced by a shell is a function o f shell 

thickness and the percentage difference in lattice constants term ed  lattice mismatch^°^ 

(Appendix A ). The effects of strain include crystal defect form ation and band shifting o f the  

core-shell energy levels.

1.1.11 Bulk Modulus and crystal defects
The bulk modulus expresses a substance's resistance to  compressibility. Therefore, as the value 

decreases the m aterial will m ore easily elastically deform  and so sustain a larger value of strain 

before relaxing through form ation of crystal defects. This is an im portant factor when choosing 

an appropriate core-shell semiconductor com bination and shell thickness due to the range in 

values across common QD core/shell materials (Appendix 6).^°''

Addition of shell 
precursors

Inverted Type-1 QD

E.g. CdSe/CdS E.g. CdS/CdSe E.g. CdTe/CdSe
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1.1.12 Synthesis of core-shell quantum dot structures
Again a w ide range of synthetic approaches exist to  produce core-shell quantum  dots 

n a n o p a r t i c l e s , b u t  as with core quantum  dots, the most common approach is through  

the use of a hot injection colloidal synthesise. W hen applying hot injection to core-shell CQD 

synthesis, the  injection of precursor is carried out under alternative conditions so as to promote  

heterogeneous nucleation o f the shell m aterial while discouraging homogeneous nucleation. 

To achieve this shell precursor injection takes place at low er tem peratures and is introduced at 

a slower rate (drop wise usually). In addition successive ion layer adsorption and reaction 

(SILAR) approach can also be applied to control shell thickness. SILAR was firstly applied to the  

deposition of thin films^“ ' but as o f late has found wide application in CQD core-shell 

s y n th e s is .T h is  m ethod uses an alternating cycle of injections, each containing just one o f the  

shell precursors, e ither the anion or cation and therefore produces a half o f a m onolayer upon 

the QD per injection. The quantity of each injection is calculated relative to the size and 

concentration of QDs to add the exact concentration to  produce the half monolayer, therefore  

elim inating the risk of homogeneous nucleation of shell monom ers. In addition, the quantity of 

each injection is increased as the size of the QD increases due to the shell deposition, allowing 

precise control o f the resulting shell thickness.

A range o f o ther morphological core-shell nano heterostructures have also been produced using 

semiconductor nanocrystal. Some of the most fascinating structures involve the growth a shell 

of a semiconductor upon a quantum  dot that is quantum ly confined in tw o  or one direction. In 

the  case of a tw o dimensionally quantum ly-confined shell, the particular structure form ed is 

dependent upon the  crystal structure of the core quantum  dot. If the core QD is present in a 

hexagonal structure, shell growth can be preferential upon the term inals o f the core, producing 

a dot in rod structure overall. W hile if the crystal structure of the core quantum  dot is cubic, 

growth will be preferential upon four faces of the QD, producing a dot in tetrapod structure. 

The most w ell-know n example of this is dem onstrated in CdSe-CdS core- shell heterostructures, 

CdS will adopt the hexagonal crystal structure o f w urtzite while the CdSe can adopt either a 

cubic structure o f zinc blende or the w urtzite  structure dependent upon synthetic conditions. 

Therefore, by coating a CdSe QD of zinc blende structure w ith CdS, a dot in tetrapod structure 

is form ed while by using a w urtzite  CdSe QD core, a dot in rod can be grown.®*' The synthesis 

of these anisotropic colloidal nanostructures is possible due to the high affinity that phosphonic 

acid ligands display for crystal faces perpendicular to  the crystal c axis in w urtzite. This produces 

an im portant difference in growth kinetics between the c axis and the perpendicular directions, 

producing anisotropic growth in the CdS shell, producing the  rod shape o f the CdS and either
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overall tetrapod or the rod shape of the shell CdS shell also.“ ° It has also been shown that 

through cationic exchange it is possible to produce Cu2Se/CuS, P b S e /P b S ^ ^ ^ 'a n d  PbS/CdS^^^ 

dot in tetrapod or dot in rod heterostructures. Also interestingly it was recently reported the  

synthesis o f a dot in p latelet heterostructures form ed from  CdSe/CdS in which the shell is only 

quantum ly confined in a single direction.

1.1.13 Cation exchange in nanostructures
Cation exchange is a process by which the cations o f an ionic solid can be exchanged w ith  other 

foreign cations, usually in solution (Figure 1.11). Though this effect has been known for 

d e c a d e s , i t s  specific application to the field o f nanocrystal is relatively recent, and is 

particularly interesting due to the  rem arkable rate increase of cation exchange in comparison 

to bulk. This is mostly attributed to  the larger surface area of the nanocrystal and low er 

activation energy to diffusions of ions. This is a relatively new synthetic approach in regards to  

nanocrystal synthesis, w ith the first review covering the topic being published in 2 0 0 7 .“  ̂This 

m ethod has the advantage of reliability and ease o f access to a range o f nano structures, which 

maybe inaccessible through m ore w ell-know n direct nanocrystal synthetic approaches.

A B C

+ -  + - +  ® -  + - ©  . .  # “ 0 - #  *
+  -  +  -  +  - +   .  © -  +  -  +  - #
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Figure 1 .10  This shows the process o f cation exchange tal<ing place in a nanocrystal, in which one cation is replaced  
by another in solution over tim e, while m aintain ing the anion fram ew ork.

Though the technique can be relatively straightforward, in practice the exact result of the  

exchange is dependent upon a num ber o f subtle therm odynam ic properties and kinetic effects 

which must be carefully controlled to produce the desired cation e x c h a n g e . T h e  overall 

reaction o f a cation exchange is described in Equation 1.1 part (1) while the steps involved in 

this overall process are detailed in part (2-5) of the equation . The dissociation and association 

processes described in part 2 and 4 are concerned w ith the lattice energy and the surface energy 

of a crystal, with strain and dislocation energies also influencing the therm odynam ics and 

kinetics o f these processes. The desolvation and solvation processes described in part 3 and 5 

are dictated by the relative solubilities of the tw o  ions in the particular solvent used. Therefore,
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for a cation exchange to take place readily, the outgoing cation should be more soluble in the 

solvent used then the foreign cation, while the lattice energy should remain the same or be

minimised in the exchanged form.

( l i qu i d )  +  C — A ( c r ys t a l )  -* ( l i qu i d )  +  M — A ( c r ys t a l )  (1)

C -  A ^  C A  (Dissociation) (+AG) (2)

M ” ’*' M  (Desolvation) (+AG) (3)

M +  A ^  M — A (Association) (-AG) (4)

C -» C "’*' (Solvation) (-AG) (5)

Equation 1.1 This describes the processes involved in cation exchanges, with (1) describing the overall reaction while 
(2 -5 ) describes the steps involved in the process. Note M  represents a fore ign cation, while C the orig inal host m ateria l 
cation and A the original m aterials anion, prior to carrying out o f the cation exchange.

By using these controls, it is possible to produce a partially exchanged heterostructure“ '̂ “ ^or 

a completely exchanged structure. Cation exchange can also conserve the original shape of the 

nanocrystal, retaining the anionic framework under specific c o n d i t i o n s . T h i s  process can 

also take place between ions of the same valence or of differing valency giving even greater 

flexibility in the approach. A range of different cation exchanges have been demonstrated in 

nanocrystals to date including PbX to CdX (X= Se or S),®̂ - CdX to ZnX,^^ '̂ CdX to

PtX/PdX,^^'' CdX to HgX,̂ ^ '̂ InP to GaP,^^  ̂CdiXs to InX or GaX̂ ^® and ZnTe to MnTe.^^®

1.1.14 CQD films
A number of CQD PV cells include films of CQD as a conducting and absorbing layer. An efficient 

film of CQD for PV applications needs to be stable and possess a long diffusion length so to allow 

charge carrier collection. Diffusion length of charge carriers in bulk semiconductors are defined 

by the crystal defects that scatter charge carriers. In QD films, diffusion lengths strongly depend 

upon the ability of charge carriers to move from one QD to another (Figure 1.12). Therefore, it 

shows a strong dependency upon the monodispersity of QD size, so to ensure resonant 

electronic states between the QDs.
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In addition, charge m ovem ent between quantum  dots is very strongly influenced by th e  existing 

distances betw een neighbouring quantum  dots, with shorter spacing ensuring m ore effective  

quantum -m echanical overlap. This space is characterised by the  ligand present upon the  surface 

of the CQDs, w ith long chain molecules producing larger distances and therefore  insulating 

films, while short chain ligands give rise to  shorter distances and hence conductive f i l m s . I t  

has also been dem onstrated that replacem ent o f ligands w ith  halide anions produce highly 

conductive f i l m s . A n o t h e r  approach that has been exam ined is the com plete rem oval of 

ligands through the application o f annealment^^^ or specific solvents like dimethylformamide.^^^ 

This produces films of QDs quantum ly confined, but packed surface to surface form ing a 

superlattice or supercrystal, and therefore display a vastly im proved charge mobility.

Figure 1.11 The diagram  shows the m ovem ent o f electrorts betw een CQD, in (ij the electron m ust hop betw een a 
tw o CQDs capped in long fa tty  acid ligands (oleic acid), leading to high resistance, while in (ii) the electron transfers 
between tw o CQDs coated in short chain ligand such as MPA

Quantum  mechanical overlap is also dependent upon how strongly the exciton is confined in 

the QD, and so is a function o f the Bohr exciton radius relative to the QD size. Consequently, 

QDs w ith large Bohr exciton radiuses are most suitable for conductive film form ation. O ther 

factors relevant to  QD conduction include a high density of states and high dielectric constants.

Interestingly, colloidal Pb chalcogenides films (PbS, PbSe and PbTe) have seen the greatest 

am ount o f research relative to  o ther CQDs, due to the ir large Bohr exciton radiuses, large 

dielectric constants and high density of states relative to o ther commonly synthesised QDs.

Another im portant factor for application o f QDs in solar energy harvesting is the need to  

produce films that are appropriately doped, enabling the form ation of a p-n junction and/or  

Schottky junction. Doping o f CQDs using im purities has proven to be difficult due to  num ber of 

factors including stochastic variations of dopant levels in Q D s , shifting of dopants energy levels 

due to quantum  confinement^^® and self-purification of d o p a n t s . O n e  possible approach is 

by introducing non-stoichiom etry in a QDs resulting in intrinsic doping by changing the surface 

term ination  groups.

1.1.15 Doping of QD films
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The most successful route to date for producing doped films of CQD is via ligand exchange. This 

involves firstly depositing a CQD film  using spincoating, dip coating or drop casting. The 

deposited film consists o f QDs with long insulating ligands, such as oleic acid. These films then  

undergo ligand exchange w/ith a short chain ligand o f much larger binding energy, replacing the  

ligand shell of the QDs and in effect shrinking the film . M ultip le  coatings are undertaken to  

produce a continuous film, which is electrically conductive and shows either p or n-type 

conductivity.

CQD films produced for PV applications to date include, hydrazine producing n-type PbSe, '̂*  ̂

short chain carboxylic acids producing p-type PbS and PbSe films,^"*  ̂ 3-m ercaptoproponic acid 

(M PA) producing p-type PbS, '̂*  ̂ 1,3-benzenedithiol producing p-type PbSx Sei-x '̂"' and p-type 

PbSe,^''^ ethanedithiol producing p-type PbS.^^®

1.2 Photovoltaic Cells

1.2.1 Main concepts and definitions
The solar irradiance on Earth's surface is function of a num ber of factors. Firstly, the solar 

irradiance o f the sun can be modelled closely as a blackbody radiator of 5800 K (see Figure 1.12). 

W hen this energy reaches the earth, a num ber o f chemicals in the Earth's atm osphere have an 

attenuation effect upon the radiation, absorbing some of it before it reaches the surface. In 

addition, Rayleigh scattering also plays a role in solar irradiance attenuation, scattering high- 

energy photons m ore readily than low. The magnitude o f both effects is proportional to  the  

am ount o f atm osphere the radiation passes through, and is described by the term  Air Mass 

(A M ). Solar irradiance at the top of the atm osphere is term ed  A M  0 w ith a resulting irradiance 

of 1366.1 W /m ^. The AM at the equator is term ed A M  1, w ith light travelling the shortest 

distance to reach the surface and is described to  have a 0° angle relative to the earth's surface 

norm al, called the zenith angle. The m ajority o f the earth's population in fact lives in the  

tem perate  zone, which due to the earth's curvature, means that light reaching this area of the  

earth  travels through a thicker am ount of atm osphere and is designated a AM  of AM  1.5 w ith a 

zenith angle of 48.2°, and a corresponding reduction in irradiance. A M  1.5 can be divided into 

tw o  sub-categories A M  1.5 G (global) which includes diffuse light while AM  1.5 D (direct) does 

not, therefore AM  1.5 G corresponds to an irradiance of 1000 W /m ^ while A M  1.5 D corresponds 

to  a reduced irradiance of 900 W /m ^
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Figure 1.12. The Solar Irradiation a t A M  0 and A M  1.5G  and 1.5 D com pared to a  blackbody rad iator a t 5800K  
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A photovoltaic (PV) cell is a photoelectronic device w/hich using the photovoltaic effect allows 

photons o f light to  be converted directly into electricity. For this to occur efficiently three  

processes must take place, firstly a m aterial must be present to absorb incident photons and 

generate charge carriers, secondly separation o f the charge carriers must occur and thirdly the  

charge carriers need to make the ir way to the term inals of the device.

For effective absorption of light using semiconductors, tw o  properties must be considered. 

Firstly, Eg should be chosen to collect the m aximum am ount of energy from  the solar spectrum. 

This exact problem has been tackled using the Shockley-Queisser limit. The Shockley- 

Queisser limit describes the highest possible PCE (power conversion efficiency) for a solar cell 

based on a p-n junction of a specific BG relative to the solar irradiation.^'*®' ‘̂'®The factors that 

determ ine this lim it upon efficiency are listed below:

1.2.2 Blackbody rad iation
A body at a given tem perature  radiates heat in the form  of radiation, with this radiation's energy 

increasing as tem peratures increase. Therefore, a solar cell at 300 K radiates a baseline of 

energy, which cannot be captured by the cell, which equates to 7 % of the solar irradiation total 

loss.

1.2.2.1 Recom bination
This takes into account that a rate o f recom bination of charge carriers is always present and 

therefore  always will reduce the overall Voc (open circuit voltage) of a cell below the value of 

the BG o f the m aterial.
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i.2.2.ii S pec trum  loss
W hen a photon is absorbed which is larger than the Eg of the semiconductor, it produces an 

electron which Is excited into the higher energy levels of the CB of the m aterial, which then  

relaxes to  the band edge of the m aterial through loss o f this excess energy in the form  of heat. 

This excess energy is therefore  not available to  be converted to electrical energy and so to  

m inimize the loss the Eg should be close to the energy of photons being absorbed. This strategy 

must be balanced with the fact that any photons of energy below Eg will not be able to produce 

an exciton. Therefore these tw o factors of loss must be minimised as effectively as possible by 

choosing a m aterial w ith an Eg large enough to  m inimize losses of energy from  high-energy 

photons (UV, visible), but small enough so to enable low energy photon absorption (infrared).

The Shockley-Queisser limit dictates that for m aximum efficiency under AM  1.5 G sun 

illum ination the band gap of a single p-n junction based solar cell should lie betw een 1 eV and 

1.5 eV, w ith  the maximum attainable solar energy conversion efficiency possible o f 33.7%  using 

an Eg of 1.1 eV (see Figure 1.13). This limit can be surpassed through the use of solar 

concentration technology and/or w ith the application of a tandem  solar cell design, though both 

routes carry the ir own set o f specific issues.

Secondly, the semiconductor should be an efficient absorber and hence should have a high 

absorption coefficient. Therefore, a semiconductor with a direct BG is preferable; meaning the 

highest point in the VB and the lowest point in the CB should lie in the same k- vector. If this 

not true the m aterial is described as an indirect semiconductor and has the effect o f making 

photon absorption less likely and so a thicker layer of absorber must be used.
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Figure 1.13 The Shockley-Queisser lim it o f  a single Junction cell under A M  2 .56  solar illum ination

A nother im portant factor to  consider is that charge carriers must be able to reach the  

m em brane effectively. To achieve this, absorber layer thickness should be less than the
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diffusion length of the charge carriers. Consequentially this must be m anaged relative to  the  

absorption coefficient o f the  absorber layer.

Effective charge separation o f the photogenerated electron hole is needed for efficient solar 

cell perform ance to avoid recom bination o f the charge carriers. This is achieved in solar cell 

design by using a sem i-perm eable m em brane at either side o f the absorption layer, which are 

m ore perm eable to one charge carrier than the other. This is achieved by using m aterials which 

have a higher conductivity to one charge carrier than the other, like an n-type m aterial which 

shows higher conductivity to  electrons than holes.

Another m ethod to realise this m em brane approach is to  use a band alignm ent, term ed a 

staggered alignm ent, which supports charge separation by placing an energy barrier, which 

boosts one charge carrier injection while discouraging the other. Electron charge injection rates 

can be increased by having the  CB of the absorber in a higher energy position than the CB of the  

electron perm eable m em brane and is given by the Marcus equation (Appendix A).^^° 

C om plem entary to  this is that hole injection rates can be retarded through the use o f electron  

perm eable m em brane which have a VB of low er energy than the VB o f the absorber. This also 

applies to  a hole perm eable m em brane, which becomes m ore effective by using a m aterial that 

has a VB higher than the VB of the absorber and a CB that is o f low er energy than the CB of the  

absorber.

To best bring about these band alignm ents a semiconductor w ith a larger Egthan the absorber 

is used as one or both o f the sem iperm able mem branes so as to avoid the m em branes  

absorbing incoming light intended for the absorption layer. Also im portantly, recombination  

rates are dependent upon m inority carrier concentrations since these are the limiting factor to  

the process, therefore  in large Eg semiconductors the population o f therm ally generated charge 

carriers is m inim al and so the rates o f recom bination is slow.

1.2.3 Dye Sensitized Solar Cell (DSSC)
The Gratzel Cell, also called the dye sensitized solar cell (DSSC) was originally co-invented by 

M ichael Gratzel and Brian 0  'Regan in 1988 and published in 1991.^^^ This design has shown the  

ability to produce power conversion efficiencies (PCE) of up to  12%., using a cheap th in  film  

a p p r o a c h . I n  this cell design, a dye acts as the absorber layer, which when excited by 

incident photons, injects its photo-generated electrons into the CB of a wide band gap 

conductor. In this design, a phase barrier is used to  prevent recom bination o f the electron, 

which is then transported through the  w ide band gap sem iconductor and is injected in to  the  

TCO. The dye itself is regenerated using a redox couple present in the electro lyte, which donates
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an electron. The redox couple  in tu rn  is reg en e ra ted  a t  th e  ca thode , which also provides th e  

electrical connection  b e tw e e n  th e  pho toan iode  and th e  ca thode , which reg en e ra te s  th e  redox 

couple. The voltage of th e  cell is defined by th e  difference in conduction band of th e  wide band 

gap sem iconduc to r  and th e  oxidation potentia l of th e  redox couple  p re sen t  in solution.

The pho to an io d e  of th e  cell is com posed  of a porous layer of w ide-band  gap sem iconductor, 

generally  Ti02 th a t  is dep o s i ted  on to  th e  surface of a t ra n sp a re n t  conductive oxide (TCO), 

th o u g h  o th e r  sem iconducto rs  have also b een  investigated including ZnO, Sn02 and SrTiOs. Ti02 

is a t r a n sp a re n t  to  visible light and th e re fo re  a dye is used to  sensitize th e  cell to  th e  visible 

spec trum . Either metal com plexes (i.e. Ru, Os, Fe, Pt based) o r  organic dyes (i.e. coumarin, 

te trahydroqu ino line ,  triarylamine, h e te ro an th racen e ,  perylene, etc.) are  used as dyes. These 

a re  depos ited  using soaking, producing a m onolayer upon th e  Ti02. The dyes generally includes 

an anchoring g roup  (i.e. -COOH,- P03H2,-S03H, etc.) which is used to  link th e  dye to  th e  Ti02 

surface. The Ti02 layer is depos ited  using an approach  to  maximise its surface area, and is 

generally  co m p o sed  of nanopart icu la te  layer of 20 -30 nm a n a ta se  particles, s in tered  to g e th e r  

into a network. This allows a higher loading of th e  Ti02 with dye, maximising th e  absorp tion  of 

th e  cell. The ca th o d e  is com posed  of a metal, with a large work function (im portan t to  

maximising th e  voltage of th e  PV cell) and which is catalytic to  th e  redox couple present. 

Platinum is th e  m ost com m only  utilised m etal for this function and is deposited  in a 

n anopart icu la te  form, increasing surface and th e re fo re  activity. Both e lec trodes  are  connec ted  

by an electro ly te  solution, containing a redox couple, allowing for an electrical connection 

b e tw e e n  th e  an o d e  and ca thode .  The redox couple utilised in th e  majority of DSSC cells is th e  I 

/  I3 , which show s th e  g re a te s t  efficiency and was first p roposed  in th e  original 1991 paper. 

While a range of redox couples have b een  investigated including Br-/Br3‘, SCN /(SCN)3 , and 

m eta l com plexes of N i ' ^ V N i * ' ' o r  Co*7Co*^^^^ none  have p roduced  a m ore  efficient cell to  

da te .

1 .2 .4  Ti02 mater ial
Ti02 occurs in th re e  c om m on  crystal forms rutile (tetragonal), a n a ta se  (tetragonal) and brookite 

(orthorhom bic) . A natase and brookite are  m e tas tab le  and convert  to  th e  rutile s truc tu re  upon 

heating. Also w or th  noting is th e  existence of five high p ressu re  which have been  identified. The 

band  gap of th e  th re e  m os t  com m on phases are, ~3.4 eV for a n a t a s e , ""3.0 eV for rutile^”  and 

~3.3 eV for brookite,^“  which the re fo re  m eans  all are  t r a n sp a re n t  to  visible light. Ti02 

d e m o n s t ra te s  excellent photocatalytic  p roperties  under UV illumination, with a mix of rutile 

and  a n a ta se  phase  Ti02 showing th e  g rea tes t  activity.
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Also im portantly, anatase and rutile- TI02 display intrinsic conductivity of n-type, enabling the  

form ation o f a p-n heterojunction w ith p-type semiconductors. This n-type character is due to  

the presence of sub-stoichiom etry, resulting in an excess of Ti atoms and produces tw o  resulting 

crystal defects in the lattice, 0  vacancies and Ti interstitials.^®® Oxygen vacancies are the  m ore  

com m on defect under oxygen rich conditions, w ith a slightly larger concentration in the  anatase  

form  than rutile.^'*'' Titanium  dioxide due to  its high stability, ease of production and appropriate  

VB and CB position is w idely used as an n-type w ide band gap semiconductor in photovoltaics, 

enabling charge injection from  a range of absorber layers. The most w idely used phase fo r PV 

applications is anatase since it has been shown to have higher charge m obility relative to the  

rutile phase, therefore  m ediating recom bination l o s s e s . I t  is also preferred due to  the higher 

position o f the CB relative to  the  vacuum, which increases the related voltage o f the PV cells 

produced.

1.2.5 Colloidal Quantum Dot Based Photovoltaic
For a solar technology to be w idely adapted as a means to  generate electricity, it must be 

efficient and cost effective. This is defined by the cost per w att-peak (€ /  W p). The cost o f a PV 

cell depends upon the  m aterial used and the  m anufacturing approach. In addition to  this, is the 

balance of systems (BOS)^®  ̂ associated w ith com plete installation o f the PV can be 

considerable. Therefore it has been deem ed that some trade off can take place betw een  

efficiency and cost, but due to  BOS a low er lim it o f efficiency does also in fact exist. The 

following aspects should be considered fo r colloidal QD based photovoltaic devices.

1.2.6 Manufacturing Cost
The CQD PV cells is a th in film technology resulting in minimal m aterial costs. In addition, designs 

utilise inexpensive solution phase fabrication techniques, such as dip coating, dropcasting or 

spincoating. The raw materials cost concerning QD synthesis is m inim al when using green 

chemistry a p p ro a c h e s ,^ ® ^ 'w h ile  the colloidal synthetic approach is w ell suited to QD mass 

production,^®^' ®̂® therefore  it is potentially possible to  produce QDs cost effectively fo r PV 

applications.

1.2.7 Tuneable and Broad Absorption
The onset wavelength o f absorption in a sem iconductor is determ ined by the bandgap o f the  

m aterial. As discussed earlier, the bandgap of QDs becomes size dependent due to  quantum  

confinem ent, resulting in the bandgap energy increasing as size is reduced. This allows the  

absorption pattern to  be tuned across the entire solar spectrum by using d ifferent 

semiconductors and sizes (CdS, 350 -470  nm) (CdSe, 450 -640  nm) (InP, 5 5 0 -650  nm) and (PbS,
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800-3000  nm).^®^ Additionally by adding specific impurities (e.g. Mn/^® Cu^®®) to  produce a 

doping effect in Q D s, the absorption profile can be even fu rther controlled due to the alteration  

of band gap energy. A huge range o f core/shell structured QDs*® can also be prepared allowing  

fu rther manipulations of absorption spectrum. The absorption spectrum a fte r the first exciton, 

displays rising absorption strength w/ith decreasing w avelength, meaning a QD can absorb light 

over a broad range of wavelengths. In addition, QDs w ith a direct bandgap show a large 

absorption coefficients ranging from  1 x 10^ to 1 x 10® cm ^ which is also size dependent.

49-52

1.2.8 MEG (Multiple Exciton Generation)
A num ber o f QD cell designs have shown the potential to  produce high efficiencies, including 

the ability to  surpass the Shockley-Queisser lim it due to  m ultip le photon generation (MEG).^^° 

This causes the  absorption o f a single photon in a sem iconductor to result in the production of 

a num ber of excitons through this non-linear process. For this to  take place the photons energy 

must be at least tw ice the energy of the semiconductor's BG to  produce tw o  excitons, three  

tim es the BG to produce th ree  excitons and so on. MEG has been observed in a num ber o f QDs 

including PbSe and PbS '̂* though the exact mechanic for the MEG effect is still under discussion. 

Solar cells based on QDs that show this MEG effect, have the  potential ability to  give high 

efficiencies and even enable them  to  surpass the  Shockley Queisser limit.

1.2.9 The effect of quantum dot size polydispersity
It has been dem onstrated that polydispersity in quantum  dots used in quantum  dot based solar 

designs is a specifically unique issue, w ith increased size distributions lowering charge m obility  

due to im perfect packing o f QDs reducing Uc and also due to range of bandgaps being present, 

a lowering of the resulting Voc of the produced cell can also occur. It has been identified not to  

posse a large issue at present due to  large populations of trap states being present in devices 

to  date, but as these surface passivation issues are resolved through cell design, monodispersity 

of size will become more o f an im portant issue.

1.2.10 Quantunn Dot cell designs
Colloidal Quantum  Dots have been tested in a w ide variety o f Solar cell designs^ '̂^^^' including 

Hybrid CQD Polymer Solar C e l l s , T a n d e m  CQD C e l l s , a n d  Quantum  Funnels. 

Specifically for this project, four types of CQD designs will be exam ined in detail, the CQD 

Schottky Cell, the Quantum  Junction solar cell, the Depleted H eterojunction Colloidal Quantum  

Dot solar cell (DHCQD solar cell) and the Q uantum  Dot Sensitized Solar Cell (QDSSC).
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1.2.11 CQD Schottky Cell
O ne o f th e  first and sim plest designs o f a CQD based PV cell, is th e  CQD Schottky cell (F igure  

1.1 5 ), w hich  to  d a te  has show n a PCE o f up to  5 .2%  und er 1.5 A M  corresponding  to  a Voc = 0 .4 6  

V, a Isc = 19 .3  m A /c m ^  and a fill fac to r FF = 58%.^®°The cell design consists o f a Schottky jun ctio n  

fo rm e d  b e tw ee n  th e  p -typ e  QDs and a low  w o rk  function  m eta l (Al,^®^ Ca^^° and M g  w hich  

is used as th e  ca tho d e, crea tin g  a d ep le tio n  region a t th e  jun ctio n . As an anode. Ind ium  Doped  

Tin O xide (ITO ) o r F luorine dop ed  Tin O xide (FTO) is used, as a tra n s p a re n t conducting e lec tro d e  

(TCO). Charge collection is m ost e ffic ie n t in th e  d ep le tio n  region o f this cell and so QD film  

th ickness is restric ted  to  be in th e  range o f th ickness o f th e  d ep le tio n  zone, w hich is ab o u t 150  

nm.170- 180 Illu m inatio n  takes place th ro u g h  th e  TCO w ith  th e  m a jo rity  o f charge carriers being  

g en era ted  outs ide th e  d ep le tio n  region, w hich  has a negative e ffe c t upon effic iency. The  

m axim u m  possible Voc o f th is cell is d efined  as th e  d iffe ren ce  b e tw e e n  th e  ca tho d e w ork  

fu nctio n  o f th e  m eta l ca tho d e and VB o f th e  TCO. U n fo rtu n a te ly  due to  surface defects  b e tw ee n  

th e  m e ta l -Q D  contact w hich  produce pinning o f th e  Fermi-level,^®^ th e  actua lly  realisable Voc 

can be m uch lo w er and on ly  show  a w eak  re la tionsh ip  to  th e  m e ta l w ork f u n c t i o n . A l s o  in 

som e o f th e  m ost recently  published designs, a th in  layer (1 nm ) o f  LiF has b een  included  

between^®®' CQD and th e  m e ta l back e l e c t r o d e . T h e  function  o f w hich is to  

decrease th e  dark sa turation  cu rren t o f th e  device th rough  passivation o f traps present at th e  

ju n ctio n  b e tw ee n  th e  CQD and m e ta l back co n tact, reducing n o n -ra d ia tive  reco m b ina tio n  o f 

excitons and th e re fo re  increasing cell effic iency. QDs tes ted  in this design include PbSe,^''^'

P b s l4 6 , 180, 181, 184.186 g p d  PbSx S B i -x ( x  = 0 .6  - 0 .9

100 nm

•250 nm ~10nm
<------- ► 300 -  500 n n f j

Illumination

OC

AlTCO Quantum Dots

T——r i 3- Mercaptoproponic
TCO acid capped || 

Glass Quantum Dots a I
LiF

Figure 1.14 CQD Schottky cell, showing the basic structure o f the cell is given on the left while the right diagram  
explains the electron and hole m ovem ent in the device, describing the relationship between the m aterials and the 
resulting open circuit voltage.
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1.2.12 Quantum Junction Solar Cells
This cell is bu ilt upon th e  princip le o f q u an tu m  dots sandw iched b e tw e e n  a TCO coated  piece o f 

glass and a to p  e lectro d e n o rm ally  consisting e ith e r  a th in  layer o f LiF and Al o r a n o th e r m eta l. 

The d iffe ren ce  w ith  th is design lies in th e  fo rm a tio n  o f a p-n jun ctio n  b e tw e e n  q u an tu m  dots. 

This ju n ctio n  is fo rm ed  using tw o  d iffe re n t q u a n tu m  dots, fo rm in g  a h e te ro ju n c tio n  or by using 

tw o  d iffe re n t sam ples o f th e  sam e sem ico n du cto r fo rm in g  a hom ojunctions. Examples o f 

q u a n tu m  d ot h om ojunction  solar cells include n -d o p e d /p -d o p e d  PbS CQD/®® w hich have PCE 

o f up to  7 .4 %  ,und er 1.5 A M  corresponding  to  a Voc o f 0 .5 5 , a Isc o f 24 .5  mA /  cm^ and a FF o f 

55% . Exam ples o f h e te ro -q u a n tu m  junctions include p -typ e  PbS/ n -typ e  Bi2 S2 ^®°and CdTe/CdSe  

191,192 p |j5  n atu rally  have a p -typ e  doping due to  ox ida tio n  u nd er a i r , w h ile  n -typ e  character  

can be produced in PbS using Ag doping and halide soaking.^*®'

1.2.13 Depleted Heterojunction Colloidal Quantunn Dot Solar Cell
A n ew  cell design, w hich has em erged  recently , is th e  D ep le ted  H e tero ju n ctio n  Colloidal 

Q u a n tu m  D ot solar Cell (DH CQ D solar cell) w ith  re p o rte d  PCEs o f up 8 .5  %̂ ®® u nd er 1 sun, 1.5  

A M  illu m inatio n  and is show n in Figure 1 .15 . This builds upon th e  Schottky Cell design by 

utilising an n -typ e  large Eg sem ico n du cto r connected  to  th e  film  o f p -typ e  QDs fo rm in g  a p-n 

h e te ro ju n c tio n . T h e re fo re , a d ep le tio n  zone is produced  w ith  a built in fie ld , w hich can be used  

to  en ab le  charge separation  o f p h o to g e n e ra te d  charge carriers across th e  jun ctio n . Just as in 

th e  S chottky cell th e  device is designed to  use a CQD film  thickness o f th e  sim ilar length  as th e  

d ep le tio n  region produced fro m  th e  p-n jun ctio n , w hich  has been d e te rm in e d  to  be b e tw ee n  

2 0 0 -3 0 0  nm  in thickness.^®® Also im p o rta n tly  th e  n -typ e  sem ico n du cto r is n orm ally  deposited  in 

a nan ostru ctu red  phase so as to  produce a large surface ,a llow ing  exce llen t con tact b e tw e e n  it 

and th e  CQD layer and so en ab ling  e ffe c tive  charge in jection . The ca tho d e is a tra n s p a re n t 

conducting e lec tro d e  (TCO) consisting o f e ith e r Ind ium  Doped Tin O xide (ITO ) o r Fluorine Doped  

Tin O xide (FTO) and is co nnected  to  th e  n -typ e  sem ico n du cto r. As an anode, a large w ork  

fu nctio n  m eta l (gold) is utilised w hich  should be aligned  w ith  th e  VB o f th e  QDs, so as to  avoid  

th e  creation  o f a Schottky b arrie r w hich w ou ld  re ta rd  hole in jection . Illu m inatio n  takes place 

th ro ug h  th e  TCO, w ith  th e  m a jo rity  o f charge carriers being g en era ted  w ith in  th e  d ep le tio n  zone  

o f th e  p-n jun ctio n  enabling charge separa tion . The m axim u m  Voc is d efined  by th e  energy  

d iffe ren ce  b e tw ee n  th e  w o rk  fu nc tio n  o f th e  an o de and th e  VB o f th e  n -typ e  sem iconductor.
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CQDs tested in the cell design include PbSe/®^’^°''Sb2S3/°^andCulnTe 2 °̂® while

for the n-type wide band gap semiconductors, TiOẑ ®̂ ' ^® '̂̂ °°’ “̂ and ZnO^®^-199 -203,204,207-209 |,^ g yg  

been investigated.

nm

Figure 1.15 This shows one o f the most comm on designs used in a quantum  dot depleted heterojunction solar cell 
(right) and the basic m ovem ent o f electrons and holes in this device (left).

1.2.14 Hole Extraction Layer
Unfortunately, just as in the Schottky Cell design, Voc has been shown to be reduced due to 

Fermi-level pinning at the CQD-metal contact creating an unwanted Schottky barrier. 

Recent developments in this design have included the application of a hole extraction layer 

(HEL) deposited as a th in layer (1-10 nm) o f transition metal oxide upon the CQD layer before 

deposition of a metal back contact. Examples include M 0 O 3  or V2O5, which when 

deposited show a n-type behaviour due to the introduction o f non-stoichiometry from the 

thermal evaporation process. These therefore can increase hole extraction at the interface by 

injecting electrons in to  the valence band o f the CQDs.

1.2.15 Anion passivation
The CQD layer in a DHCQD cell consists o f QDs w ith a short chain ligands upon the QD surfaces, 

original designs utilised 3-mercaptoproponic acid^®  ̂ or 1,2 ethanedithiol^^° fo r this purpose. 

Unfortunately it was determined that these ligands did not give complete surface passivation 

o f the layers, which gave rise to the presence of trap states, decreasing cell efficiency due to 

recombination losses. These ligands also showed a vulnerability to oxidation and thermal 

degradation. Therefore a new strategy was proposed in 2011^°^ which employed the use o f all 

inorganic ligands to produce halide capped QDs films, which showed a marked increase in

acid capped 
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effic iency. This s trategy was th e  com bined  w ith  a 3 -m ercap to p ro p o n ic  acid ligand exchange to  

pro du ce a hybrid  organ ic -inorgan ic  c o a t in g /^  w hich  has been  incorpo ra ted  in to  all o f th e  latest 

highest p erfo rm in g  DHCQD cells.

1.2.16 Donor Supply Electrode
The D H CQ D cell design has been  shown to  su ffer fro m  a com prom ise b e tw e e n  ex traction  length  

o f charge carriers and absorp tion  length  o f inc ident photons, w ith  th icknesses o f CQD layers  

chosen to  co m prom ise b e tw e e n  both  factors, m axim ising on p h o to c u rre n t. If it w e re  possible 

to  ex ten d  th e  d ep le tio n  zone, th is w ou ld  result in an extension o f th e  ex trac tio n  length o f charge  

carriers  and so en ab le  th e  use o f a th icker film  o f CQDs to  m axim ise ab sorp tion  o f incident 

pho ton s , w ith o u t increasing reco m b in a tio n  rates w ith in  th e  CQD film .

In p rinc ip le , a v iab le  s trategy to  achieving th is w ou ld  be th e  use o f an n -typ e  m ateria l w ith  a 

higher fre e  carrier density , w hich  w ou ld  in tu rn  increase th e  d ep th  o f th e  d ep le tio n  zone w ith in  

th e  CQD layer w h en  th e  p-n jun ctio n  is fo rm e d . U V  rad ia tion  has been d em o n stra ted  as a viable  

stra tegy  to  increase n -typ e  doping levels in ZnO, displaying an increased d ep le tio n  zone depth  

in D H CQ D c e l l s . T h e  sim plest s trategy to  achieve th is fo r T i02 w o u ld  be th e  incorpora tion  o f 

a n -typ e  d o p an t, u n fo rtu n a te ly  results to  d a te  show  th a t n -typ e  doping o f T i0 2  using m eta l ions 

affects  T iQ 2's e lectro n  a ff in ity ^ *  and not its n e t carrie r density as expected . An a lte rn a tive  

stra tegy to  achieve this in th e  DHCQD cell is use o f a d on o r supply e le c tro d e  ( D S E ) . ^ ® ® ' T h e  

princip le o f a DSE is a m ateria l th a t can read ily  increase charge density in th e  n -typ e  m ateria l 

(T i02) via charge in jection  doping. The first DSE was d em o n stra ted  in 2 0 11  used a heavily  n- 

dop ed  w id e  band gap sem ico n du cto r ( A lu m in iu m  doped ZnO ) fo llo w e d  by a th in  layer o f T i02  

(1 0 0  nm ) w hich co n tacted  th e  CQD l a y e r . T h i s  produced a PCE ~ 4%  but did n o t m anage to  

eclipse o th e r DHCQD PCEs rep o rted  a t th e  tim e . The second exam ple  published in 20 13  holds 

th e  c u rre n t re p o rte d  record fo r effic iency fo r DHCQD cells achieving a PCE o f 8 .5%  

corresponding  to  a Voc = 0 .6 2 , lsc= 2 2 .7  m A /cm ^ and a FF = 6 1 % . This used a m uch shallow er  

w o rk  fu n c tio n  FTQ layer in con junction  w ith  a ve ry  th in  T i02 layer.

1.2.17 Durability
The cells show  exce llen t th e rm a l d u r a b i l i t y , b u t  u n fo rtu n a te ly  do not show  th e  ab ility  to  

to le ra te  en v iro n m e n ta l conditions involving oxygen's presence. T h e re fo re , a fte r  QD deposition, 

th e  cells needed  to  be stored  u n d er an in e rt a tm o sp h ere  and PCE and IPCE testing  o f these cells 

is also gen era lly  carried  und er these conditions also, to  achieve th e  highest possible effic iency  

fro m  th e  c e l l s . W h i l e  th is is re p o rte d  by several groups, it has also recently  been  

d em o n stra ted  th a t th e  a PbS/ZnO based DH-CQ D cell d em o n stra ted  little  to  no loss in effic iency
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over a 1000 hour testing period under one Sun in am bient conditions, which seems to directly 

contradict other statem ents concerning stability o f DH-CQD cells.

1.2.18 New Cell Architecture
Finally, very recently new designs of DHCQD cells have been published focusing upon the shape 

and architecture of the cells. A specific design showed that by the incorporation o f mirrors and 

placing the cells at a 45° angle, a 15 % increase in Isc was achieved w ith  a marginal reduction of 

Voc by 8%.^^^ Another example included the use of nanofabrication to produce a periodic 

structure that enabled a 31% im provem ent in Isc relative to a planar device w ith the  same 

volume of absorbing m aterial.

1.2.19 Quantum Dot Sensitised Solar Cell (QDSSC)
it was first dem onstrated in by Vogel in 1990 that it was possible to sensitize Ti02 electrodes to 

visible light using a CdS Quantum  dots,^^^ this was further explored by a num ber o f papers which 

dem onstrated sensitisation with a range o f other quantum  dot m aterials during the following  

12 y e a r s . I n  2006 the first efficient QDSSC cells was dem onstrated using CdSe/CdS as 

sensitizers, producing a PCE o f 2.8 % under 1 sun illumination.^^® The QDSSC design is a modified  

version of the well-known DSSC cell, in which a quantum  dot is used to  sensitise the Ti02, instead 

of a dye. A range of modifications have been incorporated into the QDSSC design to facilitate
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Figure 1 .16  This a  common design fo r  a quantum  dot sensitised solar cell (right) and the flo w  o f electrons across the 
device (left).
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th e  e ffic ie n t use o f QD particles, th ese  cover changes to  th e  T i0 2  layer, th e  e le c tro ly te  and th e  

co u n te r e lec tro d e  (Figure 1 .16).

An im p o rta n t challenge In utilising QDs as a sensitizer to  T i0 2  stem s fro m  e lec tro ly te  

d eg rad a tio n  o f QDs. It w as in itia lly  iden tified  th a t QDs degraded  quickly in th e  presence o f th e  

I /  Is' redox couple, th e re fo re  a range o f a lte rn a tive  e lectro ly tes  have been  t e s t e d . T h e  highest 

p erfo rm in g  to  d a te  are th e  polysulphide based e lectro ly tes , though  cobalt m eta l

com plexes [C o (l,1 0 -p h e n a n th ro lin e  js] 2 2 3 , 2 2 4  i^gsed e lectro ly tes  couples have also shown  

im pressive efficiencies.

U n fo rtu n a te ly , Pt based co u n te r e lectrodes, as found  in th e  standard  DSSC designs; do not 

p erfo rm  effec tive ly  in sulphur-based e lectro ly tes  due to  surface adsorp tion  o f su lphur groups, 

w hich bind strongly to  th e  m eta l surface, decreasing Pt surface ac tiv ity  and conductivity . 

T h e re fo re  a range o f m ateria ls have been investigated  to  replace it including c a r b o n , A u  

Cu2S,^^  ̂CoS,^^® CoS/CuS,^^® and PbS^^^ w ith  CU2S d em o n stra tin g  th e  m ost e ffic ien t cells

to  date.^^^ This co u n te r e le c tro d e  consists o f a CU2S layer grow n upon a th in  sh eet o f brass, 

using an acid etch  and fo llo w ed  by chem ical bath  d ep os itio n , w hich produces a large surface  

area e le c tro d e  w ith  exce llent ad h eren ce and conductiv ity .

A huge range o f d iffe re n t QDs have been tes ted  in this design including CdS,^^^ CdSe, CdTe, 

CdTexSei-x CdS/CdSe,^^^ CulnS2,^̂ ®'̂ ^̂  PbSe, PbS,^^® InAs^^® and doped  QDs such as Hg doping  

o f PbS^^^ and M n  doping o f CdS.^^° The QDSSC effic iency has hugely increased since th e re  

original co nception , w ith  PCEs o f o ver 5% re p o rte d  using a va rie ty  o f approaches^^^'^^^'^^®'^'’®'̂ '’  ̂

and th e  record effic iency to  d ate  d em o n stra tin g  a PCE = 6 .3 6  %, FF= 57 .5  %, Voc = 0 .5 7 5  V  and  

Isc = 19 .35  m A /cm ^ using CdTexSei-* QDs (x= 0.55).^^'* The QDs em plo yed  are synthesised and  

d eposited  using a range o f techn iques , th ese  approaches can be broad ly  categorised into tw o  

areas, in situ synthesis o r ex situ synthesis.

In situ synthesis has em ployed  a range o f processes including chem ical bath  deposition  (CBD) 

successive ion layer adsorption  and reac tio n  (SILAR),^'*^ spray pyrolysis deposition  (SPD)^'*^ 

and recently  electrodeposition^'*'' to  enab ling  th e  synthesis and deposition  o f th e  desired QDs 

o n to  th e  T iQ 2 photoan iodes in a single step. The single step process allow s a quick and  

u ncom plicated  ro u te  to  sensitise T iQ 2, th e  approach also ensures exce llen t co n tact b e tw een  

d eposited  QD and th e  porous p ho to an io d e  surface and has been  responsible fo r m any o f th e  

best p e rfo rm in g  QDSSC cells recently . U n fo rtu n a te ly , th e  QDs produced using this range o f in 

situ approaches w ill inh eren tly  have a polydispersity o f size and can su ffer pure crystallin ity . The
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in situ approach also does not allow sensitisation of Ti02 films w ith m ore complex QD 

heterogeneous structures, such as quantum  rods or core shell QDs. Therefore, in this project 

the ex situ synthesis approach has been favoured.

Ex situ synthesis is a relatively new approach to QD sensitization of the photoanlode. This 

involves firstly the synthesis o f QDs using com m only reported colloidal chemistry approaches 

to  produce the desired QDs. Following this, the QDs are then deposited upon the  surface of the 

Ti02  photoaniode, which is achieved w ith either a linker molecule or using electrophoretic  

deposition (EPD). Ex situ synthesis allows for much greater control o f the QDs composition and 

quality since all of the developm ents in colloidal synthesise can be used to  produce near 

monodisperse samples of QD, w ith high crystallinity and in a range o f complex structures.

1.2.20 Linker Approach to CQD Deposition
The linker approach uses a bifunctional organic ligand to  anchor the QDs to the surface of Ti02 

particles using commonly the same groups that are used for dyes in DSSCs (-COQH). The ligands 

are also chosen to  produce the minimal distance betw een the QD and the Ti02 surface to enable 

charge injection from the QD. A wide range of ligands have been tested in this approach 3- 

m ercaptoproponic acid (MPA) has consistently dem onstrated the  highest efficiencies in 

QDDSCs. Synthesising high quality MPA capped QDs can be difficult, therefore CQDs are firstly 

synthesised using bulky organic ligands which is followed by a ligand exchange. Either this 

ligand exchange can be carried out on the surface o f photoaniode, which has already been 

treated  w ith 3-m ercaptoproponic acid, or a separate ligand exchange is done before  

sensitization of the photoanode, this currently holds the highest PCE record to date o f 6 .76 % 

using CdTe/CdSe core/shell QDs.^''®

1.2.21 Electrophoretic Deposition of CQDs
The second ex situ approach is electrophoretic deposition, which was first applied to produce 

uniform  films of CdSe films in 2002, after which the first CQD PV fabricated with this approach 

was reported in 2008,^''^’ '̂'® while the first efficient QDSSC cell was dem onstrated in 2010.^'’® 

This approach utilizes an electrical field to drive the deposition o f CQDs in a solution upon the  

surfaces of the Ti02 electrodes o f opposite polarity. The ability to  use an electric field to deposit 

the QDs is due to  the presence o f a dipole and surface charge in CQDs, whose origin is due to  

several interactions.

The effects of an electric field have been extensively studied in regards to  CQD solutions, leading 

to  the detection of a perm anent dipole in CQDs and the origin of which is a m atter o f debate.^^°' 

Following on from  this, the origin of charging in CQDs has been affiliated to  a num ber of
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process producing in most solutions a near isoelectric com position o f positively and negatively 

charged CQDs. The reason fo r th is is due to  several processes.

Firstly CQDs w ill generally not be sto ich iom etric in com position  and the re fo re  be rich in e ithe r 

an anion or cation species.^^^ Hence, considering CdSe QDs the presence o f positively charged 

CdSe QDs is due to  excess Cd while  negatively charged CdSe is due to  excess Se in the QDs 

com position. Secondly, the presence or absence o f charged ligands or counter ions can also 

have a marked e ffect upon the overall charge o f a QD. Finally the  therm odynam ic approach 

te rm ed therm al charging, a process by which an equ ilib rium  exists between the m a jority  non

charged population o f CQDs and a m inority  o f charged CQDs has been used to  explain the 

consistently equal concentrations o f negative and positively charged CQDs in solutions in some 

nonpo la r solvents.

The overall e ffects o f these processes a llow  fo r the deposition o f the  charged CQDs upon the 

Ti02 electrodes, w itho u t the need fo r a ligand exchange. This avoids issues o f QD surface trap  

fo rm a tion  during the  ligand exchange process^^ w hich leads to  an overall reduction in luminesce 

o f ligand exchanged CQDs and also is non-ideal fo r PV applications. This approach has also 

dem onstrated the advantageous result o f b e tte r penetra tion  o f the porous Ti0 2  e lectrode w ith  

the  CQD sensitisers, producing a greater loading, and there fore  higher incident photon 

absorption. The CQDs are also deposited close to  the  Ti02/TCQ junction , reducing efficiency 

losses a ffilia ted  to  charge transport in the  Ti02 layer. O ther advantages relative to  the linker 

approach is th a t deposition tim es can be drastically decreased using e lectrophore tic  deposition.

1.3 Liquid Crystals

The liqu id  crystal phase is mesophase tha t has a level o f m olecular order in between the liquid 

phase and crystalline solid phase; it shows im perfect m olecular ordering, extending to  the 

m icroscopic but generally not, the  macroscopic scale (Figure 1.17). This gives rise to  the 

properties o f liquid crystals ,some o f which are found in the  liquid phase (e. g. flu id ity , inability 

to  support shear, fo rm ation  and coalescence o f drople ts) and some o f which are found in the 

solid phase (anisotropy in optical, e lectrical, and m agnetic properties, periodic arrangem ent o f 

m olecules in one spatial d ir e c t io n ) .L iq u id  crystals adopt th ree  categories o f d istinct 

mesophase, the nem atic phase, the smectic phases and the  colum nar. Liquid crystal molecules 

are generally anisotropic in shape and are categorised upon th is as a discotic if plate like in 

shape or calam itic when rod like in shape. In add ition, if the  LC phase is found at a tem pera ture
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range in between the liquid (isotropic) phase and the crystalline phase, it is term ed a 

therm otropic liquid crystal.

D 0 D 0 D 
D O  O O Q  
Q D 0 0 0

11
o < = *’  U

C rystalline  

Solid Phase

Liquid  

Crystal Phase

Liquid

Phase

Figure 1.17. D iagram  showing the difference in order on the m olecular scale between the solid crystalline phase, the 
liquid crystal phase and the liquid phase

1.3.1 Discotic Liquid Crystals
Discotic Liquid Crystals (DLC) are a class of liquid crystals which are disc shaped, consisting o f an 

arom atic mesogen w ith a range of long alkyl chain substituents. The mesophases exhibited by 

these disk-like structures can be classified into three distinct types: colum nar (col) (Figure 1.19), 

discotic-nematic (N d), and discotic-lamellar. A range of d ifferent organic molecules have been 

shown to exhibit a discotic liquid crystal phase including, an th ra c e n e s ,p e ry le n e s ,^ ^ ®  

triphenylenes,^” '̂ ®̂ dibenzopyrenes^®° and hexabenzocoronens^®^'^®^ (HBC).

Liquid
phase

Columnar (c o l) liquid

crystal phase

Figure 1 .18 The change from  cooling fro m  the liquid phase to the self-organised colum nar liquid crystal phase 

The colum nar mesophase is o f particular interest due to the self-organisation o f the disk 

molecules into an aligned stack form ation. This phase shows unique electrical properties due to  

the n-overlap o f the stacked arom atic systems, which gives rise to an anisotropic conductivity, 

producing a strong rise in conductivity parallel to  the columns, which is due to an increase in 

charge-carrier m obility through the columns. The particular arrangem ent of these columns 

relative to  each then gives rise to  a subcategories related to the sym m etry produced, several 

variations o f which have been identified including a hexagonal lattice (Col h), rectangular lattice 

(Col r ) ,  and an oblique lattice (Col o b ) .
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1.3.2 Discotic Liquid Crystal Devices
Several DLCs have been tested in photovoltaic devices to  date/®'''^^° w ith the highest reported  

pow er conversion efficiency o f 2 W hile also interestingly a device dem onstrated a PCE of 

0.35%  for a purely using, a donor-acceptor junction form ed from  non-DLC HBC.^®® DLCs, 

specifically triphenylenes , have also shown application as an additive to existing organic solar 

cell designs and have shown an efficiency boost of up to 35 % achieving a PCE of 3.5 % in a 

poly(3-hexylthiophene):(6,6)-phenyl-C6i-butyric acid methyl ester (P3HT:PC61BM) bulk- 

heterojunction organic photovoltaic (BHJ OPVs) cell under one sun. W hile a boost of 31 %, 

achieving a PCE of 3.97 % under one sun was achieved on another P3HT:PC61BM based BHJ 

OPV cell.

1.3.3 Liquid Crystal QD Composites
Some work has been published on the properties of quantum  dot liquid crystal composites,” '̂ 

testing the effects upon optoelectronic properties, though only one study carried out by our 

collaborators ,^” the exact effects upon discotic liquid crystals. Initial studies carried out by our 

collaborators have shown that upon the addition of CdSe quantum  dots to another DLC 

triphenylene, H4TP, a large increase in the DC conductivity was measured, o f tw o  orders of 

magnitude when using a 1 % doping of 2.4 nm CdSe QDs. This was explained through the  

assumption of a donor -accep to r system betw een the CdSe QDs and the H4TP. Therefore, due 

to  the increase in conductivity these composites w ere identified as potential photovoltaic 

materials.

1.4 Aims and Objectives of Project

The main goal of our project is to  develop a range o f quantum  dot based nanomaterials and test 

them  in selected energy harvesting devices such as photoanodes and photovoltaic cells of 

various designs. This overall goal will be achieved through a num ber o f steps described below;

•  Synthesis o f a range of high quality quantum ly confined nanostructures based on Cd or 

Pb chalcogenides using a hot injection approach with a range of optical properties, with  

the aim of tailoring these materials for application as an absorbing layer in a photon  

harvesting/detecting device.

•  Explore the application of cation exchange as a means to access other novel 

nanostructures which dem onstrate novel optical properties, and which are not readily 

accessible through hot injection using pre-synthesised nanostructures.

33



C h ap ter 1 In troduction

•  Investigate  th e  app lica tio n  o f post synthesis tre a tm e n ts  using o le y lam in e  based halide  

solutions as a m eans to  increase passivation o f QD surfaces, w hich  should also decrease  

reco m b inatio n  losses w h en  incorpo ra ted  into a PV device.

•  D e te rm in e  and o ptim ise  th e  use o f e lec tro p h o re tic  deposition as a m eans to  fab rica te  

a Q D sensitised T i02 e le c tro d e , d em o n stra tin g  th e  versatility  o f th e  approach by 

applying a range o f d iffe re n t Cd and Pb based QDs to  th e  T i02 surface.

•  Establish th e  effects  o f p o s t-e lec tro p h o re tic  deposition  tre a tm e n ts  upon CdSe 

sensitised T i0 2  e lectrodes, investigating th e  effects  o f bulk se m ico n du cto r deposition  

and ligand exchange as a m eans to  increase th e  d e te rm in e d  p h o to c u rre n t response o f 

th e  electrodes to  illum ination .

•  D e m o n stra te  th e  approach o f cation  exchange as a m eans to  a lte r Q D  sensitised T i02  

electro d es, en ab ling  a novel ro u te  to  drastically a ltering  th e  optica l p ro perties  o f QD  

sensitised e lectrodes.

•  Carry o u t an in -d ep th  study in to  QDSSC fab rica tion , focusing on th e  o p tim a l T i02  

e le c tro d e , and co u n te r e le c tro d e  fo r  th is device, fo llo w e d  by d em o n stra tio n  o f w orking  

QDSSC device using these com ponents .

•  Investigate  a novel tech n iq u e  fo r DHCQD ceil fab rica tion  using m o re  com m ercia lly  

viab le  techn iques , including screen -prin ting  o f th e  Ti0 2  e lec tro d e  and dip coating  to  

d eposit th e  Q D film s.

•  Finally, w e  investigate  th e  optica l and electrica l p ro perties  o f novel QD discotic liquid  

crystal com posites, w ith  th e  in te n tio n  o f testing  a discotic liquid crystal so lar cell.

W e  believe th a t th ro ug h  these goals, th is p ro ject w ill co n trib u te  to  fu tu re  d ev e lo p m e n t o f 

q uantu m  dots solar en erg y  harvesting technolog ies.
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2.1 Materials

All materials were used as supplied unless stated otherwise.

2.1.1 Materials supplied by Sigma -  Aldrich
Acetone (HPLC grade), aluminium wire, 1 mm diameter, (99.999 % ); CS2 (Carbon disulfide, 99.9 

%  ); CdCb (cadmium chloride, 99.99 %); Csl (Cesium iodide, 99.9 %); Chloroplatinic acid hydrate, 

99.9 %; Coumarin 153 (99 %); 1,2 Dichloroethane (99.8 %, anhydrous); Ethyl cellulose (48.0- 

49.5% (w /w ) ethoxyl basis), Sn02 /F (Fluorine doped tin oxide) coated glass, 2.3 nm thickness, 

13 Q/sq ,lead acetate trihydrate (99.999%); LiF (lithium fluoride, 99.9 %); HTAC 

(hexadecyltrimethylammonium chloride); MPA (3-mercaptopropionic acid); OA (oleic acid, 

90%); ODA (octadecylamine, 97%); ODE (octadecene , > 97%); OLY (oleylamine, 70 %); PbCb 

(lead chloride, 99.99%); PbO (lead (II) oxide, 99.99 %); KCI (99 %); KBr (99 %); Kl (99 %); PVB 

(polyvinyl butyral); (l,4)-phenylenediamine 99 %); Rhodamine 6G (99 %); Se (99.99 %); Silver 

wire (diam. 1.5 mm, >99.99 %); NaCI (sodium chloride, 99 %); Na2S (sodium sulphide, 97%); TBP 

(tributylphosphine, 90 %); Terpineol (95 %, mixture of isomers); TDPA (tetradecylphosphonic 

acid, 97 %); TiCU (titanium (IV) chloride, > 99 %); TMS (bis(trimethylsilyl) sulfide, > 95 %); TOP 

(trioctylphosphine, 90 %); TOPO (trioctylphosphine oxide, 99%); Z n C h  (Zinc chloride, 99.999 %; 

and Zinc powder 95 %

2.1.2 Solvents supplied by Trinity College Solvent Stores
Acetone, chloroform, dichloromethane ethanol, propanol, hexane and toluene

2.1.3 O ther suppliers
Brass foil, alloy 260, 0.1 mm thickness (Alfa Aesar); CdO (99.9998 %, Alfa Aesar); Dye 26 (97 %, 

Acros Organics); Cd(stearate)2, (min 90%, Strem Chemicals); Gold pellets, (1-3 mm, 99.99%, 

Testbourne ltd); HPA (n-hexylphosphonic acid, 97 %, ABCR); H6TP, Hexahexyloxy-triphenylene 

(supplied by collaborator), IR-140 (95%)(Acros Organics); Lead Foil, (99.9%, 0.1 mm thickness, 

Alfa Aesar); ODPA (n-octadecylphosphonic acid, > 97%, PCL Synthesis); soluble perylene 

diamide (PDI), (N,N9-bis(l-ethylpropyl)-3,4,9,10-perylenebis, Frontir scientific) ; RTAQ - 1,5- 

dihydroxy-2,3,6,7-tetrakis(3,7-dimethyloctyloxy)-9,10-anthraquinone, supplied by 

collaborator; S ( 99.999 %, Acros Organics); Silver Paint (G302, Agar); Ti02 paste , (90-T
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Transparent paste consisting of 20 nm anatase particles and WER2-0 Reflector Titania Paste, 

Dyesol).

2.2 Experimental Details o f  Chapter 3

2.2.1 Preparation of oleic acid capped CdS Quantum Dots
This work was carried out using a modified method from literature.^®'

2.2.1.1 Preparation of 0.05 M sulphur stock solution

0.016 g (0.5 mmol) of sulphur was dissolved in 10.0 ml of degassed ODE, produced by heating 

the solution under argon to 200 °C for 15 minutes.

2.2.1.11 CdS QD synthesis

0.0128 g (0.997 mmol) of CdO, 0.093 g of OA (0.33 mmol) and 3.9 g o f ODE were weighed into 

a 100 ml 3-neck round-bottom flask equipped w ith a condenser and thermometer. The solution 

was heated to  30 °C and degassed for 20 minutes under vacuum. The reaction was then 

switched to an argon atmosphere and then heated to 300 °C to  allow form ation o f Cd(oleate )2  

which was indicated by a colour change from brown to colourless. Following this 1.0 ml of a 

0.05 M solution o f sulphur dissolved in ODE was injected. Growth was then allowed to  proceed 

for 10 minutes after which the reaction was removed from  the heat source and the CdS QDs 

were precipitated using degassed ethanol. The QD solution was cleaned using a number of 

dissolution and precipitation cycles w ith dry hexane and HPLC grade acetone.

2.2.2 Preparation of oleic acid capped CdSe
This work was carried out using a modified method from literature.

2.2.2.1 Se-TBP solution preparation

0.1105 g ( 1.399 mmol) of Se was mixed w ith and 3.0 ml o f TBP under an argon atmosphere 

and sonicated until the Se become completely dissolved , indicated by a clear transparent 

solution.

2.2.2.11 CdSe Synthesis

0.50 g (0.0039 mol) of CdO, 4.0 g o f oleic acid and 10.0 g o f ODE (octadecene) were weighed 

into a 100 ml 3-neck round-bottom flask equipped w ith  a condenser and thermometer. 

Following this, the flask was put under vacuum and degassed for 20 minutes at 30 °C. After this, 

the flask was switched to argon; the temperature was increased to 260 °C and allowed to 

stabilize. Time was then allowed for the CdO to convert to  Cd (oleate ) 2  which was indicated by 

a colour change from  brown to colourless. At this point, the Se-TBP solution was injected. 

Growth was allowed to proceed for a set amount o f time (10 -  220 seconds). The reaction was
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then removed from the heating mantle and allowed to cool to 200 °C, following by injection of 

20 ml o f degassed acetone to precipitate the QDs. The resulting QD solution was cleaned using 

a number o f dissolution and precipitation cycles w ith dry hexane and HPLC grade acetone.

2.2.3 Preparation ofODPA copped CdSe QDs
This work was carried out using a modified method from literature.*®

2.2.3.1 Preparation of Se 0.75 M stock solution

0.059 g o f Se was mixed w ith 1.0 ml of TOP under an argon atmosphere and sonicated until the 

Se become completely dissolved , indicated by a clear transparent solution.

2.2.3.11 Synthesis of CdSe QDs

TOPO (3.0 g), ODPA (0.280 g) and CdO (0.060 g) were added to a 100 ml 3-neck round-bottom 

flask equipped w ith a condenser and thermometer. The solution was then heated to 150 °C and 

degassed under vacuum for 30 minutes. The atmospheres was then changed to argon and the 

solution was heated to 300 ”C and held at this temperature until the solution turned optically 

clear and colourless, indicating formation o f Cd(0DPA)2. Following this 1.0 ml of TOP was 

injected into the flask; the solution was then heated to the required temperature. The Se-TOP 

solution was then injected and immediately the solution was removed from the hot plate and 

the reaction mixture was allowed to cool. After the solution cooled to below 150 °C, 20 ml of 

dried methanol was injected to precipitate the NCs and was left to cool to room temperature. 

The resulting QD solution was cleaned using a number o f dissolution and precipitation cycles 

w ith dry toluene and methanol.

2.2.4 Preparation of Octadecylamlne capped -CdSe QDs
This work was carried out using a modified method from literature.^®®

2.2.4.1 Preparation of 1.5 M Se stock solution

1.184 g o f Se was mixed w ith 10.0 ml of TOP under an argon atmosphere and sonicated until 

the Se become completely dissolved, indicated by a clear transparent solution.

2.2.4.11 Preparation of 0.5 M Cd stock solution

A 0.5 M solution of Cd was created by firstly degassing a solution o f 1.285 g o f CdO in 10.0 ml 

o f OA and 10.0 ml ODE, which was then switched to an argon atmosphere and heated to 270.0 

°C, until a clear solution was created.

2.2.4.iii SILAR stock solutions of Cd and Se

To grow the CdSe QDs further, we used a solution of 0.2 M Se stock solution and 0.2 M Cd stock 

solution, diluted using solvents mentioned above.
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2 .2 .4 .iv  Synthesis o f CdSe QDs

7 .5 0  g o f o ctad ecylam in e , 2 .5 0  g o f TOPO, 20  g o f o ctad ecen e, and 2 .0  ml o f 0 .5  M  C d-o leate  

w e re  ad d ed  to  a 100  ml 3-neck ro u n d -b o tto m  flask eq u ip p ed  w ith  a condenser and  

th e rm o m e te r . This so lution w as h eated  to  8 0 .0  “C and  degassed u n d er vacuum  fo r 20  m inutes. 

Follow ing th is, th e  solution w as sw itched  to  an argon a tm o s p h ere  and h ea te d  to  2 9 0  °C. A fte r  

w hich 1 .0  m l o f 1.5 M  Se-TOP solution w as in jected  and QD g ro w th  began. A fte r  in jection  o f Se- 

TOP a t 2 9 0  °C, th e  te m p e ra tu re  w as set a t 2 5 0  °C fo r CdSe Q D g ro w th  fo r 10 m inutes. Follow ing  

this stock solutions o f Se and Cd w e re  slow ly in jec ted  in cycles to  increase th e  size o f QDs, 

beginning w ith  0 .2 0  ml o f Se, fo llo w in g  this 0 .4 0  ml o f Cd w as in jec ted , th en  0 .4 0  ml o f Se and  

fina lly  0 .8 0  ml o f Cd.

A fte r ten  m inutes, th e  solution was cooled d ow n  to  room  te m p e ra tu re , and CdSe QDs w ere  

p rec ip ita tio n  w ith  aceto ne . The QDs w e re  separa ted  using cen trifu g atio n  and cleaned using a 

n u m b e r o f cycle o f hexane dissolution and ace to n e  p rec ip ita tion  fo llo w e d  by cen trifu g ation . 

CdSe core QDs w e re  th en  re-dispersed  in hexane.

2.2.5 Preparation of PbS Quantum Dots
This w o rk  w as carried  o u t using a m o d ified  m e th o d  fro m  lite ra tu re .

2 .2 .5 .i P reparation  o f 0 .1  M  TM S stock solution

0 .0 4 2  ml o f T M S  (0 .2  m m ol) w as m ixed w ith  2 .0  ml o f degassed ODE, u n d er argon.

2 .2 .5 .ii O leic acid capped PbS QD synthesis

0 .0 9 0  g o f PbO (0 .4  m m ol), 0 .2 2 4  g o f OA and 3 g o f ODE w e re  ad d ed  to  a 10 0  ml 3-neck round- 

b o tto m  flask equ ip p ed  w ith  a condenser and th e rm o m e te r . The flask was put und er a vacuum  

and degassed fo r 30  m inutes w h ile  heating  th e  so lution to  30  ”C. Follow ing this, th e  a tm osph ere  

w as changed to  argon and th e  solution w as h eated  to  120  'C  and held th e re  until th e  solution  

becom es colourless and tra n s p a re n t, indicating th e  c o m p le te  conversion o f PbO to  Pb(o leate) 

2. The so lution th en  w as b rought to  th e  desired in jec tion  te m p e ra tu re  and th e  TM S  stock 

solution w as added . The reaction  was a llow ed  to  p roceed  fo r  10 m in utes  a fte r  w hich th e  

reac tio n  w as rem oved  fro m  th e  h eat and q uenched  w ith  2 0  ml o f HPLC grade aceto ne . The  

solution w as th en  cleaned using a n u m b er o f d issolution and p rec ip ita tio n  cycles w ith  dry 

hexane and HPLC grade acetone.

2.2.6 Preparation of CdS/CdSe Quantunn Dot
This w o rk  w as carried  o u t using a m o d ified  m e th o d  fro m  lite ra tu re .
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2.2.6.i Preparation of 0.5 M sulphur stock solution

0.016 g of sulphur was dissolved in 10.0 ml of degassed ODE, produced by heating the solution 

under argon to 200 °C for 15 minute.

2.2.6.ii Preparation of 0.4 M Se stock solution
A 0.4 M stock solution was prepared by dissolving 0.063 g o f Se in 2 ml of trioctylphosphine 

using sonication under argon, producing a clear solution.

2.2.6.iii Preparation of 0.4 M Cd (oleate ) 2 stock solution

A 0.4 M solution of Cd was created by firstly degassing 0.5135 g o f CdO in 10.0 ml of a 1:1 (v/v) 

OA :ODE solution which was then switched to an argon atmosphere and heated to  270 °C, until 

a clear solution was created.

2.2.6.iv CdS/CdSe QD synthesis
0.0128 g (0.00010 mol) of CdO 0.093 g o f OA (0.33 mmol) and 3.9 g o f ODE were added to a 100 

ml 3-neck round-bottom flask equipped w ith a condenser and thermometer. The flask was then 

put under vacuum and heated to 30 °C, degassing the solution for 20 minutes. The reaction was 

then switched to an argon atmosphere and then heated to  300 °C to allow form ation of Cd 

(oleate ) 2  indicated by the solution becoming clear. Following this 1.0 ml o f a 0.05 M solution of 

sulphur dissolved in ODE was injected (0.016 g of sulphur in 10.0 ml o f degassed ODE, produced 

by heating the solution under argon to 200 °C for 15 minutes). Growth was then allowed to

proceed for 10 minutes. A fter which the vessel was cooled to 215 °C and shell pre-cursor

injection began.

Firstly, 0.8 mL o f degassed OA was added into the reaction vessel. This was followed by injection 

o f 0.15 ml of a Se stock solution and followed by the addition o f an equimolar amount o f Cd 

(oleate ) 2 precursor stock solution after a 10 min interval. Following this another ten minutes 

was allowed for the reaction to  take place. This constitutes one cycle of shell deposition. Three 

more cycles o f Se and Cd stock solutions were injected w ith the same 10 min intervals between 

each injection, increasing the volume from 0.25 ml, to 0.4 ml to 0.6 ml fo r each cycle. The 

reaction was term inated by removing the heating source room and precipitated the QDs w ith 

degassed ethanol. The solution was then cleaned using a number of dissolution and

precipitation cycles w ith dry hexane and HPLC grade acetone.

2.2.7 Preparation of CdSe/CdS Core-Shell Quantum Dots
This work was carried out using a modified method from literature.^®®
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2 . 2 1  \  Preparation of 0.1 M S stock solution

Sulphur stock solution was prepared by dissolving 0.032 g o f sulphur in 10.0 ml of degassed ODE 

at 180 °C under an argon atm osphere to obtain a 0.1 M sulphur solution.

2.2.7.11 Preparation of 0.1 M Cd stock solution

A 0.1 M  solution o f Cd was created by firstly degassing 0 .128  g o f CdO in 10.0 ml of a 1:1 (v/v) 

OA: ODE solution, which was then switched to an argon atm osphere and heated to 270 °C, until 

a clear solution was created.

2.2.7.iii Synthesis of CdSe/CdS QDs

10 g of oleylam ine, 20 g o f ODE, and 6.75 x 10  ̂ mol of octadecylam ine capped -CdSe QDs (see 

section 2 .2 .4  ) w ere  added to a 100 ml 3-neck round-bottom  flask equipped with a condenser 

and therm om eter. The flask was then put under vacuum and heated to 60  °C, degassing the  

solution fo r 30 minutes. Following this, the reaction was switched to  an argon atm osphere and 

0.3 ml o f the 0.1 M  Cd stock solution was injected. This was heated to 230 °C and allowed to  

react for 10 minutes. This was followed by injection of 1.25 ml o f a S stock solution and followed  

by the addition o f an equim olar am ount o f Cd(oleate) 2 precursor stock solution after a 10 min 

interval. Following this another ten minutes was allowed for the reaction to take place. This 

constitutes one cycle of shell deposition. Two m ore cycles o f shell deposition w ere carried out 

with the same 10 min intervals between each injection, increasing the volum e to firstly 2.25 ml 

of S stock solution and 0.45 ml o f Cd stock solution and then 3.25 ml o f S stock solution and 0.6  

ml of Cd stock solution. The reaction was term inated  by removing the heating source room and 

precipitated the QDs w ith degassed ethanol. The solution was then cleaned using a num ber of 

dissolution and precipitation cycles with dry hexane and HPLC grade acetone.

2.2.8 Preparation of CdSe/CdS Core-Shell Heterostructured Quantum Rods
This w ork was carried out using a modified m ethod from  literature.*®

2.2.8.i Preparation of 2.5 M  S - TOP and CdSe QD stock solution

0.120 g of S was dissolved in 1.5 ml of TOP under argon; the solution was then sonicated, 

producing a clear transparent solution. To this was added 8 x 10 ® mol o f QDPA capped CdSe 

QDs (see section 2.2.3 ) in TOP solution, which was prepared by mixing a set volume of CdSe 

QDs in hexane w ith  TOP followed by the use of high vacuum and m oderate heat to  remove the  

hexane solvent.

2.2.8.11 Synthesis o f CdSe/CdS core-shell quantum rods

0.057 g o f CdO, 3 g TOPO, 0.29 g ODPA and 0 .08  g HPA w ere added to a 3-neck flask with a 

condenser and therm om eter. Initially the m ixture was heated to  150 °C under argon, after
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which the solution was placed under vacuum and degassed for 30 minutes. The flask was then 

flushed w ith argon and heated to 300 °C, holding at this temperature until the solution turned 

optically clear and colourless, indicating formation o f the Cd complex. Following this, 1.5 g of 

TOP was injected into the flask and the solution was heated further to 360 °C. This was then 

followed by injection o f the S-TOP and CdSe QDs stock solution. The QDs are then allowed to 

grow for 8 minutes after which the heating mantle is removed. After the solution cooled to 

below 150 °C, 20 ml o f degassed methanol was injected to precipitate the QDs and the solution 

was allowed to cool to room temperature. The QDs were fully separated using centrifugation 

and then re-dispersed in a minimum volume of dry-toluene. This method of precipitation was 

repeated twice more to obtain a clean solution o f QDs dispersed in toluene.

2.2.9 Preparation of CdTe/CdSe Type II Core-Shell Quantum Dots
This work was carried out using a modified method from literature.

2.2.9.i 0.08 M Te Stock solution
0.0127 g (0.995 mmol) of Te, 0.20 ml o f TOP (Trioctylphosphine), 0.050 g (0.15 mmol) of ODPA 

and 1 ml o f ODE were added to a sample bottle under a strict argon atmosphere. This was 

heated to 120 °C and remained at this temperature until the solute became fully dissolved, 

producing a clear strongly yellow coloured solution, if it became opaque, oxygen contamination 

has taken place and the solution must be discarded and preparation must be repeated.

2.2.9.ii 0.09 M Se Stock solution
A 0.09 M solution o f 0.071 g (0.0009 mol) of Se was added to 1.6 mi o f TOP, in 8.4 ml o f degassed 

ODE under argon and sonicated to  produce a clear solution.

2.2.9.iii 0.1 M Cd Stock solution

A 0.1 M solution o f Cd was created by firstly degassing 0.128 g (0.997 mmol) o f CdO in 10.0 ml 

of solution containing 1.25 ml of OA and 8.75 ml of ODE, which was then switched to  an argon 

atmosphere and heated to 270 °C, until a clear solution was achieved.

2.2.9.iv Synthesis of CdTe/CdSe Quantum Dots

0.026 g (0.20 mol) of CdO, 0.226 g (0.800 mmol) o f OA (oleic acid) and 3 g of ODE was added to 

a 3-neck flask w ith a condenser and thermometer. This was degassed 30 °C using vacuum and 

then heated to  280 °C under argon, and time was then allowed for the Cd to coordinate w ith 

the OA, indicated by the solution becoming colourless. This was then followed by injection of 

the Te stock solution. This is allowed to react fo r 3 minutes. Following this, the reaction is cooled 

to 230 °C and shell precursors are added alternatively. This began by injection o f 1.0 ml o f Se 

stock solution over one minute, which was then allowed to  react fo r ten minutes, and then
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fo llo w e d  by 1 .0  ml o f Cd stock solution, added  o ver a o n e -m in u te  p eriod , w hich  w as then  

a llow ed  to  react o ver te n  m inutes. This process is co n tin u ed , m aking a lte rn a tiv e  injections o f 

shell precursors until all o f  th e  stock solutions had been  ad d ed . The reaction  is th en  cooled and  

aceto ne is added  to  p rec ip ita te  th e  QDs.

2.2.10 Preparation o f PbS/CdS core-shell quantum dots 
This w o rk  w as carried  o u t using a m o d ified  m e th o d  fro m  literature.®^

2.2.10.1 0 .2 5  M  Cd Stock solution

A 0 .2 5  M  so lution o f Cd o le a te  w as crea ted  by firstly  degassing 0 .3 2  g o f CdO in 10 .0  ml o f OA, 

w hich  was th en  sw itched  to  an argon a tm o sp h ere  and h ea te d  to  2 7 0  °C, until a c lear solution  

w as achieved.

2.2.10.11 Synthesis o f P b S /C d S  Q uantu m  Dots

1 X 10^  mol o f pre-synthesised  PbS QDs (see section 2 .2 .5  ) w e re  ad d ed  to  5 .0  mL o f to lu en e  

u nd er an argon a tm o sp h ere . Follow ing this, 1 .0  ml o f  th e  0 .2 5  M  Cd-stock solution was added  

and th e  vessel w as h eated  to  100  °C. The cation exchange w as a llo w ed  to  ta k e  place a fte r  w hich  

th e  QDs w e re  p rec ip ita ted  using degassed M e O H . The so lution was th en  cleaned using a 

n u m b e r o f d issolution and p rec ip ita tio n  cycles w ith  M e O H  and HPLC grade to lu e n e , even tua lly  

redispersing th e  QDs in to lu en e .

2.2.11 Cation exchange of CdX quantunn to  CU2X quantunn dots 
This w ork  w as carried  o u t using a m o d ified  m eth o d  fro m  lite ra tu re .

2.2.11.1 0 .03  m M  T etrak is (ace to n itrile )co pp er(l) h exa fluorophosphate solution

0 .2 2  g o f T e tra k is (a ce to n itr ile )c o p p er(l) h exa fluo ro ph o sp ha te  w as dissolved in 2 0 .0  m l o f M eO H

2.2.11.11 Preparation  o f CU2X q uantu m  dots

The co n centra tion  o f Cd solution was es tim ated  by d e te rm in in g  th e  co n cen tra tio n  o f QDs in 

solution, th en  by ap p ro xim atin g  th e  size o f th e  QD and th e  shape, and by tak in g  using th e  lattice  

co nstan t o f th e  bulk m a teria l. This w as th en  used to  insure th a t th e  a m o u n t o f QDs used was 

0 .0 0 1 5  m m ol o f CdX produced a 1 :20  ra tio  o f Cd ^^to Cu w h e n  1 .0  m l o f th e  0 .0 3  m M  Tetrakis  

(ac e to n itrile )c o p p e r(l) h exafluo ro ph o sp hate  solution w as ad d ed  to  th e  QDs in 2 .0  m l o f to lu en e  

u n d er rapid stirring. U pon ad d itio n  o f th e  Cu so lu tion , rapid co lour change takes place, 

ind icating th e  exchange o f Cd ions w ith  Cu ions. The reaction  w as a llo w ed  to  proceed fo r a 

fu r th e r  5 m inutes to  ensure co m p le te  exchange o f th e  cations, a fte r  w hich QDs w e re  

p rec ip ita ted  fro m  th e  reaction  solution th ro ug h  th e  ad d itio n  o f 2 .0  ml o f m e th a n o l fo llo w e d  by
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cen trifu g ation . The resulting solid w as redispersed in 5 .0  ml o f to lu e n e  co n tain  0 .1  ml o f OLY, to  

im p ro ve th e  stability  o f th e  collo idal so lution.

2 .2 .12  Cation exchange of CU2X qu an tu m  dots to PbX qu an tu m  dots (X= Se 

or S)
This w ork  w as carried  o u t using a m o d ified  m e th o d  fro m  lite ra tu re .

2.2.12.1 Preparation o f 0 .1 5  M  solution o f solution

0 .5 7  g o f lead ac eta te  tr ih y d ra te  w as dissolved in 1 .0  ml o f TBP in 10 .0  m l o f degassed HPLC 

grade m eth an o l und er an argon a tm o sp h ere .

2 .2 .12 .ii P reparation o f PbX using cation exchange (X= Se or S)

A co n centra tion  o f 1.5 m m ol CU2X QDs was dissolved in a solution o f 1 0 .0  ml o f degassed  

to lu e n e . This was put und er an argon a tm o sp h ere  and 1 .0  m l o f th e  Pb solution w as added  

u nd er vigorous stirring. An im m e d ia te  change in co lour so lution to o k  place, g radually  darken ing  

fu rth e r  o ver tim e . This reaction  w as a llo w ed  to  proceed  fo r tw o  hours a fte r, a fte r w hich  th e  

QDs w e re  p rec ip ita ted  by th e  ad d itio n  o f 5 ml o f M e O H . Follow ing th is, th e  PbX QDs w e re  

separa ted  w ith  th e  use o f ce n trifu g a tio n  and redispersed in to lu en e .

2 .2 .13  CdSe/CdS/Au q u an tu m  rods
This w ork  w as carried  o u t using a m o d ified  m eth o d  fro m  lite ra tu re .

3 .0  ml o f o ley lam in e w e re  degassed in vacuum  a t 120  °C fo r 1 h and subsequently cooled d ow n  

to  60  °C. A fte r purification , all o f th e  o ley lam in e  th en  in jected  in to  th e  th re e -n e c k  flask  

contain ing  0 .0 1 5  g o f g o ld (lll) ch loride, and th e  te m p e ra tu re  w as raised to  60  °C. W h e n  th e  

solution b ecam e ye llo w  and c lear (ap p ro x im a te ly  a fte r 5 m inutes o f h eating), pre synthesised  

CdS/CdSe q u a n tu m  rods (see section 2 .2 .8  ) dissolved in 0 .5  m l o f o ley lam in e  w e re  in jected  via 

syringe. The exact q uantity  o f QRs fo r  th e  synthesis o f Au-QRs com posites w as calcu lated  using 

an em pirical approach, w h e re b y  th e  q u a n tu m  rods absorp tion  a t 4 5 0  nm  (band gap o f CdS) 

m u ltip lied  by th e  vo lum e o f th e  co llo idal suspension (in m l) was set to  be in th e  range o f 18 -2 5 . 

Upon in jection  o f CdSe/CdS QRs in to  A u C b / o ley lam in e  m ixtu re , th e  h eat w as brought to  flask  

and th e  solution was h eated  to  11 0  °C, fo r 15 m inutes, a t a ra te  o f 4 .5  °C /m in  w h en  th e  desired  

te m p e ra tu re  w as reached, th e  reac tio n  w as stopped by rem oving  th e  h eatin g  m a n tle  fro m  th e  

flask and add ing  5 ml o f degassed to lu e n e . The particles w e re  th en  p rec ip ita ted  using M e O H , 

and th en  re-dispersed in to lu en e .
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2.2.14 Halide Oleylamine treatm ent
Oleylam ine solutions tested w ere, LiF, CdCb, ZnCb, PbCb, Cd(stearate)2, NaCI, KBr, Kl, HTAC, 

TDPA, and Csl.

2.2.14.1 Stock solution

A 0.1 M solution was made by dissolving 0.1 mol o f the desired chemical (see list above) in 10.0  

ml of oleylamine. This was carried out by adding the substance to oleylam ine, which was then  

degassed at 50 °C for 1 hour. This was then heated to 140 °C and the salt was dissolved over a 

period of 2 hours under an argon atm osphere. Following this, the solution was kept under an 

argon atm osphere at 50 ”C to avoid solidification.

2.2.14.ii Halide oleylamine solution treatm ent

To a solution of QDs dissolved in 1.0 ml of to luene at a concentration o f 1 x 1 0 to 1 x 10'^ M of 

QDs, 0.1 ml of the oleylamine solution is added. The solution was then left in darkness for 24 

hours to allow the solution to  interact w ith the QDs. The solution was then diluted to the 

required concentrations to achieve an absorption of betw een 0.5 to 1 at the 1“ excitonic 

absorption peak of the QD. Following this, the solution was diluted by a factor o fte n  in toluene  

to  produce a total of 5.0 ml o f QD solution. To this solution was then added an additional 

quantity of the halide oleylamine solution of 5 nl producing concentration 1; or 50 |al producing 

concentration 2. The samples PI was then tested either im m ediately, or a fter a 3-day wait, 

depending on the  desired data set.

2.3 Experimental Details of Chapter 4

2.3.1 Synthesis o f Disodium 1,4-phenylenedicarbamodithioate (PBDT).
5.4  g (0 .050 mol, 1 equivalent) p (l,4 )-phenylened iam ine was suspended in 100 ml o f aqueous 

1.25 M  NaOH solution. The m ixture was heated and stirred until the solution became 

homogeneous. A fter cooling down to  room tem perature , 50 ml o f ethanol was added. Following 

this 7.5 ml (9.52 g, 0.125 mol, 2.5 equivalent) o f carbon disulfide was added drop wise. The 

tem peratu re  of the mixture was m aintained below 10 °C using a co ld-w ater bath. A fter addition  

was com pleted, the solution was heated at 60 °C for 2 hours, then cooled to room tem perature  

and poured into 300 ml of acetone. A fter 30 min, a w hite crystal pow der precipitated and was 

filtered and washed thoroughly w ith ice-cold acetone and dried under vacuum at room  

tem perature . A yield of 21% was achieved. IH  (400.13 MHz, D2O) d: 7 .34 (s,Harom) ; 13C 

(100.62 MHz, D2O) d: 214.41 (-NH-CS2 ), 139.3, 126.9 (2xCarom).^®''
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2.3.2 Electrophoretic Quantum Dot Deposition
A range o f different QDs were deposited upon either FTO electrodes or Ti02 coated FTO 

electrodes in the experimental arrangement of Figure 2.1. A silicon spacer was used to  keep the 

electrodes 6 mm apart or in some cases, a glass slide o f 1 mm in thickness was used alternatively 

when a stronger driving force was needed. The nanoparticles were allowed to deposit fo r a set 

time, after which the voltage was switched o ff and. Two distinct approaches were developed to 

deposit quantum dots upon porous Ti0 2  electrodes.

Electrode connection

Electrode Holder 
Silicon

Electrodes
Quantum  dot solution

Figure 2.1 Electrophoretic deposition setup to deposit quantum  dots upon electrodes 

2.3.2.i Electrophoretic Deposition Method A

QDs were deposited from a solution o f 1:1 v/v  of acetonitrile: toluene solution. The optimum 

QD concentration used for this method was 1.25 x 10 ® M. Under these conditions, a 30 V 

potential difference was used to drive the QD deposition and the QDs were allowed to deposit 

for a tota l o f 15 minutes. After this period the solution changed from  a strongly coloured to 

clear solution, while the negative electrode becoming strongly coloured due to QD deposition.

2.3.2.ii Electrophoretic Deposition Method B

The QDs were deposited using a solution o f dichloromethane and the optimum concentration 

o f quantum, which ranged between 1 x 10 ® M to 1 x 10 M dependent upon the exact size of 

the QDs. The voltage applied was 250 V and the optim um deposition tim e was between 15 to 

30 minutes depending upon a sample. After which quantum dots were found to have deposited 

upon both electrodes, producing a thicker coating upon the negative electrodes.

2.3.3 ZnS Coating of Ti02 electrode
A ZnS layer was deposited using a dip coating technique, which was modified from literature.

Firstly an aqueous solution of 0.1 M Zn(0Ac)2 and 0.1 M Na2S were produced. The working 

electrode was firstly submerged for 1 min into the Zn solution (0.1 M Zn(QAc)2 ) after which it 

is washed w ith deionised. Following this, it was then submerged into the S^‘ solution (0.1 M
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N32S) fo r 1 m in u te . This co nstitu ted  a single cycle, depositing  a layer o f ZnS, to  produce the  

desired th ickness o f ZnS; th e  cycle was carried  o u t th re e  tim es. The e lectro d es are  th en  put 

th ro ug h  a h eat t re a tm e n t o f 2 .5  m inutes a t 3 0 0  °C using a sm all fu rn ace fo r certa in  electrodes.

2.3.4 CdS Coating of T1O2 electrode
A CdS layer was deposited  using an aqueous so lution o f 0 .0 2  M  CdCb and a solution o f 0 .0 2  M  

N a 2S. The T i02 e le c tro d e  was firstly  subm erged into  th e  CdCb solution fo r 1 m in u te . Following  

th is, th e  e le c tro d e  w as w ashed w ith  deionised w a te r . S ubsequently th e  e le c tro d e  was th en  

subm erged  in to  th e  N a 2 S solution fo r 1 m in u te . This e le c tro d e  w as th en  w ashed w ith  deionised  

w a te r . This constitu tes single cycle o f CdS d ep os itio n , w hich w as carried  o u t th re e  tim es to  

produce th e  desired thickness.

2.3.5 HTAC ligand exchange of TiOi electrode
This was carried  o u t by subm erging  th e  T i02 e le c tro d e  in to  an M e O H  based solution o f HTAC at 

a co n cen tra tio n  o f 10 m g /m l fo r 1 hour u nd er darkness. Follow ing th is, th e  e le c tro d e  was  

w ashed  in M e O H  and a llow ed  to  dry in darkness, a fte r  w hich  th e  e le c tro d e  could be tes ted  or 

incorpo ra ted  in to  a cell.

2.3.6 MPA ligand exchange of Ti02 electrode
This w as carried  o u t by subm erging a TiOz e le c tro d e  in to  a M eO H  based solution o f M P A  (3 - 

m erc ap to p ro p io n ic  acid) a t a co n centra tion  o f 2 .5%  v /v  fo r 1 m in u te  u nd er darkness. Follow ing  

th is , th e  e le c tro d e  w as w ashed in M eO H  and a llo w ed  to  dry in darkness, a fte r w hich th e  

ele c tro d e  could be tes ted  or incorpo ra ted  in to  a cell.

2.3.7 Cation exchange of PbS QDs to  PbS/CdS upon the surface o f a porous 

Ti0 2  electrode

2 .3 .7 .i 0 .0 2 5  M  CdCU solution

0 .0 4 5 9  g o f CdCb w as dissolved in 100  ml o f HPLC grade M e O H  solution  

2 .3 .7 .ii P reparation  o f PbS/CdS sensitized Ti02 e lectro d e

T i02  e lectrodes w e re  firstly  sensitized w ith  PbS Q u a n tu m  dots using e le c tro p h o re tic  deposition  

approach  B. These w ere  th en  exchanged to  CdS QDs by im m ers ing  th e  e le c tro d e  in to  a solution  

o f 0 .0 2 5  m o la r CdCb solution at room  te m p e ra tu re  fo r periods b e tw e e n  5 m inutes and 1 w eek  

u n d er darkness to  a llow  th e  exchange to  tak e  place. Follow ing this, e lectrodes w e re  th en  

w ashed  using M e O H  and stored  in darkness.
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2.3.8 Cation exchange o f CdX QDs to  CU2X upon the surface o f a porous 

Ti02 electrode (X= S or Se)

2 .3.8.1 03  m M  T etrak is (ace to n itrile )co pp er(l) hexafluorophosphate solution

0 .5 5  g o f T e tra k is (a ce to n itr ile )c o p p er(l) h exafluo ro ph o sp hate  w as dissolved in 50  ml o f M eO H

2 .3 .8 .11 Preparation  o f CU2 X sensitized Ti02 e lectro d e (X= S or Se)

T i02 e lectrodes w e re  firstly sensitized w ith  CdX Q u a n tu m  dots using e le c tro p h o re tic  deposition  

approach B. Follow ing th is th e  e lectrodes w e re  im m ersed  in so lution  0 .0 3  m M  

T e tra k is (a ce to n itr ile )c o p p er(l) h exa fluo ro ph o sp ha te  so lution in M e O H  resulting in an 

im m e d ia te  co lour change o f th e  e le c tro d e  to  a d ark  b ro w n . The cation  exchange w as a llow ed  

to  p roceed  fo r 30  m inutes so to  ensure co m p le te  conversion o f th e  e lectrodes. Follow ing this, 

th e  e le c tro d e  w as w ashed w ith  M e O H  and stored  u n d er darkness.

2.3.9 Cation exchange o f CU2X QDs to  PbX QDs upon the  surface o f  a

porous Ti02 electrode (X= S or Se)

2.3.9.1 Preparation  o f 0 .0 7 5  M  solution o f Pb '̂" solution

0 .5 7  g o f lead ac e ta te  tr ih y d ra te  w as dissolved in 2 .0  m l o f TBP in 20  m l o f degassed HPLC grade

m e th a n o l u nd er an argon a tm o sp h ere .

2 .3 .9 .11 Preparation  o f PbX using cation exchange (X= S or Se)

Follow ing cation  exchange to  CU2 X, fro m  an EPD in itia lly  sensitised CdX Q D T i02 e lec tro d e , a 

second cation  exchange w as u n d ertaken  to  co n vert th e  CU2X to  PbX. The T i02 e lec tro d e  was 

placed into  a sam ple tu b e  and sealed using a ru b ber bung. Follow ing this, th e  a tm o sp h ere  was  

replaced  w ith  Argon using th e  Schlenk line. Follow ing this, th e  0 .0 7 5  M  M e O H  solution o f Pb^^ 

w as added  using syringe. An im m e d ia te  change in co lour so lution to ok place, gradually  

darken ing  fu rth e r  o ver tim e . This reaction  w as a llo w ed  to  proceed fo r tw o  hours, in darkness. 

Follow ing th is, th e  e lec tro d e  w as w ashed w ith  M eO H  and a llo w ed  to  d ry  in darkness.

2.4 Experimental Details of Chapter 5

2.4.1 Quantum dot Sensitised Solar Cell Fabrication

2.4.1.1 CU2 S C ounter Electrode Preparation

CU2 S co u n te r e lectrodes w e re  produced using a m o d ified  m e th o d  fro m  lite ra tu re . Brass foil 

was cut to  a 3 .5  cm X 2 .5  cm size and  w as e tch ed  in co n ce n tra ted  hydrochloric  acid (35 .0  - 37 .0% ) 

at 8 0  C fo r 3 0  m in and subsequently  w ashed w ith  d e ion ized  (Dl) w a te r  and dried  using an air 

gun. The e le c tro d e  changed co lou r fro m  a gold brass co lour to  a reddish b ro w n  indicative o f
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copper. T h e  e lec tro d e  w as th en  im m ersed  in a polysulfide so lution com posed o f 1 M  N a 2S and  

1 M  S in Dl w a te r , fo r 10  m inutes. Im m e d ia te ly  th e  surface changed to  a black co lour indicating  

fo rm a tio n  o f CU2S. The e le c tro d e  w as th en  w ashed  using Dl w a te r  and dried  using a h eat gun.

2.4.1.ii PbS C o u nter E lectrode Preparation

PbS co u n te r e lectro d es w e re  produced using a m o d ified  m e th o d  fro m  lite ra tu re . Firstly, Pb 

m eta l foil w as cut in to  3 .5  cm x 2 .5  cm strips. As a p re -tre a tm e n t, th e  fo il w as w ashed w ith  Dl 

w a te r  and d ried . This was th en  im m ersed  in to  a co n cen tra ted  so lution (~9 M ) o f H2SO4 (w ater: 

96%  H2SO4, ra tio  1:1) fo r 3 hours a t 6 0  °C te m p e ra tu re  and a fte rw a rd s  w ashed w ith  Dl w a te r. 

The p re -tre a tm e n t changed th e  co lour o f th e  ap p earan ce o f th e  fo il fro m  shiny m eta l to  grey. 

Subsequently , th e  fo il was inserted  into a polysulfide so lution (aqueous so lution  o f 1 M  N a 2S, 

0 .1  M  sulfur, and 0 .1  M  N aO H ) fo r 24  h b efo re  it w as rinsed w ith  d e ion ized  w a te r  and dried  in 

an a ir s tream . This tre a tm e n t changed th e  ap p earan ce  o f th e  fo il fro m  grey to  dark  black 

ind icating  th e  fo rm a tio n  o f PbS on th e  surface.

2 .4 .1 .iii Pt e lectro d e

Pt co u n te r e lectrodes w e re  produced by using an aq u eous so lution o f 5 m M  so lution o f 

c h lo ro p la tin ic  acid (H 2 PtCl6 ), w hich w as drop  cast upon th e  surface o f c leaned  FTO coated  glass. 

This w as th en  placed into an oven a t 80  °C to  rem o ve th e  so lvent. Follow ing this th e  film  was  

co n ve rted  to  m etallic  Pt by h eatin g  th e  film  in a fu rn ace to  4 0 0  °C fo r 15 m inutes, producing a 

d ark g rey film  upon th e  FTO glass, ready fo r testing .

2 .4 .1 .iv  E lectrode Cleaning

Fluorine dop ed  tin  oxide glass w as cut using a glass scribe and th en  cleaned . The cleaning  

process consisted o f th re e  stages. Firstly, th e  glass w as subm erged  in deion ized  w a te r  and  

d e te rg e n t fo r 9 0  m inutes and sonicated^^'*, and th en  w ashed  using d e ion ized  w a te r . This was  

fo llo w e d  by sonication in e th an o l fo r 90  m inutes, w ashed  w ith  ace to n e  and fina lly  sonication in 

ace to n e  fo r 9 0  m inutes. A fte r w hich  th e  glass w as dried  in an oven a t 8 0  °C.

2.4.1.V Bulk Ti02 layer deposition upon w orking e lectro d e

Ti02 e lec tro d es  w e re  produced by firstly  depositing  a bulk layer o f T i0 2  upon th e  FTO glass using 

a m o d ified  re p o rte d  procedure . This w as d one by producing firstly  a 2 M  (4 .5  m l) so lution o f 

TiCU in 20  ml o f deionised w a te r  in a 3-neck round b o tto m  at 0  °C. This w as th en  stored  in th e  

fre e z e r  until use. As th e  FTO w ill be used as th e  ca th o d e  te rm in a l, T i0 2  w ill be only placed on 

FTO. A so lution  o f 0 .0 0 6  ml o f T i02  in 25 ml o f deionised w a te r  (0 .0 0 0 3  M , TiCU so lution) is 

in jec ted  on th e  FTO side o f th e  e lec tro d e . It w as h eated  fo r  30  m in utes  a t 125  °C in an oven . The  

e lec tro d es  w e re  w ashed using deionised w a te r  and e th an o l fo llo w e d  by drying.
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2.4.1.VI Porous nanoparticulate Ti02 layer deposition upon working electrode

Follow ing th is a porous layer o f n an o -p articu la te  T i02 was dep os ited  using a d o c to r blading

approach  in w hich  a co m m erically  sourced sol o f T i02  (Dyesol 90 -T  T ran sp a ren t paste consisting

o f 2 0  nm an atase particles and W E R 2 -0  R eflecto r T itan ia  Paste) consisting Of 4 0 0  nm  particles

n anopartic les w as deposited  upon th e  bulk T i02 layer described in section 2.4.1.V . This was

d one using a m anual screen p rin te r purchased fro m  A .W .T . W o rld  T rad e  Inc. (w w w .a w t-

eu ro p e .co m ) using custom  screens, w hich  w e re  purchased screens fro m  S erigraf Ltd., w e re  a

90T  po lyester m esh, and w e re  designed to  p rint 1 x 3 cm electrodes.

T h ree  d is tinct types o f e lectrodes w e re  p roduced using th e  screen p rin te r. E lectrode A = 1 layer 

o f 20  nm  sized T i02 particles. E lectrode B = 4  layers o f 2 0  nm  sized T i02  particles, and E lectrode  

C = 4  layers o f 20  nm sized T i02 particles fo llo w e d  by a fo rth  layer o f lig h t-scatterin g  2 0 0  nm
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Figure 2 .2  T1O 2 e le c tro d e  th e rm o ! t re a tm e n t cycle using o tub e  fu rn a c e  in a ir

sized T i02  particles. M u ltip le  layers w e re  produced by h eatin g  th e  e lec tro d es  to  125  °C fo r 6

m inutes in a fu rn ace b e tw ee n  depositions.

A fte r depositing  th e  desired layers o f T i02  upon th e  e lectro d es, th e y  w e re  placed in to  a tu b e  

fu rn ace and put th rough  a p re -p ro g ram m e d  te m p e ra tu re  cycle (see Figure 2 .2 ). This involved  

setting  th e  fu rn ace in itia lly  to  125  °C, and w ith  in p u ttin g  h eatin g  ra te  o f 8  °C /m in . Upon

co m m en ce m en t, th e  fu rnace h eated  to  3 5 0  °C and held  a t th is te m p e ra tu re  fo r 15 m inutes,

a fte r  w hich  it h ea ted  fu rth e r to  4 5 0  °C held fo r  15 m in utes  and th en  h ea te d  to  50 0  °C and held  

fo r a fina l 15 m inutes. A fte r this, th e  fu rn ace sw itched  o ff  and th e  e lec tro d es  slowly cooled to  

room  te m p e ra tu re . These e lectro d es w e re  th en  ready fo r  sensitization.

2 .4 .1 .v ii Device Fabrication

Q u a n tu m  d ot sensitised solar cells w e re  fab rica ted  using a sensitised tita n iu m  d ioxide e le c tro d e  

and a c o u n te r m eta l foil back e le c tro d e  (PbS o r CU2S). Firstly, th e  m e ta l fo il e lectro d es w e re  

drilled  using a p o w er drill to  a llo w  fo r filing o f th e  cell and one side w as b en t upw ards. Follow ing
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th is th e  tita n iu m  d ioxide e le c tro d e  w as sealed o n to  th e  m e ta l foil using a 6 0  nm  th erm o p las tic  

(Solaroinx, M e lto n ix  1 1 7 0 -6 0 ) gasket, by using a h eat gun. A fte r  w hich  th e  device w as th en  filled  

using a syringe w ith  a polysulphide e le c tro ly te  com posed o f 1 M  N a 2S and 0 .1  M  S in a 1 /9  ,v /v , 

degassed e th an o l/H zO  so lution. The device w as th e n  sealed using a glass slide.

2.4.2 DHCQD cell Fabrication

2 .4 .2 .i FTO Etch

This m e th o d  w as m o d ified  fro m  lite ra tu re ^ ® ® 'a n d  w as used to  se lective ly etch  a p a tte rn  into  

th e  FTO glass (see Figure 2 .3 ). Firstly, th e  FTO glass w as covered  using a silicon-based ta p e  to  

selective ly  etch  th e  FTO fro m  th e  glass. Follow ing th is, an aqueous Zn suspension (1 g o f Zn 

p o w d e r in 10 0  ml o f propanol) w as drop  cast upon th e  surface o f th e  glass. This w as a llo w ed  to  

dry on a hot p la te  fo r  10 m inutes a t 5 0  °C. Follow ing this, th e  slide w as su bm erged  into  a solution  

o f 9 M  HCI and th e  etch w as a llow ed  to  tak e  place fo r 3 m in u te , a fte r  w hich  th e  glass was 

re m o ved  fro m  th e  bath and c leaned  using th e  p ro ced u re  described  in section 2 .4 .1 .iv  .

3 cm

11 cm

J 1 cm

□  FTO coated glass 

r~l Etched glass

1.5 cm

Figure 2.3 Diagram showing the FTO glass etch carried ou t enabling m u ltip le  DHCQD cells be produced upon 
the same glass

2 .4 .2 .ii T i02 deposition and sintering

Firstly, a th in  layer o f bulk T i02 w as dep os ited  upon th e  c leaned  and e tch ed  FTO e lectro d es and  

w as d o n e  using th e  approach described in section 2 .4 . l . v  . Fo llow ing th is a th in  layer o f porous  

TiOz lay e r w as d eposited  (3 0 0  nm  -  7 0 0  nm  in th ickness) using a co m m erc ia lly  sourced sol 

consisting o f 20 nm  TiOz anatase particles (Dyesol 1 8 -n rt), w hich  w as d ilu ted  to  a co n centra tion  

o f 3 w /w .  This w as deposited  using a d o c to r b lading ap p ro ach, using 3 M  scotch ta p e  as a 

te m p la te . Follow ing th is th e  film  w as put th ro ug h  th e  sam e h eatin g  cycle used fo r TiOz 

e lec tro d es  p roduced fo r QDSSC cells see section 2 .4 .1 .v i .
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2.4.2.iii Dip coating of Colloidal Quantum Dots

Dip coating was used to deposit a th in layer of QDs upon the surface of an electrode and was 

done by hand using a series of solutions (see Figure 2.4). Firstly, the electrode was dipped into 

a solution of colloidal quantum dots capped by long alkyl ligands (i.e. oleic acid, octadecylamine 

or octadecylphosphonic acid) at a concentration o f 10 mg/ml in hexane, and drawn out of the 

solution at a rate of 0.5 cm/sec. The electrode was then allowed to dry on a hot plat set to  30 

°C for 2 minutes. After this, the electrode was dipped into a solution containing the desired 

short change ligand (PBDT or 3-mercaptoproponic acid) at a concentration o f 2.5% v/v in MeOH. 

The electrode was kept in solution for 10 seconds and then slowly removed and allowed to  dry 

hot plat set to 30 °C. Following this the electrode was washed by firstly dipping the electrode 

into a solution of MeOH, to remove excess o f the short chain ligand and then followed by a 

dipping it into a solution hexane to  remove any of the original fa tty chain ligand that may be on 

the surface. This process constituted one cycle o f deposition. This process was repeated 10 -20 

times to  produce a thickness o f between 150 nm - 300 nm o f QDs fo r fabrication of the DHCQD 

cell.

Repeat cycle 10-20 times

Quantum Dot Ligand exchange Washing Washing
Solution in solution: 2.5% solution 1: solution
hexane, 10 v/v short chain MeOH 2:

ligand in iVleOH Hexane

Figure 2.4 This shows the basic process used to deposit collodial quantum  dots upon the TiO: elctrode 

2.4.2.iv Metal Evaporation of Au back electrode

Metal evaporation was used to deposit the back electrode onto the deposited CQD layer. This 

was carried out w ith the use o f a manual Edwards E306. This was carried out at pressures below 

1 x 10’  ̂mbar using thermal evaporation o f gold pellets, 1-3 mm, from a tungsten casket. It was 

not possible to m onitor the deposition rate in real tim e, while the deposition was carried out 

over a period of three minutes achieving a thickness o f between 50-100 nm.
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2.4.3 Discotic Liquid Crystal Testing and Solar Cell Fabrication

2.4.3.i Liquid Crystal Electrical conductivity Device Fabrication

To test the DC conductivity o f the QD-DLC composites, DLCs w/ere mixed w/ith QDs in hexane, 

after which the solvent was evaporated. A device fabricated from tw o slides of conductive glass 

(Fluorine Doped Tin oxide (FTO) coated glass) and a polymer spacer o f 5 microns PET film 

(Polyethylene terephthalate) was then used to test the conductivity o f the resulting films as 

shown in Figure 2.5. The device was filled by placing approx. 2 milligrams upon one side o f the 

device, after which the paste was melted into the liquid phase using a heat gun, and the liquid 

filled the space due to capillary action. The exact size o f this filled space was then recorded using 

a digital camera and determined using imaging software. Finally, silver paint was used to attach 

silver wire onto each side of the electrode. Composites were made by dissolving the 

constituents into hexane, followed by stirring, after which point the sample was dried, and then 

ready for loading into the cell.

composite Ag
spacer p3int

Figure 2 .5  D iagram  o f devices fabricated  to test the conductivity o f DLC/QD composites

2.4.3.ii Alignment of Discotic Liquid Crystals
After loading the designed device to test the RTAQ electrical conductivity, the liquid crystal was 

aligned w ith in  the device, to allow testing o f DLC crystal phase of the RTAQ phase. This was 

done by heating the device to 130 °C, after which the phase was slowly cooled to 60 °C at a rate 

of 0.5 °C per minute and had the effect of producing the desired aligned DLC phase o f the RTAQ 

w ithin the device.

2.4.3.iii Spin Coating of diluted Ti02 paste

This method was modified from l ite ra tu re .T h e  paste o f Ti02 was diluted to  a concentration 

of 1:3 w /w  using terpineol. This solution was manually mixed for 15 minutes and then sonicated 

for an hour to produce the diluted paste. Following this, the paste was spincoated on the 

already retreated FTO to produce the base of the cell. The spin speed was chosen to  be 3,000 

rpm and the sample was spun for 1 minute. The electrodes were then placed into the tube 

furnace and heat-treated as described in section 2.4.1.vi .
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2 .4 .3 .iv M etal evaporation of Ag or Al back electrode

The back electrode was deposited using m etal evaporation as described in section 2 .4 .2 .iv using 

either 1 mm diam eter Ag w ire mm or 1.5 mm Al w ire, depending on the desired m etal.

2.5 Instrumentation

2.5.1 Microscopy

2.5.1.1 Transmission Electron Microscopy (TEM)

This was perform ed using a Jeol 2100 TEM operating at 200 kV with a Lanthanum Hexaborise 

emission source, under the supervision of M r Neal Leddy in the Centre for Microscopy and 

Analysis-TCD. This was utilised for general TEM imaging of samples and surveying a num ber of 

samples, especially due to the ability to load 5 samples simultaneously. Samples w ere diluted  

and dropped casted onto 400  mesh copper TEM grids coated w ith either a carbon film  or lacy 

carbon film  (purchased from  Agar Scientific) and allowed to  dry on the bench overnight.

2.5.1.ii High Resolution Transmission Electron Microscopy (HRTEM) /  Scanning Transmission 

Electron Microscopy (STEM)

High Resolution Imaging, a FEI Titan -  Transmission Electron Microscope operating at 300 kV, 

which was operated unsupervised in the CRANN Advanced Microscope Facility-TCD. The basic 

operation is this instrum ent is shown in Figure 2.6 . Samples w ere diluted and dropped casted 

onto 400  mesh copper TEM grids coated w ith lacy carbon film (purchased from  Agar Scientific) 

and allowed to dry on the bench overnight. The samples w ere then plasma cleaned for 10 

seconds before imaging to rem ove any excess remaining fa tty  ligands or solvent present upon 

the grid.

Elacron tourca

ConMnMr Mn* 3

Stage A «

Stage 6 ^
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o()|*eav« ape>%M 
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Figure 2 .6 Diagram showing th e  basic structure of a TEM  microscope. Stage A is the scattering o f an 
incident electron beam  by a specimen. This scattered radiation passes through an objective lens, which focuses it 
to fo rm  the prim ary image. Stage 8 uses the prim ary im age obtained in stage A and m agnifies this im age using 

additional lenses to fo rm  a highly m agnified fin a l im age. The im age was reproduced fro m  re f 288.
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2.5.1.iii Scanning Electron Microscopy (SEM)

This was perform ed with the use of a Tescan M ira XM U SEM in the Centre for Microscopy and 

Analysis-TCD, and the Zeiss Ultra plus SEM in the CRANN Advanced Microscope Facility-TCD. 

Samples w ere coated with a gold conductive coating using a gold evaporation technique under 

reduced pressure before the sample was then attached to a sample stud for analysis on the 

Tescan SEM. W hile samples studied using, the Zeiss ultra w ere instead left uncoated and simply 

attached to  sample studs. On both devices, working distance and acceleration voltage were  

varied to enable the best images possible to be produced. It should also be noted that a range 

of d ifferent detectors w ere also employed to  produce the best contrast for a set of images, the  

basic operation of this instrum ent is shown in Figure 2.7.

Electron source

Limiting apertuie

Condenser l«ns

Limiting aperture Scanning cals

Secondary
Ot)|ective lens

y r

S«ccndary eteclrons ^

Sample

Figure 2 .7  D iagram  o f  scanning electron microscope showing the basic setup o f the device. The im age was 
reproduced fro m  re f 288.

2.5.1.iv Incident Polarized Optical Microscopy (POM)

This was carried out using an Olympus BX51. This microscope produces contrast in an image 

based upon the anisotropic nature of the m aterial being exam ined. This is done through  

m odification of a microscope w ith the addition of linear tw o  polarisers. The first linear polariser 

is placed just a fter the illumination source, only selectively allowing light of one polarisation to 

pass through. This light source is then used to illuminate the sample. A fter the light has passed 

through the  sample and through the objective lens, a second liner polariser is inserted. This 

polariser is positioned at a 90 ° angle to  the first polariser and should com pletely absorb any of 

the polarised light em itted by the light source. Therefore, if an isotropic sample is placed in a 

POM microscope, a black image is produced. W hile if a sample which has an anisotropic 

structure is exam ined, due to  its interaction w ith the light, some of the incident light's 

polarization is rotated. This light now with an alternative polarization to the incident beam can 

now  pass through the second polariser, producing an image. Therefore, the contrast in the
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resulting image is based upon the materials ability to rotate the polarization o f the light source. 

The colour produced in the image is a function of the sample thickness and the birefringent of 

the sample, which is the difference between the smallest and the largest refractive index 

present in the sample. The birefringent can also be estimated from a sample if the thickness of 

the film  is known and a POM image w ith Michel-Levy Birefringence charts/®® which can be used 

as a means to  identify a sample.

2.5.2 Spectroscopy

2.5.2.i Ultra violet- visible -in frared (UV-Vis-NIR) absorption spectroscopy

UV-Vis absorption spectra were recorded using a Varian Cary 60 UV-Visible Spectrophotometer.

UV-Vis-NIR absorption measurements were recorded using a Perkin Elmer LAMBDA 1050

UV/Vis/NIR Spectrophotometer. Samples spectra were measured in a 1 cm path length quartz

cuvette cell in a range o f solvents and ambient atmosphere. The basic operation of a dual beam

UV-Vis spectrometer is shown in Figure 2.8. The concentration of CdSe, CdS, CdTe and PbS QD

solutions were determined by measuring the absorption spectra o f the solutions. From this, it

was possible to calculate the concentration o f quantum dots in solution by using the first exciton

peak's intensity, wavelength and the hwhm of the first exciton peak, to determine the QDs

concentration. The formulae used to  do this has been reported in literature'*® “  and takes into

account the change in the absorption coefficient of a quantum dot as the size of the QD changes.

Mirror
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Figure 2 .8  D iagram  o f  the operation o f a dual beam  UV-Vis absorption spectrometer. Im age reproduced from  re f  

290.
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2.5.2.ii Photoluminescence (PL) Spectroscopy

UV-Vis photolum inescence spectra w ere recorded using a Varian Carly Eclipse Fluorescence 

Spectrom eter, while NIR PL m easurements w ere measured using a Horiba Jobin Yvon Fluorolog- 

3 using a Hamamastu InP/lnGaAs photom ultip lier (R 5509-7-3) cooled to -80 °C using liquid 

nitrogen. Sample spectra w ere measured in a 1 cm path length quartz cuvette cell in a range of 

solvents w ith PL intensity recorded at right angles to  excitation. Excitation o f samples was 

perform ed at least 20 nm below the range o f PL measured using a range of excitation and 

emission. The basic operating principle o f a PL spectrom eter is shown in Figure 2.9.

Figure 2 .9  This d iagram  explains the operation o f ta  photolum inescent spectrometer. Im age reproduced from  re f 
291.

Relative Quantum  Yields w ere calculated by the comparison of PL intensity betw een a sample 

and a standard dye, which have well-know n quantum  yields and calculated using

. Four standards w ere used, Coumarin 153 in ethanol (QY 53%^®^) and Rhodamine 6G in 

ethanol (QY 95%^®^) for UV-Vis photoluminescence and IR Dye 26 in 1,2-dichloroethane  

(0.005%^®^) and IR Dye 140 in ethanol (16.7%^®^) for fluorescence. The specific standard used 

depended on the position o f the QDs exciton peak relative to the  dye absorption peak. Samples 

absorption w ere firstly measured to be betw een 0.25 and 0.5 at peak exciton value, followed  

by a 1:10 dilution, after which sample's PL was measured; this was done to minimize self

absorption of fluorescence

Equation 2.1 Used to calculate relative quantum  yield o f a sample. W here tp= quantum  yield, A= absorbance, F= 
In teg ra ted  fluorescence, n= solvent refractive index and the subscript s is fo r  s tandard and x is fo r  sam ple being 
tested
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2.5.2.iii Raman spectroscopy

Raman spectroscopy was perform ed using a Renishaw inVia Raman Microscope using a 785 nm 

Renishaw HP NIR Laser. Samples w ere prepared by drop casting concentrated solutions onto  

glass slides, followed by drying.

2.5.2.iv Energy dispersive X-ray spectroscopy (EDX/EDS)

This is an analytical technique that allows the identification o f elem ental composition of a 

sample, through the investigation o f the produced X-ray, from  electron beam interaction with  

the sample. This was perform ed using a Zeiss ultra SEM microscope fitted  w ith an Oxford 

Instrum ents X-M ax Silicon Drift Detector. The data was analysed using AZtecEnergy EDS software, 

allowing for point scans and line scans to be carried out and interpreted.

2.5.2.V Photoluminescence lifetime spectroscopy

This photoluminescence lifetim e and tim e resolved emission spectra m easurem ents w ere  

perform ed using a tim e correlated single photon counting (TCSPC) spectrom eter (Fluorolog 3 

Horiba Jobin Yvon ) and a range of d ifferent semiconductor diode lasers (295 nm, 340 nm and 

370 nm "Nano LED" -  HORIBA jobin Yvon ) w ith pulse duration shorter than 1 ns for excitation.

2.5.2.vi Spectrograph

An Oriel MS-125 l /8 m  spectrograph was coupled with an Oriel InstaSpec™ M kIV  used to 

characterise the light produced by a num ber of illum ination sources. The instrum ent allowed  

the m easurem ent of illumination sources across a 500 nm window , allowing us to characterise 

the illum ination o f our Xe-arc lamp and our w hite light LED arrays.

2.5.3 Diffraction

2.5.3.1 X-ray powder diffraction (XRD)

This was perform ed using a Siem ens-500 X-Ray d iffractom eter, which used a Cu cathode K a l 

with a wavelength o f 0 .154056  nm under a 12-hour scan tim e. The samples w ere prepared by 

drop casting samples upon a glass slide and allowing the samples to dry in an oven at 80 °C for 

one hour.

2.6 Electrical measurements

2.6.1 Cyclic voltam m etry
This was carried out using a M etrohm  nAutolab type III controlled using Autolab NOVA. A th ree -  

electrode setup was used, utilising a titanium  counter electrode, a saturated calomel as a 

reference electrode and the electrode to be tested as the working electrode. Measurem ents  

w ere taken in an appropriate range o f voltage, generally ranging betw een -1 to 0 V, using a scan
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ra te  o f b e tw e e n  0 .1  m V /sec to  0 .0 1  m V /sec. A polysulphide-based  e le c tro ly te  w as utilised, o f  

2 0  m M  N a 2 S, 0 .5  m M  S, and 0 .5  M  KCI in deion ised  w a te r .

2.6.2 DC conductivity testing
l-V  curves o f DLC-QD com posite cells w e re  te s te d  using a Keith ley 2 4 0 0  so u rcem eter, by 

scanning th e  vo ltag e  fo rm  - 0 .5  V to  + 0 .5  V , fro m  th e  slope o f th is graph th e  con du ctiv ity  o f th e  

cell w as d e te rm in e d . These IV curves w e re  p erfo rm ed  u n d er darkness and u nd er A M  1.5 (1 0 0  

m W /cm ^ ) illu m in a tio n  using a filte re d  Xe-arc lam p  to  s im u late  sunlight. Films o f H B C -P H 12/Q D  

w e re  sp incoated  o n to  a film  o f FTO using a co n cen tra tio n  o f b e tw e e n  15 - 60  mg p er ml in cyclo- 

hexane using a spin ra te  o f 2 0 0 0  rpm .

2.6.3 Photocurrent Action Response Measurement
The test was d on e using a th re e  e lec tro d e  a rra n g e m e n t m ad e  using a M e tro h m  n A u to lab  typ e  

III e lectro ch em ica l im p edance a n a ly z e r , using a re fe ren ce , co u n te r and w ork ing  e le c tro d e  in a 

0 .1  M  aqueous so lution o f N a 2 S using a 20 ml q u a rtz  cu v e tte  (as show n in Figure 2 .1 1 ) .  This was  

co n tro lled  using NO VA so ftw are . The re fe ren ce  e le c tro d e  used w as a sa tu ra ted  calom el 

e le c tro d e , w h ile  th e  co u nter e le c tro d e  was an FTO slide. The co u n te r e le c tro d e  and w orking  

elec tro d es  w e re  separa ted  using a 6 m m  silicone spacer. The sam ple w as placed 5 .5  cm fro m  

th e  illu m inatio n  source, w ith  th e  w orking  e le c tro d e  illu m in a ted  th ro u g h  th e  FTO glass, w hich  

w as placed para lle l to  th e  q uartz  glass cu ve tte . T he  w ork in g  e le c tro d e  w as m asked to  produce  

a 1 cm^ active a rea . C urren t readings w e re  tak en  using a zero  bias b e tw e e n  th e  w ork ing  and  

co u n te r e le c tro d e  and th e  response o f th e  sensitised e le c tro d e  w as m easured  u nd er darkness  

and illu m inatio n  utilising a w h ite  light LED ring th a t w as p o w ered  using an ex terna l vo ltage  

source, w hich  p roduced o n /o ff  response o f c u rre n t readings w h en  th e  m a te ria l w as p hotoactive  

(see Figure 2 .1 0 ). The illu m inatio n  ap p ro x im ated  th e  visible region (see Figure 2 .1 2 ) o f th e  solar 

sp ectru m  and a llo w ed  a d e te rm in a tio n  o f e lectro d es fo r th e  utilisation  o f th e  visible region o f
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the solar spectrum for photovoltaic applications, the intensity o f the source measured using a 

calibrated power m eter.

Reference electrode 

Quartz glass 

FTO counter electrode 

Working Electrode 

Electrolyte

I ”
W Illumination

Figure 2.11 This is the experim ental design used to take photocurren t action response measurements: the 
photoaniode illum ina ted  is carried ou t using a white ligh t LED ring.

Light
on

C
<D

Light
o

Time

Figure 2.10 This shows the idea l current response o f  a photoaniode when cycled between illum ination/darkness as a 
function  o f  time.

74



Chapter 2 Experimental

 White Light LED

300 400 500 600 700 800
Wavelength (nm)

Figure 2 .12  Emission spectra o f w hite light LED used to approxim ate sunlight illum ination fo r  photocurrent spectra 

m easurements

2.6.3.i Solar PCE M easurements

These m easurem ents were perform ed using an in house bu ilt setup. This setup was constructed 

and tested by a colleague, Lorcan Brennan and m yself using a m odular design. This was 

perform ed using a 150 W Xe-short arc lamp w ith  a "Ozone free " coating from  Ushio(uxl-150SO), 

powered in a Oriel Instrum ents 50-500 W arc lamp housing in junction  w ith  a AM 1.5 D filte r 

(see Figure 2.13). The resulting illum ina tion  in tensity  was determ ined using the 818-UV-L UV 

Enhanced Silicon Photodetecto r from  New port w ith  the a ttachm ent o f the  0D3 A ttenua to r. I-V 

curve m easurem ents were taken using a tw o -p robe  setup, w ith  a Keithley 2400 sourcem eter, 

from  which the  data was recorded in to  a Labview-based softw are from  Newport. The active 

area o f the cell was determ ined to  be 2.8 x 10 m^ (0.28 cm^) and cell testing  was perform ed at 

room tem pera tu re  under an am bien t atmosphere.

Xe arc -lamp
20000 -1

^  10000 - 
U)

^  15000-

C

£  5000 -

Wavelength (nm)

Figure 2 .13  The emission spectra o f the Xenon arc discharge lam p used fo r  solar simulation.
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2.6.3.ii External Quantum Efficiency (EQE) spectrum

These measurements w ere perform ed using an in house built setup, see Figure 2.14 . This was 

constructed and validated by myself and a fellow PhD researcher in my group, Lorcan Brennan 

using a m odular design constructed from  a num ber of independent devices, which w ere setup 

as shown in the diagram below. The initial illumination source used was a 150 W  Xe-short arc 

lamp w ith a "Ozone free" coating from  Ushio(uxl-150SO) , powered in a Oriel Instrum ents 50- 

500 W  arc lamp housing injunction w ith a A M  1.5 D filter. This was then passed through a 

m onochrom ator, using an entrance slit o f 250 pim and exit slit o f 50 nm. The wavelength was 

chosen w ith the use of an electronic piston purchased from  Zaber, which rotated a m irror (E) in 

the m onochrom ator, allowing precise control of wavelength selection.

The monochrom atic light was then passed through an optical chopper, which allowed the 

introduction of a square wave, on /o ff, frequency into the m onochrom atic optical signal, and 

was set at a frequency o f 200 Hz. The optical chopper was also linked as a reference into a lock 

in am plifier, allowing the am plifier to  know the exact frequency response introduced into the  

light signal. A fter this, the light passed through a filter wheel. The filte r wheel was fitted with  

tw o  filters to block the second harmonic present in the light from  the m onochrom ator so glass 

band pass filters w ere used, a FSR-GG495 Coloured Glass Filter, 25.4  mm Diam eter, Cut-on 495 

nm and a FSR-RG715 Coloured Glass Filter, 25.4 mm Diam eter, Cut-on 715 nm. The light was 

then split using a tw o  way optical splitter purchased from  Thor Labs, a Pellicle beam splitter (1") 

BP108. This allowed the use o f a spectrograph, an Oriel M S-125, to  be used to m onitor the  

m onochrom atic lights wavelength and bandwidth. The other path o f the light passed through 

an optical diffuser, a UV Fused Silica Ground Glass Diffuser o f 120 Grit (D G U VlO -120 - 0 1")  

purchased from  Thor Labs, which was used to produce a homogeneous illum ination light source 

relative to intensity. The resulting diffused monochrom atic light intensity was measured using 

a calibrated photodiode.

This gave a current reading, which w ere then amplified using the lock in am plifier. A lock in 

am plifier works on the principle o f filtering the incoming signal through a frequency dependent 

filter, and then amplifying this signal to  reduce the effect o f noise. The lock in am plifier uses the  

optical chopper as a reference frequency o f the signal it should am plify. This allowed isolation 

of the monochrom atic light signal from  background noise of the photodiode and stray light, to  

the extent that readings could be taken if desired under am bient light conditions.

This am plified signal was then outputted to a Keithley 2400 sourcem eter and from  which a 

simple program built using LabView softw are recorded the current values. These values w ere
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converted to give the power density (Phght) o f an illum ination source, by taking into account the 

size and responsivity of the calibrated photodiode for a given wavelength and was calculated 

with the use of Equation 2.2.

Current  x  Respinsivity 
Area

Equation 2.2 This relates the pow er density o f  the illum ina tion  source to the current reading fro m  a calibrated  
photodiode, and takes in to  account the responsivity and area o f  the sensor fo r  a given wavelength.

V e q e  —
outpu t  electrons out/sec

input  photons in /sec
Curren t  dens i ty  {A /c m ^ ) / { c h a rg e  o f  e lc t ron)
Power dens i ty  { W /c m ^ ) / (energy  o f  photon)
lean he 1 

X  — X -
A e^ l ig h t

Equation 2.3 This equation is used to determ ine the external quantum  efficiency o f  a pho tovo lta ic  cell fo r  a given 
wavelength o f illum ination.

Xenon Arc 
Lamp Monochromator

Optical Chopper 

Filter Wheel

Electrical connection 

Optical connection

Optical Chopper 
control

Optical
Splitter

Spectrograph
Optical
Diffuser

Computer Output

Calibrated 
Photodiode 
or Solar cell

Lock in 
Amplifier

Computer
Output

Sourcemeter

Figure 2.14 This shows the setup o f the EQE device designed in house. The orange line shows the pa th  o f ligh t from  
the Xenon arc lamp, through the optica l chopper and f i lte r  w hee l, and then being sp lit in to  tw o  d iffe ren t

A fter determ ining the intensity across the full wavelength range possible (400 -  950 nm), a 

photovoltaic cell replaced the photodiode and readings w ere  taken o f the short circuit current
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(Isc) response of the cell across the range o f wavelengths. Then by using Equation 2.2, neqe could 

be determ ined per wavelength and graphed verses wavelength to produce a result as seen in 

Figure 2.15.

 Silicon Solar Cell
0 .6 -

0 .5 -

0 4 -

g  0 .3-

0 .2 -

00
600 1000 1200200 400 800

Wavelength(nm)

Figure 2.15  IPCE m easurem ent ofasilicor) solar cell

2.6.4 Current-Voltage (IV) Curve
The standard approach to characterise a PV cell is by IV curve analysis, comparing the cells 

response under illumination and under darkness. Firstly, crocodile clips w ere attached to the  

positive and negative junctions o f the solar cell. These junctions w ere then connected to a 

Keithley 2400 sourcemeter. The light source used was a 150 W  Xe-short arc lamp w ith  a "Ozone 

free" coating from  Ushio(uxl-150SO) , powered in a Oriel Instrum ents 50-500 W  arc lamp 

housing injunction w ith a AM  1.5 D filter. The resulting pow er of this light was determ ined using 

a calibrated photodiode, to  produce an illumination of 1000 W /m ^, also called 1 sun. Then 

through the use o f a sourcem eter, Keithley 2400 sourcem eter and which was controlled through  

a com puter using a simple program built using LabView software, the current readings from  the  

cells are recorded as a voltage is swept from  a negative value to a positive value. This reading is 

taken under illumination of the light source and under darkness and produces the resulting 

graph, which is called an IV curve (see Figure 2.16). From this, a huge am ount o f inform ation  

related to the cell's perform ance can be inferred and is explained below.
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Light intensity

No light \

Figure 2.16. I-V curve o f a so lar cell under illum ina tion  and darkness, reproduced fro m  re f 147.

2.6.4.i Power In (Pin)

This is the to ta l amount of solar energy applied to  the cell, and so is a function of the cell size 

and the solar irradiance.

2.6.4.ii Short Circuit Current (Isc)

This is the current produced when a PV cell's cathode and anode are connected w ith zero 

resistance wire while being illuminated and corresponds to the maximum current a cell can 

produce. Isc is related to the amount o f charge carriers produced under illum ination, and 

therefore the Eg o f material. Since as Eg in a PV cell is reduced, more of the photons in the solar 

illum ination will be able to produce charge carriers in the cell and so Isc is increased.

2.6.4.iii Open Circuit Voltage (Voc)

The open circuit voltage describes the voltage generated by a solar cell when it is irradiated 

w ithout the two terminals of the device being connected; allowing the charge carriers to build 

up on each term inal and corresponds to the maximum voltage the cell can produce. If in the 

cell design there exists no potential drop, the Voc maximum possible out o f a PV cell is related 

to the Eg o f the material by Voc= Eg/q (where q is electron c h a r g e ) . I n  reality, all solar cells 

require a potential drop to enable charge separation; therefore, the real Voc is always smaller 

than the absorber material's Eg/q but Voc still shows a strong relation to  the Eg.

2.6.4.iv Maximum Power Point (MPP), Maximum Power (Pmax) and Theoretical power (Pt)

This refers to the voltage and current combination that delivers the maximum power from a PV

cell (Pmax) and corresponds to the knee of the cell's I-V curve. The theoretical power (P t) is the

power calculated using the Voc and Isc.
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'sc P j'sc
'urp

V

'ocMPT
Figure  2 .1 7 .t-V  curves show ing  P „ ,a x ,  Im p p , V ^pp O n le ft, , Voc Pt,in m id d le  a n d  FF on righ t, re p ro d u c e d  f r o m  re f  

147 .

2.6.4.V Fill Factor (FF)

Fill Factor (FF) describes the shape of the l-V curve of a P V  cell and is given by Equation 2 .4 ;  

specifically it's squareness and relates to the resistive losses o f the cell. An ideal FF o f 100%  

describes a right angle betw een the Voc and the Isc w here Pm ax=Pt. U nfortunately, a FF of 100%  

is not possible in a solar since resistive losses always exist, but an efficient cell will achieve a FF 

over 80%.

p p  —  *  I m p p \

P t  \  V o c *  Is c  '

E qu ation  2 .4  Fill fa c to r  f o r  a  cell can be  c a lc u la te d  by re la tin g  th e  m e a s u re d  p o w e r  m a x im u m  m e a s u re d  to the  

th e o re tic a l p o w e r  m ax im u m .

2.6.4.vi Series Resistance (Rs) and Shunt Resistance (Rsh)

Series Resistance refers to the combined resistance o f the cell's com ponents that lie in the  

currents path including semiconductor m aterial, m etal w ire and sem iconductor-m etal contact 

resistance. Rs should be as low as possible for an efficient cell (below  10 mQ per cm )̂,^®  ̂ as Rs 

increases the l-V curve graph changes , w ith current beginning to  drop at a low er applied  

voltage. At very high Rs, the l-V curve becomes a straight line from  Isc to  Voc with Uc being reduced 

in overall value.

The Shunt Resistance (Rsh) is the resistance across the junction, has its origin in current leakage 

across the charge separation area, and is a sign of pure rectification in the cell. Rsh should be as 

high as possible so that current travels the correct route around the circuit through the load 

instead of short-circuiting across the junction. The effect o f low Rsh is th a t Voc is decreased while  

the Isc is m aintained. In addition, the Rs and Rsh can be estim ated by using the inverse of the IV- 

curve slope at Isc and Voc respectively.
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2.6.4.vii Power Conversion Efficiency (PCE)

The PCE is (power conversion efficiency), is dependent upon the FF, Voc, Isc and the Pin and can 

be calculated using Equation 2.5. This is the most im portant figure when describing how 

efficient a solar cell performs under a certain set o f conditions in its most basic understanding, 

the figure relates

Equation 2.5. This relates the pow er conversion efficiency (PCE) to the open circuit voltage (Voc), short circuit 
current (Is J , f il l fac to r (FF) divided by the actual pow er in
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Chapter 3 Hot Injection Quantum Dot Synthesis: 

Characterisation and Studies of the Effects of Cation 

and Anion Solutions

3.1 Introduction
A range of d ifferent core and core-shell colloidal quantum  dots have been synthesised, since 

their initial discovery. The most w idely studied quantum  dots are binary semiconductors of 

group ll-VI, and therefore a wide range of core and core-shell structures have been reported in 

the literature based upon them.^®® Cadmium based ll-VI group QDs, CdS, CdSe and CdTe show 

absorption and emission ranging from  200 nm to 750 nm and can be produced in excellent 

quality w ith minimal size distribution, outstanding crystallinity and high luminescent quantum  

y i e l d s . T h e y  have also been used to produce a range of core-shell QDs and other 

heterostructures^®® such as core-m ultishell QDs,^°° dot in rod,®®' dot in tetrapod,^°® dot

in p latelet, therefore, these w ere the first category of QDs investigated.

Se, Te or S precursor

Cd or Pb precursor

Figure 3.1 This is the basic experim ental setup for hot injection colloidal quantum  dot synthesis, in which one 
precursor is heated  to a  set tem perture under argon in a three neck round bottom  fiask

Apart from  ll-VI chalcogenides, a huge range of interest has also been shown recently in NIR/IR  

absorbing lead based chalcogenides QDs such as PbS, PbSe and PbTe.^°° These semiconductors 

show large exciton Bohr radii of 23.5 nm (for PbS), 66 nm (for PbSe) and 152 nm (for PbTe ),
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w ith  th e  e lectro n  and hole co n trib u tin g  nearly  eq u a lly  to  th e  exciton  Bohr ra d i i , m ean ing  both  

charge carriers are  strongly confined  in th e  QDs.^°^ These QDs show  exce llen t charge tra n s fe r  

pro perties  w h en  fo rm in g  films^^°' and have fo un d  ap p lica tio n  in a range o f p ho tovo lta ic  

cells. 199.204,210,233,238 hgve also been re p o rte d  to  display m u ltip le  exciton  generation^"* 

u nder illu m inatio n  and also been  successfully synthesised in high q ua lity  s im ilar to  cadm ium  

chalcogenides.^°° T h e re fo re , th ese  w e re  th e  second ca teg ory  o f QD investigated.

Solution based collo idal synthesis o f QDs has been  d em o n stra ted  in high boiling p o in t organic  

solvents, w ith in  w hich th e  q u a n tu m  dot crystals are  rap id ly fo rm e d  a t e le va te d  te m p e ra tu re s , 

due to  th e  sw ift in trod u ction  o f th e  anion precursor. ®^This is te rm e d  th e  H ot In jec tion  approach  

and has been  th e  basis fo r all o f th e  q u a n tu m  dots produced  in th is ch a p te r using th e  basic 

ex p e rim e n ta l setup shown in F ig u re  3 .1 . This approach  involves th e  p roduction  o f a m eta l 

com plex in a vessel u nd er an in e rt a tm o sp h ere , in a so lution  o f degassed so lvent fo rm e d  fro m  

th e  cation o f th e  ta rg e t sem ico n du cto r and th e  ligand in so lution. Follow ing th is fo rm a tio n , th e  

reaction  is h eated  to  th e  desired  g ro w th  te m p e ra tu re . A t th is poin t, a syringe is used to  quickly  

in troduce a so lution contain ing  th e  anion precursor in a degassed so lution to  th e  reaction  

vessel, and rapid  g ro w th  o f QDs takes  place. A fte r  a chosen tim e  th e  reactio n  is rem o ved  fro m  

th e  h eat and QDs are  p rec ip ita ted  fro m  solution th ro ug h  th e  ad d itio n  o f a n on -so lven t. A range  

o f ligands are  used in con junction  w ith  a hot in jection  q u a n tu m  d ot synthesis^^^ w ith  som e o f  

th e  m ost com m on being long chain , fa tty  acids,^"* phosphonic acids^“  and a m i n e s . T h e s e  are  

used due to  th e ir  high boiling points, so lub ility  in organic solvents and p o lar fu nctio n al groups, 

w hich  co o rd in ate  to  th e  surface o f th e  q u a n tu m  dots. W ith in  th is ca teg ory  o f QD synthesis, a 

n u m b e r o f variab les exist to  contro l th e  exact size and  q u a lity  o f q u a n tu m  dots, including  

in jection  te m p e ra tu re , t im e  a llo tte d  fo r QD g ro w th  a fte r  precursor in jec tio n , precursor 

con centra tion s and ligand co n centra tion s. This m e th o d  th e re fo re  allow s fo r  a range o f m eans  

to  ta ilo r  a synthesis to  p roduce th e  desired q u a n tu m  d ot size.

C ation  exchange is a re la tive ly  recent m e th o d  fo r q u a n tu m  d ot synthesis and has been  

d em o n stra ted  as a n ew  approach  to  produce a range o f structures th a t  w ou ld  prove very  

challenging to  crea te  using co n vention al synthetic  t e c h n i q u e s . T h i s  has show n  

p articu lar success w h en  utilising cadm ium  and lead based chalcogenides q u a n tu m  dots, 

allow ing  in terconversion  b e tw e e n  lead and cadm ium  in a single step®^ “ ^'^^° o r via a tw o -s te p  

process, involving th e  use o f c o p p er(l) ions to  firstly  displace Cd^"^or Pb^* ions as an in te rm e d ia te  

s t a t e . W h e n  this is carried  o u t u nd er th e  a p p ro p ria te  conditions it has also been  

d em o n stra ted  th a t it is possible to  p reserve com plex h etero s tru ctu res ; th is w as show n w ith  th e
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interconversion betw een CdSe/CdS dot in rod structure to Cu2Se/Cu2S to  PbS/PbSe/^^ while 

m aintaining the overall anionic fram ew ork.

An extensive range o f noble m etal nanoparticles have been reported in the  literature/°^'^°® of 

these the strongest plasmonic properties have been shown from  gold based nanocrystals, 

displaying a broad plasmonic peak, with the exact peak intensity and position being strongly 

related to size and shape of the n a n o c r y s t a l s . I n t e r e s t i n g l y  noble m etal-sem iconductor 

nano-heterostructures have also recently been reported.^”® These show a range of interesting  

properties, particular in regards to the unique interaction betw een plasmonic and excitonic 

optical properties.^“  The production o f m etal nanoparticles is most readily achieved through 

the therm al decomposition of a noble metal salt in a solution o f binding ligands allowing 

controlled growth of the particles. Therefore, one o f the most accessible routes to  producing 

these unusual noble m etal quantum  dot heterostructures is simply by the addition o f QDs to  

the solution of m etal salts before nanoparticle form ation. Due to the  low er energy barrier of 

hetero-nucleation, this synthesis under the appropriate conditions will produce growth of metal 

nanoparticles or a m etal shell, upon the surface of the QD particles.^®®

The effects o f post treatm ent o f QDs has been reported from  a num ber o f sources and has 

shown particular success w ith increasing quantum  dot stability and luminescent quantum  

y i e l d s . O n e  of the most highly successful treatm ents reported is the use of long 

chain amine ligands, such as oleylamine, sometimes in com bination w ith cadmium halide salts 

and has been dem onstrated in lead^^^-^“  chalcogenides quantum  dots.^^°

3.2 Aim

The goal of this part o f our w ork is to prepare a range of core and core-shell QDs using the hot 

injection approach and characterise the QDs by various instrum ental techniques. W e plan to  

optimise the synthesis o f QDs w ith the aim of producing high quality nanocrystals. The specific 

quantum  dots will be chosen due to the ir possible application fo r quantum  dot based 

photovoltaic devices. Therefore, the initial work to be carried out fo r this project is the synthesis 

and characterisation of a range o f group ll-VI QDs; o f CdS, CdSe; core-shell QDs o f group ll-VI 

CdSe/CdS, CdS/CdSe, CdTe/CdSe, heterostructured CdSe/CdS NRs; and NIR absorbing PbS QDs. 

Following this, the reactions are to be scaled up to  allow workable am ounts to be produced fo r 

incorporation into a photovoltaic device. In addition, cation exchange processes will be 

investigated as a means to  produce alternative materials from  pre-synthesised QDs. The 

deposition o f gold upon QD heterostructures will also be investigated. The final objective o f this
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work is to  investigate the effect of d ifferent halide salts upon the photolum inescent o f core and 

core-shell quantum  dots synthesised, w ith the aim to im prove passivation o f the QDs surface 

and therefore  reduce recom bination losses due to  trap states when incorporated into 

photovoltaic cells.
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3.3 Hot injection synthesis and characterisation of 

quantunn nanostructures

Hot injection has been used as a means to synthesis a range of quantum  dot structures detailed  

below, enabling the production o f a range of sizes and morphologies, showing small size 

distributions and excellent optical properties. All o f the synthesis utilised required a level of 

optimisation to produce the desired sizes and properties in the produced samples, and is 

detailed below.

3.3.1 Octadecylphosphonic acid capped CdSe Quantunn Dots: Synthesis 

and Characterisation
Octadecylphosphonic acid capped CdSe QDs w ere synthesised using trioctylphosphine oxide 

(TOPO) as a coordinating solvent, and octadecylphosphonic acid (ODPA) as the ligand, CdO as 

the Cd precursor and Se dissolved in trioctylphosphine (TOP) as the Se source (see section 2.2.3  

for fu rther details). The reaction mixture o f TOPO, ODPA and CdO, w ere degassed and then  

heated under an argon atm osphere to 300 °C, at which point Cd(0DPA)2 was form ed. A fter that, 

the reaction m ixture was heated to the desired injection tem perature  o f Se-TOP solution, 

ranging betw een 320 °C to 350 °C. The resulting CdSe QDs w ere then allowed to  grow over a 

specific am ount of tim e, before heating was rem oved and the CdSe QDs w ere precipitated from  

solution through the addition o f a non-solvent (e.g M eO H). Control of CdSe QDs size was 

dem onstrated by varying the injection tem perature , the growth tim e after injection and the  

ratio o f Cd to Se used in the reaction. A comparison of properties o f the range of CdSe QDs 

produced is shown in Table 3.1. UV-Vis absorption spectra, photolum inescent emission spectra 

and TEM w ere used to  analysis the resulting QDs.

ODPA shows a much stronger binding to  the surface of CdSe QDs than other common QD 

ligands; in addition, TOPO acts as a coordinating solvent that also binds to  the surface of the  

QDs. Therefore, for optimal grow/th of the QDs to  occur after Se injection, the synthesis must 

be carried out at much higher tem peratures than w hat was utilised in most o f our hot injection 

synthesis. Also due to the large concentration of ODPA and TOPO in the synthesis relative to  

QDs, this process is far m ore costly to  scale up and it required at least three to  four cleaning 

cycles to separate the QDs from  the m ajority o f side products after the synthesis.
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Table 3.1 This shows the range of phosphonic acid capped CdSe quantum  dots synthesised during the experim ent. 
Diam eters displayed are calculated from  the firs t exciton peak position and quantum  yields were determ ined  
relative to an appropriate standard Rhodamine 6G in ethanol (Q Y 95%^^^).
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Units nm nm eV nm eV nm / °C % sec

CdSe
1

2.64 526 0.13 535 0.094 8 1:2 320 6.5 0

CdSe
II 2.81 538 0.12 547 0.091 9.0 1:2 330 11.5 0

CdSe
III

4.1 588 0.2 596 0.1 8 1:2 340 8.0 0

CdSe
IV

4.56 599.5 0.25 610 0.093 10.5 1:2 350 4.5 0

CdSe
V 2.91 543 0.11 553 0.091 10 1:10 350 16.2 0

CdSe
VI

3.17 556 0.14 564 0.089 7 1:2 330 14.0 0

CdSe
VII

3.41 566 0.23 579 0.085 12 1:1 350 13.9 0

CdSe
VIII

3.06 551 0.16 562 0.11 11 1:2 350 10.1 0

CdSe
IX

4.15 590.5 0.28 601.5 0.11 11 1:2 350 3.1 60

CdSe
X

4.72 603 0.18 613 0.13 10 1:2 350 7.5 90

CdSe
XI 5.16 612 0.17 623. 0.12 11 1:2 350 8.8 120

3.3.1.i Optical analysis of ODPA capped CdSe QDs

UV-Vis absorption spectra (Figure 3.2 A) o f a range of different ODPA-capped CdSe QDs showed 

red shifting to  longer wavelengths as the diameters of the CdSe QDs increases, shifting from a 

first exciton peak position of 526 nm to 612 nm. This first exciton peak showed small values of 

FWHM of as low as 0.11 eV for some of the smaller QDs synthesised, which increases to 

between 0.17 eV to 0.28 eV for the larger QDs, depending on synthetic approach, noting that 

this is an indication of the size distribution present in the sample, w ith smaller values indicating 

a smaller size distribution. Therefore, the larger size distribution o f QDs seen w ith larger 

diameters is to be expected if the growth phase is sped up through higher temperatures or the 

growth phase is allowed to proceed for a longer amount o f time. Both o f these factors naturally 

w ill have the effect o f defocusing the size distribution. Even the larger FWHM values found for 

some of the CdSe QDs, still indicate a very small size distribution has been created in most of 

these QDs. This is fu rther shown in the fine structure present in the UV-Vis absorption spectra.
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which are due to other higher energy transitions w ithin the CdSe QDs, and is found to  be blurred 

out if the size distribution o f the QD sample is large.

 2 8 nm
 3.2 nm
 3.4 nm

 4 .7 nm
 5.2 nm§

V)

E
111

I

650500 550 600 700

2 0-1  2.6 nm
 2.8 nm
 3.2 nm
 3.4 nm
 4.1 nm
 4 7 nm
 5.2 nm

c
.2

0 6 -

z

0  2 -

0.0
400 500 600 70C550 650

Wavelength (nm) Wavelength (nm)

Figure 3 .2  UV-Vis absorption (A) and phototuminescent emission (B) fo r  ODPA capped CdSe quantum  dots,showing a 
range o f different diam eters from  2 .6  nm to 5 .2  nm.

Three d ifferent param eters, growth tim e, inject ration tem perature  and Se:Cd ratio w ere  

examined during the synthesis and then analysed using UV-Vis absorption spectra with the  

resulting spectra shown in Figure 3.3. Increasing growth tim e post Se injection has the effect of 

producing larger QDs when tested with tim es up to  2 minutes o f growth as shown in Figure 

3.3A. Even longer times w ere not investigated due to a large increase in size distribution due to  

the onset o f Ostwald ripening, which had the effect pf producing tw o excitonic peaks in the UV- 

Vis absorption spectra (for an example see Appendix C, Figure 7.2). W hen using tw o  minutes of 

growth tim e, it was found that altering the injection tem perature at which QD growth was 

carried out, also strongly effected the rate o f growth and therefore the size o f QDs produced, 

this was investigated in the range of 320 °C to 350 °C and is shown in Figure 3.3 B. W hile the  

m ajority o f these reactions w ere carried out using a ratio of 2:1 Cd: Se, the effect o f altering this 

ratio has also been investigated and is shown in Figure 3.3 C. This shows that as the excess of 

Cd is increased to  1:10, smaller QDs are produced under the same conditions, while when the  

ratio is reduced to 1:1, the CdSe synthesised in fact are increased in size. This can be explained  

by the effect that this change in ratio has upon the growth or nucleation step, since as the Cd 

excess is increased; nucleation m ore readily takes place, since Cd is the low er reactive 

precursor, producing more seeds upon injection. Exactly the opposite takes place using a 1:1 

ratio, retarding the nucleation step, and therefore creating few er seeds upon injection, which 

grow in the reaction m ixture, and therefore have more precursor present in solution enabling  

them  to  grow to a larger size.
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The same pattern of red shifting seen in the absorption spectra is reproduced in the 

photoluminescent spectra (Figure 3.2 B); across the range o f ODPA capped CdSe QD. This 

displays a luminescent that can be shifted from 535 nm to 623 nm as the CdSe QD diameter 

increases from 2.6 nm to 5.2 nm. These QDs only show a single peak due to  excitonic emission, 

showing a lack of defect luminescence even in some o f the smaller QDs. This can be explained 

due to excellent passivation o f the surface o f the QDs due to ODPA binding.

B
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Figure 3 .3  UV-Vis Absorption patte rn  o f a 
num ber o f samples o f CdSe quantum  dots capped 
with ODPA. Graph A shows the change in 
diam eter, as the grow th tim e increases after  
injection o f Se precursor fro m  0, to 1, to 1.5 to 2 
m inutes (samples 1-4). Graph B shows the effect 
o f changing the injection tem perature o f Se 
precursor a fte r  2  minutes o f grow th fro m .3 2 0  to 
330, to 3 4 0  and fin a lly  350  °C (samples 8-11). 
Graph C shows the effect o f changing the Cd:Se 
ratio  fro m l. lO , to 1:2 to 1:1 Cd:Se effects the size 
o f the resulting CdSe QDs can be shifted (samples 
5-7).
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Initially after synthesis these QDs show visible luminesce, unfortunately follow ing the cleaning 

steps the PI signal is strongly reduced, giving the values shown in the table above. Luckily, this 

luminescence could be easily recovered through post treatm ent, which is discussed in section 

3.5.2 .

B.B.l.ii Electron Microscopy analysis of ODPA capped CdSe QDs

TEM was used to analyse the size and shape o f resulting CdSe QDs, to  determine the size 

distribution, and to  enable comparison of QD sizes calculated from the UV-Vis absorption 

spectra as seen in Table 3.1. The resulting image and determined distribution from these images 

is shown in Figure 3.4. The images show a well-defined, constant shape of these CdSe QDs, 

showing excellent size distribution, which after fitting the distribution gives a value o f 4.7 nm in 

diameter w ith a standard deviation o f 0.68 nm +/-. This is exactly identical to  a calculated value
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determ ined from  the first exciton position of 4.7 nm also, showing th a t this m ethod works 

effectively as a way to  determ ine the QDs diam eter.

mm nm

C CdSe QDs
Figure 3.4 TEM analysis (A and B) o f ODPA 
capped CdSe QDs., (sample CdSe IV)A histogram  
o f the phosphinic acid capped CdSe QD radius 
distribution is shown in C, which was fit te d  giving 
a value 4 .7  nm + /-  0 .68  nm in d iam eter fo r  the 
sample.
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3.3.2 Octadecylamine capped CdSe Quantum Dots: Synthesis and 

Characterisation
A range octadecylamine (ODA) capped CdSe QDs w ere synthesised (see Figure 3.5) using ODA  

as a ligand, and a solvent m ixture o f octadecene, which is non-coordinating solvent and 

trioctylphosphine oxide (TOPO) which is a coordinating solvent using a m odified m ethod from  

literature.^®® In addition to ODA that acts as a ligand, oleic acid is also utilised, complicating the  

ligand shell structure present upon the shell of the QDs. The Cd precursor is Cd oleate form ed  

from  CdO and oleic acid, while the Se source is elem ental Se dissolved in trioctylphosphine. The 

reaction mixture containing C d(oleate ) 2  is heated to betw een 270 °C and 310 °C followed by Se 

precursor injection, a fter which the reaction is cooled to  between 230 °C and 250 °C, and QD 

growth is allowed to proceed for 10 minutes. Following this, a successive ion layer reaction  

approach is carried out (SILAR) and was used to  produce CdSe nanocrystals crystals larger than  

4 nm in d iam eter if desired, w ith the use of sequential injections o f 0.2 M  solutions o f Se-TOP 

and C d(o leate )2 .
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It was found initially this reaction proved very challenging to  produce QDs past the 4 nm 

diam eter in size, which was initially attem pted  by modifying the ratio o f Se to Cd, changing the  

initial injection tem perature  and through the  use of changing the growth tem perature . 

Unfortunately though some of these approaches did produce larger sizes, the QD's size 

distribution suffered severely, producing a num ber o f d ifferent sizes indicated by the  

appearance of extra absorption peaks assigned to first exciton absorption peaks o f newly 

nucleated CdSe QDs, and which when investigated using photolum inescent spectroscopy 

showed corresponding PI peaks o f the d ifferent sizes present. It was for this reason that SILAR 

was tested to produce the desired larger sizes, which when carried out appropriately, produced 

CdSe QDs o f up to  5.5nm  repeatably.

3.3.2.i Optical Characterisation

A

Figure 3 .5  Photograph o f am ine capped CdSe quantum  dots under visible light (A) and under UV illum ination (Bj. This 
shows the change in absorption and emission as the size o f the CdSe quantum  dots increases fro m  left to right.

UV-Vis absorption spectroscopy was used to analyse the initial size o f CdSe QD nucleated and 

fo llow  the steady growth of the QDs due to precursor injection, all of which is shown in Figure 

3.6 A. This spectrum shows a strongly defined first exciton peak that shifts to longer 

wavelengths as the SILAR approach is used to grow larger sizes of CdSe QDs. The spectra also 

show much of the fu rther fine structure o f the high-energy transitions indicating a minimal size 

distribution. The steady growth o f CdSe QDs under SILAR m ediated growth was also studied 

using photolum inescent spectroscopy and is shown in Figure 3.6 B. As was seen in the  

absorption spectra red shifting of luminescence occurs due to SILAR grow th o f the CdSe QDs.
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Also worth noting is the presence of single PL peak which is indicative of only one size 

population of QDs present meaning, we successfully avoided homogeneous nucleation of CdSe 

QDs during the SILAR mediated growth stage. These resulting QDs showed luminescent QYs 

which varied from 20- 30 %, decreasing with increased QD size.

3.3.3 Oleic Acid Capped CdSe Quantum Dots: Synthesis and 

Characterisation
A simple synthesis based on literature^'’® was used to produce oleic acid capped CdSe QDs in 

large quantities, giving up to 1.4 mmol of CdSe per synthesis, in a range of sizes (as shown in 

Figure 3.7). This synthesis used Cd oleate as the Cd source dissolved in a non-coordinating 

solvent of octadecene, while just oleic acid was used as a ligand and the Se source was produced 

by dissolving Se powder in Tributylphosphine under an argon atmosphere. A Cd excess of 2.8:1 

(molar ratio) was used relative to Se, and injection temperature and growth time were used to 

control the resulting size of the QDs produced. These dots were then investigated using UV-Vis, 

PL and TEM techniques.
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Figure 3.6 UV-Vis absorption spectroscopy (A) and photo lum inescent spectroscopy (B) o fO ctadecylam ine capped CdSe 
QDs show ing the sh ifting  in absorption lum inescent as the size o f  the QD is increased sue to successive in jections o f  Cd 
oleate and Se~TOP solutions a fte r the in itia l nucleation o f  CdSe QDs

Most importantly, this synthesis could be scaled readily to produce large amounts of QDs using 

relatively inexpensive precursors. Also due to only one ligand being utilised, oleic acid, the 

ligand shell of the resulting CdSe QDs was simple and therefore these served as a model system 

for testing in electrophoretic deposition, as discussed in chapter 4, section 4.3 . They also served 

as a useful comparison with other dots coated in oleic acid such as PbS or CdS QDs.
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3.3.3J Optical characterisation of oleic acid capped CdSe

Figure 3 .7  Photograph of oleic acid capped CdSe quantum  dots under visible light (top) and under U V illum ination  
(bottom ). This shows the change in absorption and emission as the size o f the CdSe quantum  dots increases from  
le ft to right.

UV-Vis absorption spectroscopy and photoluminescence spectroscopy were used to monitor 

the growth o f CdSe QDs following injecting o f the Se precursor and is shown in Figure 3.8. The 

UV-Vis absorption spectra (Figure 3.8 A) shows red shifting over time as the CdSe QDs increase 

in size, w ith growth taking place very quickly during the first 10 seconds and slowing significantly 

up to 220 seconds. The PL spectra (Figure 3.8 B) of these QDs also show the same pattern of 

red shifting relative to growth time.
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Figure 3 .8  UV-Vis absorption (A) and photolum inescent emission (B) o f  oleic acid copped CdSe quantum  dots showing 
a range o f d ifferent sizes fro m  2 .6  nm to 5 .2  nm produced by varying the grow th tim e fo llow ing injection.

The resulting UV-Vis absorption shows a first exciton that is not very sharp in character and 

shows a large FWHM of 1.3 eV, indicative o f a larger size distribution. When analysing the PL
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spectra the same pattern can be seen, w ith a relatively broad emission peak, showing a FW HM  

of 0.1 eV, showing a range of sizes of CdSe QDs exist in these samples. These samples show poor 

QYs of betw een 2-5 % after synthesis, but could be hugely increased using post treatm ents  

discussed later on in this chapter (section 3 .5 .1 ).

3 .3 .3 .ii Microscopic Analysis of oleic acid capped CdSe QDs

TEM was used to  determ ine the morphology of the resulting synthesised CdSe QDs, w ith the  

resulting image shown in Figure 3.9. The QDs synthesised are o f a spherical character, but also 

seem to show a significant size dispersity as shown by the image present, displaying noticeably 

larger and smaller CdSe QDs in the image.

5 nm,
«* I

Figure 3 .9  TE M  o f  oleic ac id  c ap p e d  CdSe QDs synthesised using a  g ro w th  tim e  o f  4 0  seconds a n d  an  in jection  

te m p e ra tu re  o f  2 6 0  "C .

3.3.4 CdS Quantum Dots: Synthesis and Characterisation
CdS QD particles w ere synthesised in a non-coordinating solvent of octadecene, using oleic acid 

as a ligand using a modified m ethod from  literature. The Cd source was cadmium oleate, 

which was form ed under an inert atm osphere at 290 °C by reacting oleic acid and CdO. A fter 

this, the  reaction mixture was heated to  300 °C and a hot injection o f reagents was carried out 

using elem ental sulphur dissolved in octadecene, w ith the m olar ratio of S:Cd being 1:2. Heating 

tim e was used to control the size of the  particles produced, by varying from  1 m inute to 10 

minutes. These particles w ere then studied using UV-Vis, PI, and TEM. Table 3.2 is a summary 

of the CdS QDs synthesised.

Increasing growth tim es after S injection w ere found to increase CdS QD diam eters (sample CdS 

A and B). A small variance in QD size produced under the same conditions (sample CdS B and
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C), while increasing the  reaction size by a factor o f 4 (sannple CdS D) had the effect of producing 

a larger full width half max, and therefore had the effect of producing an increased size 

distribution.

Table 3.2 This shows the range o f  oleic acid capped CdS quantum  dots synthesised during the experiment. 
Diameters displayed are calculated fro m  the f irs t  exciton peak position and quantum  yields were determ ined  
relative to an appropria te  standard, Coumarin 153 in e thano l (QY= 53%^^^).

C
dS

Q
D

Sa
m

pl
e

G
ro

w
th

tim
e

Exciton
peak D

ia
m

et
er

Ba
nd

 
ga

p c
.■H ^
m 5

Ex
ci

to
ni

c 
PI 

Pe
ak

 
po

si
tio

n

PI 
FW

H
M

St
ok

es
sh

ift

Scale of 
reaction 

relative to 
method

Luminescent
Quantum

yield

Units sec nm nm eV eV nm eV nm / %

CdS A 400 384.9 2.96 3.21 0.18 403.03 0.12 18.1 1 40%

CdSB 600 392.1 3.14 3.16 0.18 407 0.14 14.9 1 51%

CdSC 600 403 3.48 3.08 0.15 415 0.11 12 1 43%

CdSD 600 385.9 2.96 3.21 0.29 405 0.15 19.1 4 55%

3 .3 .4 .1 Optical characterisation

CdS has a bandgap o f 2.42 eV, therefore  QDs synthesised in this work have band gaps between  

3.08 to 3.21 eV , giving a first exciton absorption peak positioned in the ultra violet, meaning a 

solution o f CdS QDs are colourless as shown in Figure 3 .10 A. The evolution of the CdS QD 

absorption relative to tim e is shown in Figure 3.11 showing the growth o f the QDs in the  

reaction solution and the resulting redshift o f the spectra, w ith no fu rther change seen after 10 

minutes. The lowest energy peak is described as the first exciton peak and its w idth is an 

indication o f the  size distribution of the CdS QDs, given by the  peak's full w idth half max

A

Figure 3.10 Photograph o f  oleic acid capped CdS QDs in toluene under visible ligh t illum ina tion  and UV ligh t 
illum ination, sample C.
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As the QDs grow in size it can be seen th a t the FW HM  changes from  0.21 eV to  0.12 eV, 

indicating a size focusing takes place in the growth phase of the QDs. The absorption spectra 

also showed several other peaks at higher energies that can be attributed  to o ther defined 

electronic transitions of the CdS QD; this fine structure is again only visible in QDs that have 

been synthesised w ith a small size distribution.

Figure 3.11  CdS QD UV-Vis absorption 
spectroscopy (A) and photolunninescent 
spectroscopy (B and C) o f sample CdS B. Graph A 
depicts tlie  change of the absorption spectra, 
relative to  grow th tim e after S solution injection 
at 300 °C. CdS QD photolum inescent change 
relative to grow th tim e a fte r  5 precursor 
injection. A shows just the excitonic emission 
while the B shows the excitonic a t higher energy 
and the defect emission a t low er energies.
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CdS QDs are strongly luminescent QDs (Figure 3.10), producing excitonic emission in the UV 

range, photolum inescent spectra is shown in Figure 3.11 B and C. The Bohr exciton radius of 

CdS is 3.6 nm, therefore CdS nanocrystals must have a smaller radius than this to show strong 

quantum  confinem ent and therefore  CdS QDs w ere synthesised w ith diam eters o f between 2.9 

to  3.5 nm. Due to  the small size of these nanocrystals a large proportion of the atoms that 

constituent the QD are surface atoms. Therefore when m onitoring the luminescence of these 

QDs, tw o  forms of luminescence are visible in the spectra, the first form  is due to excitonic 

luminesce, occurring from  an electron de-exciting from  the lowest energy level in the  

conduction band to  a level in the valence band and is shown in Figure 3.11. A. This luminescence 

produced a peak that showed a small Stokes shift relative to  the  first excitonic absorption peak, 

giving a shift o f between 12 to  19 nm. The peak showed a small FW HM  o f betw een 0.12 eV to
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0.15 eV and is indicative o f a small size distribution in CdS diameters. As show^n in the Figure

3.11 A, this peak also shows red shifting in emission position as the CdS QD size increases over 

the reaction time.

The emission spectra also contain a broad featureless band that is shown at longer wavelengths 

in Figure 3.11 C. This band is due to the surface defects that produce inter-band gap energy 

states w ith in the band gap o f the material. When electrons decay from  these states to  the 

valence band and em it photons, the resulting luminesce shows a strong red shift relative to 

absorption, therefore producing a much more pronounced Stokes shift. This form of 

luminescence is much more common in small QDs, w ith defect emission decreasing in intensity 

as diameter o f the QD increases. This effect can be seen in Figure 3.11 C, showing clearly that a 

much larger defect luminescence is present fo r the initial QD size at 1 minute and is strongly 

decreased as the QD grows. Quantum yield measurements were made using coumarin 152 as a 

reference, and therefore the yields are only based on excitonic photoluminescence and 

therefore underestimate the tota l luminescent efficiency o f the QDs. In spite of this, the total 

QYs were still very high fo r core QDs, producing yields up to  55 % and is indicative o f high quality 

CdS QDs having been produced.

3.3.4.11 Electron Microscopy Analysis

Transmission electron microscopy (TEM) was used to analyse the produced CdS QDs and the 

images are shown in Figure 3.12 A and B. The CdS QDs show a circular shape w ith excellent 

crystallinity, shown by the presence of lattice fringes in image A. From these images, the size 

distribution of the QDs was determined and a histogram of these diameters is shown in Figure 

3.12 C. The measured diameters from TEM determined by fitting  a distribution curve to  the 

histogram o f diameters gives a peak centred on 2.8 nm and a standard deviation o f 0.569 nm 

+/-. This showed excellent correlation w ith calculated diameters carried out by making use of 

the first exciton position in the UV-Vis absorption spectra of these QDs, which estimated a 

diameter o f 2.96 nm fo r same sample o f CdS.
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Figure 3 .12  HRTEM analysis (A and B) o f CdS QDs 
(Bj w ith the resulting size distribution shown (C). 
Histogram  o f CdS QD d iam eter distribution 
determ ined from  a sample CdS-1.4 (see Table 3 .2} 
with the resulting fit te d  distribution gives a 
d iam eter o f 2 .8  nm.

Radius (nm)

3.3.5 PbS Quantum Dots: Synthesis and Characterisation
PbS QDs w e re  synthesised using a m o d ified  m e th o d  fro m  litera tu re /® ^  using a n on -co o rd in ating  

solvent o f ODE and o le ic acid as a ligand. The Pb m eta l com plex, P b (o lea te ) 2, w as used as th e  

lead source, w hich w as fo rm e d  th ro ug h  th e  heating  o f PbO in th e  presence o f o leic acid und er 

an argon a tm o sp h ere  to  11 0  °C. The sulphur source, b is (trim ethyls ily l)su lfide (TM S ), was th en  

in jected  in to  th is reaction a t a set te m p e ra tu re  b e tw e e n  8 0  to  14 0  °C, causing im m e d ia te  

n uc leation  o f PbS. The g ro w th  o f PbS QDs w as a llo w ed  to  proceed fo r 4  m in u tes  a fte r  w hich  th e  

heating  source was rem o ved  and th e  PbS QDs w e re  p rec ip ita ted  fro m  so lution  w ith  th e  use o f 

a non-so lven t, acetone.

A range o f PbS QDs w e re  synthesised w ith  th e ir  resulting p ro perties  show n in Tab le  3 .3 . These  

w e re  produced  by varying th e  te m p e ra tu re  o f T M S in jection , enab ling  us to  p roduce larger QD  

as th e  T M S  in jection  te m p e ra tu re  w as increased fro m  60  °C to  140 °C, producing PbS QDs  

ranging fro m  2 .3  nm  to  4 .0  nm  in d ia m e te r. In jection  te m p e ra tu re s  above th is are  not re p o rte d  

due to  a large increase in th e  size d is tribu tion . G ro w th  tim e  w as not used to  contro l QD size
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since this was found to reach com pletion in an extrem ely short am ount o f tim e, showing no 

fu rther growth in PbS QD size after 30 seconds post TMS injection. This reaction used relatively  

cheap material and was found to scale effectively w ithout substantially changing the results of 

the reaction; this therefore  m eant reactions w ere able to produce in excess of 1 m m ol o f PbS.

Table 3.3 This shows the range o f oleic acid capped PbS quantum  dots synthesised during the experiment. 
Diameters displayed are calcu lated fro m  the f irs t  exciton peak position and quantum  yields were determ ined  
re lative to an appropria te  standard, IR Dye 26 in l,2-dichloroethane(0.005% )^^^ and IR Dye 140 in ethanol ( 
1 6 .7 % r '‘

Sample
name

1" exciton 
peak

1" exciton 
FWHM Band gap Diameter PL

emission
PI

FWHM

TMS
Injection

Temperature

Luminescent
Quantum

yield

units nm eV eV nm nm eV “C %

PbS 1 735 0.14 1.69 2.3 858 0.21E 60 1
PbS II 810 0.13 1.53 2.6 901 0.21 90 79

PbS III 840 0.17 1.48 2.7 943 0.16 100 /
PbS IV 896 0.11 1.38 2.9 984 0.19 110 87

PbS V 978 0.086 1.27 3.2 1048 0.15 120 /

PbS VI 1156 0.25 1.07 3.6 1223
0.16

130 /

PbS VII 1206, 1270 / 1.028,0.98 3.8, 4.0 / / 140 /

3.3.5.i Optical m easurem ents

PbS QDs samples w ere analysed using UV-Vis absorption spectroscopy and photolum inescent 

spectroscopy w ith the  result shown in Figure 3.13. The absorption spectra (Figure 3.13 A) show 

a strong red shifting of absorption as the TMS injection tem peratu re  is increased shifting from  

a r '  exciton position of 735 nm to 1156 nm. The first exciton shows a FW H M  of betw een 0.21eV  

to  O .lle V , indicating a relatively small PbS size distribution, w ith the trend across samples 

pointing towards better size focusing at higher tem peratures up to 120 °C. Interestingly, the  

final sample, produced at 140 °C, shows a far less defined first exciton position, which is 

explained by assuming an increased size distribution, w ith an estim ate fitting o f tw o  first exciton 

positions at 1206 and 1270. This is most likely caused by the onset o f Ostwald ripening causing 

tw o  distinct size populations to evolving; hence, results above this tem perature  are not 

reported. UV-Vis absorption was also used to  dem onstrate the effect of growth tim e upon a 

PbS sample and is shown in Figure 3.13 C, dem onstrating th a t no change in first exciton position 

occurs after 30 s. In fact, over an extended tim e growth, the first exciton peak is found to  

broaden, indicating an increase in the size distribution and therefore  reaction growth tim e was 

restricted to 4 minutes.
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PbS QDs w ere found to show peak emission at 858 nm, which was gradually red-shifted as 

progressively larger PbS QD samples w ere produced causing emission at 1223 nm from  the  

larger samples. The emission did not show a secondary peak due to  defect emission, indicating 

excellent surface passivation o f the PbS QDs. These samples w ere also found to be very efficient 

em itters showing excellent photolum inescent quantum  yield o f up to 87%. These w ere  

determ ined using suitable luminescent dye standards, (IR Dye 26 or IR Dye 140) as a comparison  

and therefore  carry the usual uncertainty o f at least + /-1 0 %  of the reported value.
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Figure 3 .13 The UV-Vis absorption spectra (A and  
C) and photolum inescent spectra (Bj o f PbS QDs. 
The UV-Vis spectra (C) shows the sm all change in 
first exciton shape after the injection o f TMS a t  
110  C  , displaying little to no change in firs t 
exciton position, w ith the peak in fa c t showing 
broadening indicating an increase in the size 
distribution present.
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3.3.5.11 Electron Microscopy Analysis

TEM is used to investigate the morphology and the size distribution of PbS QD samples 

produced and is shown in Figure 3.14. The lattice fringes o f a single PbS QD (sample PbS V) and 

can be seen in Figure 3 .14  A, indicating excellent crystallinity of produced samples. The  

distribution of PbS QD diam eters from  sample PbS VI is shown in Figure 3.14 C and has been 

analysed and graphed (Figure 3.14 D), confirming that the diam eters shows a small variance 

across the sample, which when fitted  gave an average value of 4.7 nm and a standard deviation  

of 0 .66 nm. To confirm, the elem ental makeup of these QDs, scanning electron transmission 

microscopy (STEM) was carried out and is shown in Figure 3.15 A. This was used in tandem  w ith
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EDX, allowing the elem ental distribution o f the  QDs to  be measured. From this, it was confirmed  

that Pb and S are both present in these nanocrystals as shown in Figure 3.15 B.
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Figure 3.14 TEM images o f  PbS QDs. Image A (sample PbS V) is a HRTEM o f a single PbS QD o f 4.1 nm in d iam eter 
showing strong la ttice  fringes, while Image B (sample PbS IV) is a TEM im age show ing the d is tribu tion  o f size in a 
sample o f ano ther PbS QDs. Image C is a high resolution TEM o f m ultip le  PbS QDs,(sample PbS VI) while Image D shows 
the determ ined size d is tribu tion  fro m  this sample shown in a histogram  . A f it t in g  is made to this d is tribu tion  giving an 
average d iam eter o f  PbS QDs in this sample o f 4.7 nm.
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5 nm

Figure 3 .15  STEM (A) and EDX (B) spectra o f PbS QDs (sample PbS VI). This confirms the elem ententa l m ake up o f the 
resulting QDs produced fro m  the sythesis showing signals fo r  Pb an d  S.

The X-ray pow der diffraction was used to  confirm the crystalline state of the synthesised PbS 

QDs, and to  detect the specific crystal structure, which in this case is the rock salt phase. The 

resulting spectra is shown in Figure 3.16, w ith specific planes m arked for clarity, and is an 

excellent fit to  the PbS rock salt structure reported.
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Figure 3 .1 6  Powder x-ray crystal d iffraction o f PbS QDs sample, confirm ing the PbS rock salt crystal structure fro m  the 
peak positions.
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3.3.6 CdSe/CdS QD Synthesis
To synthesis m o re  com plex CdSe/CdS co re /sh e ll nan ostru ctu res , as re p o rte d  in literature*® , w e  

firs tly  separa te ly  produced a sam ple o f O DA capped CdSe QDs as discussed in 3 .3 .2  . Follow ing  

th is, th e  CdSe QDs w e re  used as a seeds to  th e n  g ro w  a shell o f CdS upon. This w as achieved  by 

th e  use o f a SILAR approach in w hich  w e  used successive in jections o f e ith e r  Cd (o le a te ) 2 o r 

e le m e n ta l su lphur dissolved in ODE. This w as p roduced by h eatin g  o f a degassed so lution o f  

ODE, o ley lam in e  and O DA capped CdSe QDs to  2 3 0  °C, a fte r  w hich  SILAR g ro w th  w as carried  

o ut. This process involved th e  in jection  o f a Cd (o le a te ) 2 so lution  d ro pw ise  in to  th e  h o t m ixtu re , 

w hich  w as th en  a llow ed  to  react fo r 10 m inutes, producing  h alf m o n o la y e r o f Cd^* ions on th e  

surface o f th e  Q D. Subsequently, a d rop  w ise in jection  o f th e  S precursor w as th e n  fo llo w e d  by 

a 10 m inutes w a it to  a llow  th e  su lphur to  reac t w ith  th e  surface o f th e  QDs, producing th e  first 

coating  o f CdS. For th is m etho d  to  be successful and avoid  CdS h om o  n uc lea tion , it w as vita l to  

adjust w aitin g  tim es  b e tw ee n  in jections and to  slow  th e  ra te  o f in jec tio n , th e re fo re  avoid ing th e  

situation  w h e n  to o  high a co n cen tra tio n  o f b oth  CdS precursors w e re  p resen t in so lution. It w as  

also v ita l to  m ake sure th a t th e  sam e co n cen tra tio n  o f S and Cd w as ad d ed  in each cycle o f shell 

coating  to  ensure n e ith e r precursor w as le ft in solution a fte r  a single cycle o f shell g ro w th . The  

SILAR approach  a llow ed  th e  exact desired  thickness o f CdS to  be d ep os ited  upon th ese  QDs, by 

contro lling  th e  n u m b er o f p recursor in jections th a t w e re  carried  o u t. The  QDs w e re  th e n  studies  

using UV-Vis spectroscopy, PL em ission spectroscopy, and  TE M . The basic p ro p erties  o f th e  

sam ples p roduced are  shown in Tab le  3 .4  .

Table 3 .4  This shows the change in spectra as a shell o f CdS is grow n upon a CdSe core QD producing a CdSe/CdS 
core/shell quantum  dot.

Shell coating
1st Exciton 

peak of QDs

FWHM of 

1st Exciton 

peak

A in 1st 

Absorption peak 

relative to core 

CdSe QD

PI

emission

FWHM of 

PL 

emission

Stokes shift

units nm eV eV nm eV nm

CdSe core 572 5.4E-02 / 575 7.1E-02 3

Shell 1 581 4.5E-02 3.4E-02 588.5 5.6E-02 7.5

Shell 2 595 5.5E-02 8.4E-02 607.5 4.4E-02 12.5

Shell 3 604 5.6E-02 l.lE -0 1 617 4.0E-02 13
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3.3.6.i Optical Characterisation

A

Figure 3 .1 7  Photograph o f CdSe/CdS quantum  dot under visible light (A) and under UV illum ination (B). This shows 
the change in absorption and emission as a shell o f CdS is grown upon the core CdS, with shell thickness increasing 
from  le ft to right,

UV-Vis absorption spectrums o f the produced CdSe/CdS QDs is shown in Figure 3.18, displaying 

the change in spectra as a shell of CdS is grown upon the initial CdSe core, while Figure 3.17 

shows a photograph of d ifferent coating thicknesses o f CdSe/CdS QDs, under visible light and 

UV light. As CdS is deposited upon the CdSe core an overall red shifting in the first exciton 

position occurs, this is due to  the smaller lattice constant of CdS, which causes a compression 

effect upon the core CdSe QD, producing a shift from  572 nm to 605 nm after the third 

c o a t i n g . T h e  coating also produces a large increase in absorption in the area o f the 

spectrum associated w ith CdS absorption, which is centred on 512 nm, which corresponds to 

the bulk band gap of the CdS. The absorption spectrum therefore becomes a composite o f CdSe 

absorption and CdS absorption, w ith the lowest energy peak corresponding to  CdSe core 

absorption, while a large increase in absorption occurs after 550 nm due to CdS, w ith the ratio 

between these two acting as a means indication o f the thickness of the CdS shell coating 

produced. Also importantly, the absence o f CdS first excitons at wavelengths between 300 to

B
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Figure 3 .1 8  UV-Vis absorption spectroscopy (A) and photolum inescent spectroscopy (B) o f CdSe/CdS core /sh ell 
quantum  dots. The shift in absorption takes place as a shell o f CdS is grown upon the CdSe core.
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400 nm is also an indication of the absence of CdS QDs nucleating during the  SILAR coating (See 

Appendix C, Figure 7.4 image C for an exam ple when CdS nucleation did take place).

Photolum inescent spectra of CdSe/CdS QDs are presented in Figure 3 .18 B. Interestingly, due 

to  the smaller band gap of CdSe QDs; luminescence is only seen to be produced from  the core, 

with excitons generated in the CdS shell, firstly de-exciting to  the CdSe core before recombining. 

Consequently, the  PI wavelength is strongly defined by the size and electronic state of the CdSe 

core w ith the PI spectra displaying the same red shift in peaks as shell growth takes place, as 

was seen w ith the absorption spectra. PI spectra also serve as means to  detect the homo 

nucleation of CdS precursors, w ith the absence of CdS PI peaks in the UV range of the spectra 

serving to  point to  the absence o f CdS QDs.

Due to the type I band alignm ent created betw een the CdSe core and CdS shell, a large increase 

in the luminescent quantum  yields of the sample takes place relative to  the CdSe core, 

producing QDs of up to 50% QYs under the test conditions. Interestingly it was found that 

growth past a certain level had the effect of reducing the  overall QY. This is due to  the lattice 

mismatch betw een the core and shell, which results in defects in the QD crystal structure as the  

thickness of the shell increases, causing the decrease in QY observed.

3.3.6.ii E lectron M ic roscopy  Analysis
TEM was used to  analyse the size and shape o f a resulting sample o f CdSe/CdS QDs after 3 

coatings of CdS w ere deposited, this is shown in Figure 3.19. From this it can be seen that the  

particles still showed excellent size distribution, displaying similar diam eters across the  sample 

after the CdS coating, with a size distribution centred on 4 .8  nm and a standard deviation of 

0 .56 nm + /-  a fter measuring diam eters across the sample as shown in Figure 3.19B and fitting  

this to a distribution. These images also showed no presence of CdS QDs, meaning that we 

avoided homogeneous nucleation of the shell materials (see Appendix C, Figure 7.4 A and B for 

an exam ple when CdS nucleation did occur). Comparing the produced size to the original CdSe 

QD core coated, which had a d iam eter o f 3.4 nm, determ ined from  its first exciton position, we 

can estim ate that a shell o f 0.7 nm of CdS has been deposited upon the core QD, producing the  

core shell structure. Much larger coatings have also been produced, but also showed much 

larger size distributions, with QDs becoming coated unevenly in CdSe (See Appendix C, Figure 

7.5).
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Figure 3 .1 9  H R T E M  im ag es  o f  CdSe/CdS Q D  (A a n d  

B) p ro d u c ed  f ro m  a  th re e  shell c o a tin g  o f  CdS upon  

a  CdSe core  Q D  o f  3 .4  n m  w ith  th e  resu lting  size 

d is trib u tio n  show n in g ra p h  C. The h is to g ram  of 

CdSe/CdS c o re /s h e ll q u a n tu m  d o t rad ius  w hen  

f i t te d  w ith  a  d is trib u tio n  gives a  m ea n  o f  4 .8  nm  

w ith  a  s ta n d a rd  d e v ia tio n  o f  0 .5 6  + / -  nm . This 

com pares  to  the  o r ig in a l size o f  th e  core QD  

d e te rm in e d  fro m  th e  f irs t  exciton position  o f  3 .4  

nm , m e a n in g  a  la y e r o f  0 .7  n m  o f  CdS has been  

successfully d e p o sited  upon th e  CdSe QDs.

3.3.7 CdS/CdSe Quantum Dots: Synthesis and Characterisation
CdS/CdSe QD synthesis w as carried  o u t using a m o d ified  o n e -p o t approach re p o rte d  in

lite ra tu re , im ply ing th a t CdS QDs did not need  to  be firstly  synthesised, g rea tly  sim plify ing

th e  overall m e th o d . T h e re fo re , firstly CdS QDs w e re  grow n using th e  sam e hot in jection

approach  discussed previously in section 3 .3 .4 ,  noting  th a t this synthesis used a m ole  ra tio  1:2,

S: Cd. This m e a n t a fte r  CdS had fo rm e d  and ceased g ro w th  a fte r  10 m inutes, it can be assum ed

no S precursor is present in th e  reaction  so lution, th e re fo re  avoiding th e  fo rm a tio n  o f an alloyed

shell (CdSei-xSx). Follow ing th is, th e  solution w as cooled to  2 3 0  °C and CdSe shell g ro w th  w as

co m m en ced . This was achieved  using th e  SILAR m e th o d , using equal vo lum es o f 0 .4  M  C d (o la te )

2 so lution  and 0 .4  M  Se-TOP solutions, w hich  w e re  in jec ted  sequ entia lly  to  slowly g ro w  th e  CdSe

shell upon th e  cores. The sam e approach as discussed fo r CdSe/CdS had to  be carried  o ut, tak in g

care to  slow ly add precursors, avoid ing high co n centra tion s o f e ith e r precursor in so lution, and

th e re fo re  creating  conditions favouring  h eterog en eou s nucleation  o f th e  CdSe shell upon CdS

instead o f hom ogeneous nucleation  o f CdSe QDs. The resulting QDs w e re  th en  stud ied  w ith  th e
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use of UV-Vis absorption spectroscopy, PL emission spectroscopy, and TEIVl, w ith the basic 

properties o f the produced CdS/CdSe QD detailed in Table 3.5 relative to the SILAR injection.

Table 3 .5  This shows the change in spectra as a shell o f CdSe is grown upon a CdS core QD producing a CdS/CdSe 
core/shell quantum  dot.

Sannples
1st Exciton 

peak of 
QDs

Fwhm of 
1st Exciton 

peak

1st Exciton 
peak shift due 

to  injection

Excitonic
PI

emission

Defect PL 
emission

Stokes shift of 
excitonic 
emission

units nm eV eV nm eV Nm

CdS 387 0.16 / / 451 /

CdS/CdSe 
injection 1 (Se)

420 0.15 0.25 / 610 /

CdS/CdSe 
injection 2 

(Cd)
459 0.14 0.25 544 622, 664 85

CdS/CdSe 
injection 3 (Se)

492 0.13 0.19 544 632, 674 52

CdS/CdSe 
injection 4 

(Cd)
528 0.12 0.16 572.5 689 .5 ,794 44.5

CdS/CdSe 
injection 5 (Se)

552 0.11 0.1 599 729, 792 47

CdS/CdSe 
injection 6 

(Cd)
574 0.11 0.086 618 802 44

3.3.7.i Optical characterisation

UV-Vis absorption spectra (Figure 3.20 A) allowed us to m onitor the synthesis of CdS/CdSe in 

depth, by taking spectra betw een each CdSe injection. The spectra show the presence of the  

initial CdS core synthesised, which was then follow ed by growth o f a CdSe shell upon it, 

producing a gradual red shifting of the absorption spectra as the shell was grown upon the core, 

shifting the first exciton position of the QD from  387 nm to  572 nm. This is due to  the smaller 

band gap of CdSe, which as it's thickness increases, shifts the  absorption wavelength of the QD

e-
8
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<
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CdS
CdS/CdSe injection 1 
CdS/CdSe injection 2 
CdS/CdSe injection 3 
CdS/CdSe injection 4 
CdS/CdSe injection 5 
CdS/CdSe injection 6

B

Wavelength (nm)

CdS
CdS/CdSe injection 1 
CdS/CdSe injection 2 
CdS/CdSe injection 3 
CdS/CdSe injection 4 
CdS/CdSe injection 5 
CdS/CdSe injection 6

Wavelength (nm)

F igu re  3 .2 0  Uv-Vis a b so rp tio n  spectroscopy a r id  p h to lu m in e sce n t spectroscopy o f  CdS/CdSe QDs. This show s the  
change  in  ab so rp tio n  p a tte rn  as a CdSe sh e ll is g ro w n  up on  a CdS q u a n tu m  do t. A SILAR ap p roa ch  is u tilis e d  to  g ro w  
th e  CdSe she ll an d  is ach ieved by us ing  a lte rn a tiv e  in je c tio n s  o f  0.4 M  Cd s tock  so lu t io n  o r  0 .4 M  Se s tock  so lu tion .
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to  lower energies, due to  th e  decreasing q u an tu m  confinem ent of th e  CdSe shell, reducing its 

band gap.

A

Figure 3.21 Photograph o f CdS/CdSe quan tum  do t under visible light (A) and under UV illumination (B) This show s  
the  change in absorption and emission as a shell o fC dSe is grown upon the core CdS, w ith shell thickness increasing 
from  left to  right.

Photo lum inescent spectroscopy is also used to  study th e  growth of the  CdSe shell upon CdS and 

is shown in Figure 3.20. Just as was observed  for CdSe/CdS QDs; lum inescence for CdS/CdSe 

only originates from th e  CdSe shell, which also shows th e  sam e p a tte rn  of red shifting as th e  

shell of CdSe is grown upon th e  CdS QDs. This because of th e  reverse type  I band alignm ent th a t  

is fo rm ed  b e tw een  th e  core and shell, m eaning th a t  excitons are  confined to  th e  shell of th e  

QD. Due to  this, we also see a large am o u n t  of defect emission from th e  QD upon initial g row th  

of a shell, which again corre la tes  with theo ry  th a t  th e  exciton becom es confined to  th e  CdSe 

shell. This shell upon initial g row th  is very thin and the re fo re  will be nearly exclusively com posed  

of surface a tom s and th e re fo re  have a much higher likely hood of producing surface defect 

emission due  to  incomplete passivation, as is seen  in very small CdSe QDs such as  magic sized 

CdSe QDs.^''-^^ This defect emission then  is found to  reduce as th e  shell of CdSe is increased, 

changing th e  majority of emission to  be excitonic in nature , though  interestingly th e  defect is 

not fully e liminated upon com pletion of CdS/CdSe QD formation.

Unfortunately, due  to  surface exciton confinem ent, this also m eans  th a t  th e  

pho to lum inescence  of th e se  QDs show  much lower efficiencies due  to  surface interaction 

causing quenching, with QYs achieved ranging b e tw een  10 to  15 %, and is highly d e p e n d e n t  on
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the level o f cleaning applied to the QD, post synthesis. The Stokes shift for the QDs when  

observing the distance betw een the first exciton peak and excitonic emission is much larger 

than observed in CdSe QDs, w ith completed CdS/CdSe QDs displaying values o f 44  nm.

3.3.7.ii Electron Microscopic Analysis

TEM was utilised to  analyse the size and shape of com pleted CdS/CdSe QDs (Figure 3.22). The 

sample showed a relatively small size distribution in diam eters, which when graphed in a 

histogram and fitted , gave an average d iam eter of 4.5 nm with a standard deviation of + /-0 .65  

nm. The images showed no evidence of smaller QDs form ed, meaning that the CdSe was 

successfully heterogeneously nucleated upon the CdS QD surface. W hen comparing the size of 

these coated QDs to the original CdS QD cores synthesised, a growth in the d iam eter o f the QDs 

can be seen changing from  2.95 nm (determ ined from  first exciton position) to  4.5 nm, 

corresponding to the growth of the CdSe shell, producing a CdSe shell o f 0 .78 nm in thickness 

surrounding the  CdS core.
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Figure 3.22. TEM and the resulting size distributions o f CdS/CdSe core/shell quantum  dots. Im age A is the TEM  
im age o f the CdS/CdSe QDs produced, while im age B is a histogram  o f diam eters o f the QDs determ ined fro m  a 
sample, giving a d iam eter o f 4 .5  nm  + /-0 .6 5  from  fittin g  the data.

3.3.8 CdTe/CdSe QD: Synthesis and Characterisation
CdTe/CdSe QDs w ere synthesised using a modified one-pot synthesis from  l i t e r a t u r e .T h is  

synthesis involved tw o  distinct steps, in which firstly CdTe QDs w ere form ed, this was then  

im m ediately follow ed by growth o f a CdSe shell upon them  and was carried out using a modified  

m ethod from  literature. CdTe QDs w ere synthesised in a non-coordinating solvent o f ODE, using 

oleic acid and ODPA as a ligand. C d(oleate ) 2  was used as the Cd precursor, while Te pow der was 

dissolved inTOP, which also contained a fraction o f ODPA, another ligand . The reaction solution 

of Cd(oleate>2, ODE and oleic acid was heated to 280 °C followed by injection of the Te 

/TO P/O D PA  solution. QD growth was allowed to  proceed for 3 minutes after which the reaction  

was cooled to 230 °C.
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Following this, a shell of CdSe was grown upon th e  cores using th e  SILAR approach . This was 

carried ou t  using successive injections of O.IM Cd(oleate )2 in ODE and 0.09 M Se/TOP solution, 

following th e  sam e pa tte rn  as discussed for CdSe/CdS and CdS/CdSe core  shell QDs, so as to  

avoid h o m ogeneous  nucleation of CdSe QDs in th e  reaction mixture, instead favouring 

h e te ro g en eo u s  nucleation of a CdSe shell. It is also im portan t  to  no te  th a t  th e  first s tep  of 

forming CdTe QDs reaction is carried ou t using a 2:1 m olar ratio of Cd:Te. This is particular 

im portan t  w hen  carrying o u t  a one  pot synthesis so as to  en su re  th a t  all of th e  Te is reacted  at 

th e  first stage of th e  synthesis, so as to  avoid th e  growth of an alloyed shell consisting of CdSei- 

xTex. The resulting QDs w ere  then  analysed using UV-Vis absorp tion  spectroscopy, PI emission 

spectroscopy, and TEM, with th e  change in optical p roperties  as th e  CdSe shell is grown is shown 

in Table 3.6.

Table 3 .6  This show s the change in spectra as a shell o f CdSe is grown upon a CdTe core QD producing a 
CdTe/CdSe core/shell quantum  dot.

Shell coating
1st Exciton peak of 

QDs

FWHM of 1st Exciton 

peak

PI

emission

FWHM of PL 

emission
Stokes shift

units nm eV nm eV nm

CdTe core 605 1.2E-01 615.9 0.087 10.9

Se injection 1 615.9 l.lE -01 625 0.081 9.1

Cd Injection 1 630.9 1.2E-01 641 0.084 10.1

Se injection 2 654 l.lE -01 665 0.084 11

Cd injection 2 672 l.lE-01 682 0.083 10

Se injection 3 695 1.4E-01 713 0.1 18

Cd injection 3 701 1.4E-01 720 0.1 19

Se injection 4 703 1.6E-01 729 0.1 26

3.3.8.i Optical Characterisation

UV-Vis absorp tion  spectra  and PI spectra  w ere  used to  m onito r  th e  g row th  of  th e  CdTe core 

QDs as shown in Figure 3.23. The UV-Vis absorption (Figure 3.23 A) spectra  showed th e  

ap p ea ran ce  of CdTe QD absorp tion  a f te r  Te precursor solution injection, which is th e n  gradual 

red shifted in absorption spectra . This produces a change in th e  excitonic peak, shifting it from 

564 nm to  615 nm as th e  CdTe QDs grow in solution over 100 seconds, following this, no fu rther
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change in the  spectra was observed in the experim ent indicating the vast m ajority o f Te reactive 

precursor reacted during the growth stage.

The PI spectra o f the CdTe core QDs shows only a sharp single excitonic peak, indicating a small 

distribution, which decreases as the QDs, grow in size, indicating a focusing of the size 

distribution of CdTe QD diam eters. These spectra also showed red shifting as seen in the 

absorption spectra due to the growth of the dots in diam eter, causing a decrease in the  

materials band gap.
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Figure 3.23  UV-Vis absorption spectra and PI spectra chartering the grow th of CdTe core quantum  dots relative to 
tim e. Graph A shows the red shifting in UV-Vis spectra as the size o f the CdTe increases during the reaction while 
Graph B shows the red shifting in photolum inescent o f the CdTe QDs as the reaction proceeded.

A

B

Figure 3 .24  Photograph o f CdTe/CdSe core/shell quantum  dots under visible light (A) and under UV illum ination (B). 
This shows the change in absorption and emission as a shell o f CdSe is grown upon the core CdTe, with shell thickness 
increasing fro m  left to right.
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Following the synthesis o f core CdTe QDs, the CdSe shell was deposited and m onitored using PL 

and UV-Vis spectroscopy, this is shown in Figure 3.24. The UV-Vis absorption spectra (Figure 

3.25 A) showed a very strong red shifting absorption band as the shell o f the CdSe m aterial is 

grown upon the core, shifting from  the initial CdTe first exciton absorption o f 605 nm to 701 nm 

after the 7'^ shell of m aterial was deposited. This is due to  the Type II band alignm ent that is 

produced betw een the core and shell materials, which has the effect o f producing a QD that has 

a band gap smaller than the band gaps o f either the core or the shell m aterial, due to  the  

staggered band alignm ent that occurs betw een CdSe and CdTe. This effect becomes more 

pronounced as the CdSe shell grows thicker, due to the staggered band gap becoming smaller 

and therefore producing the red shifting seen in the spectra.

B
 CdTe
 CdTe/CdSe shell 1
 CdTe/CdSe shell 2
 CdTe/CdSc shell 3
 CdTe/CdSe shell 4
 CdTe/CdSe shell 5

- CdTe/CdSe shell 6 
“ CdTe/CdSe shell 7
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CdTe/CdSe shell 1 
CdTe/CdSe shell 2 
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CdTe/CdSe shell 4 
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CdTe/CdSe shell 6 
CdTe/CdSe shell 7
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Figure 3.25 The changes in A) UV-Vis absorption spectra and B) the photolum inescence spectra o f the CdTe QDs, as 
a shell of CdSe QDs is grown upon the surface o f the QDs. A SILAR approach is utilised to grow  the CdSe shell and is 
achieved by using alternative injections o f 1 m l o f 0.1 M  Cd stock solution or 0 .09  M  Se stock solution.

The PI spectra (Figure 3.25 B) show the same trend in red shifting as seen in the absorption  

spectra, shifting from  615 nm to  730 nm over the course o f the CdSe coating of CdTe core QDs. 

This is again due to the staggered band alignm ent, w ith emission occurring betw een the  

recombining of a hole in the valence band of the CdTe core and an electron in the conduction 

band o f CdSe shell. The change in width of the PI spectra as the  shell grows is in fact due to  it 

being graphed per wavelength while looking at the FW HM  o f the  PI peaks it can be seen th a t a 

minimal change in this value occurs moving from  the original core to the core-shell structure as 

seen in Table 3.6. The Stokes shift increase to 26 nm after coating, up from  an original value of 

11 nm for the core CdTe QD.
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3.3.8.ii Electron Microscopy Analysis

'm

Figure 3.27 HRTEM images o f  CdTe QDs, showing excellent crysta llin ity evident by the presence of 
la ttice  fringes in image A.
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Figure 3.27 TEM analysis o f CdTe/CdSe 
core/shell QDs (A and B) and the resulting size 
d istribu tion  o f CdTe/CdSe core/shell quantum  
dots (C) displayed in a h istogram  o f the 
diameters across the sample, f it te d  w ith  a 
d istribu tion  peak centred upon 4.15 nm w ith  a 
standard deviation o f  0.58 + /- nm, produced by 
carrying o u t a to ta l o f  7 s ilar injections to 
produce a 0.25 nm th ick shell o f  CdSe upon a 
3.7 nm CdTe core QD.

TEM was used to firstly analyse the CdTe core QDs produced as shown in Figure 3.27. The QDs 

produced showed a high crystallinity as shown by the crystal planes visible in the HRTEM of the 

CdTe QD. TEM was then used to  analyse the resulting CdTe/CdSe core shell QDs as shown in 

Figure 3.27. The resulting QDs retained a circular shape w ith  no evidence of snnaller QD crystal 

formation, which would indicate CdSe QD nucleation. The images produced, showed dots with
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a small size distribution as shown in Figure 3.27 B, w ith the fitted  size distribution centred upon 

4.15 nm in d iam eter with a standard deviation of 0 .58 + /-  nm. The original d iam eter o f the CdTe 

core determ ined from  the 1** exciton position was 3.7 nm, meaning a shell o f only 0 .25 nm of 

CdSe was deposited.

3.3.9 CdSe/CdS Quantum Rods: Synthesis and Characterisation
The objective o f this part o f our work was to  produce a CdSe QD of w urtzite  crystal structure, 

upon which a CdS shell was then deposited, under conditions that cause a heterogeneous  

growth of CdS upon the QD, form ing a dot in rod structure. Rod structure form  due to  the  

different surface reactivity o f the CdSe QDs faces, this therefore means that CdS m ore readily 

nucleates and grows on the faces of the CdSe crystal causing the rod shape to  form . This process 

is prom oted by the use of a tw o d ifferent ligands during the synthesis, hexylphosphonic acid 

(HPA) and octadecylphosphonic acid (ODPA), which due to their d ifferent chain lengths display 

different binding energies, fu rther boosting the heterogeneous growth to take place.®®

CdSe/CdS heterostructured nanorods w ere synthesised using a tw o-step synthesis. Initially 

ODPA capped CdSe QDs w ere synthesised using the m ethod already discussed in 3.3.1 . 

Following this synthesis, a CdS shell was deposited using a single hot injection previously 

reported m e t h o d . T h i s  procedure was carried out using a coordinating solvent o f TOPO, and 

a m ixture of hexylphosphonic acid (HPA) and octadecylphosphonic acid (ODPA) while the shell 

precursors used w ere Cd(0DPA)2as the Cd source, form ed from  the reaction betw een ODPA 

and CdO, while S dissolved in TOP was used as the S source. Cd (0DPA)2 was form ed in the  

reaction m ixture at 300 °C which was then heated to  the required injection tem perature . At this 

point, the sulphur source was injected along with a solution of the core CdSe QDs dissolved in 

TOP. Injection took place at 360 °C, while the growth tim e under heating varied from  zero to  

tw o  minutes.

Due to  the setup in this experim ent, w ith shell precursor being introduced in a single injection, 

it was not possible to m onitor the growth o f the CdS shell. Instead, a num ber o f reactions w ere  

carried out w ith a range of d ifferent size CdSe staring cores, which strongly effected the size 

and shape o f the CdSe/CdS QRs. Properties o f a range o f the samples produced, are shown in 

the Table 3.7. The samples produced w ere then studied using UV-Vis absorption spectroscopy, 

PI emission spectroscopy, TEM and STEM.
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Table 3 .7  A collection o f properties o f CdSe/CdS QRs synthesised. The size o f CdSe cores w as de term ine  using the  
first exciton position o f the  sam ples in UV-Vis absorption spectra. Length and w idth o f  the  resulting QRs was 
determ ined  using TEM. Q uantum  yields were d e term ined  using a R hodam ine 6G in e thano l (QY 95%^^^).
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units nm nm nm eV nm % nm nm /

CdSe/CdS 1 575 3.17 556 0.074 584 51.8 / / /

CdSe/CdS 2A 591 3.37 564,5 0.1 597 48.2 21.2 4.1 5.1

CdSe/CdS 2B 596 3.37 564.5 0.12 618 56.8 21.0 4.9 4.3

CdSe/CdS 3 608 3.41 566 0.15 615 40.8 35.3 4.7 7.S

CdSe/CdS 4 625 4.06 587 0.13 641 31.2 22.98 6.5 3.5

3.3.9.i Optical analysis QRs

The resu lt ing  UV-Vis a b s o rp t io n  a n d  PL em iss ion  sp e c t r a  is sh o w n  in Figure 3 .28. T he  UV-Vis 

a b s o rp t io n  sh o w s  a very  s t ro n g  a b s o rp t io n  a f te r  512  nm , d u e  to  t h e  o n s e t  o f  CdS a b s o rp t io n ,  

w h ich  occu rs  a t  this  w av e len g th .  A b so rp t io n  a t  lo n g e r  w a v e le n g th s  is d u e  t o  t h e  CdSe co re ,  w ith  

t h e  first exc iton  still visible in t h e  sp e c t ra ,  w hile  t h e  pos it ion  o f  th is  p ea k  is s trong ly  red  sh if ted  

d u e  to  t h e  CdS coa t ing  p ro d u c in g  a shift o f  b e t w e e n  0 .05  t o  0 .22  eV in t h e  a b s o rp t io n  sp e c tra ,  

w ith  sm a lle r  co re s  d isplaying m u c h  s t r o n g e r  shifting  a f t e r  co a t in g  th a n  la rge r  CdSe QDs. This 

shift is c a u se d  to  d u e  t o  la ttice  m is m a tc h  b e t w e e n  CdSe a n d  CdS, th is  s t ra in  th e n  c a u s e s  a shift 

in t h e  e n e rg y  levels o f  t h e  CdSe QD as  r e p o r te d  in literature.^®®

T h ese  CdSe QDs s h o w e d  s t ro n g  lu m in e sc e n c e  as sh o w n  in Figure 3.28. T he  PI em iss io n  f rom  

t h e s e  QRs d isp layed  t h e  s a m e  f e a tu r e s  as  s e e n  in o t h e r  CdSe/CdS QRs, w ith  em iss io n  occurr ing  

f ro m  t h e  CdSe core ,  an d  so sh o w  a s t ro n g  d e p e n d e n c e  u p o n  t h e  d i a m e t e r  o f  t h e  CdSe QD 

initially co a te d .  In add i t ion ,  s ince  t h e  m ajo r i ty  of  op tical a b s o rp t io n  o cc u rs  in t h e  CdS shell, an  

artificially large S tokes  shift o cc u rs  in t h e s e  QRs. It is a lso  in te re s t in g  t h a t  d u e  to  t h e  shell being  

of  a rod  sh a p e ,  t h e  la ttice  s tra in  in duced  is n o t  to  t h e  m a g n i tu d e  as  w o u ld  be  o b s e rv e d  w h e n  

c o m p a r e d  to  a h o m o g e n e o u s  shell o f  CdS. This e n a b le s  t h e  d e p o s i t io n  o f  a th ic k e r  shell, while  

still p ro duc ing  a very  high QY, w ith  v a lu es  up  to  56%. A re la t io n sh ip  h a s  also  b e e n  r e p o r te d  

b e t w e e n  t h e  a s p e c t  ra tio  of  th e  NR (w id th  to  length)  an d  t h e  lu m in e sc e n t  q u a n t u m  yield, w ith  

v a lu e s  show ing  a s t ro n g  d e c r e a s e s  w ith  a s p e c t  ra t ios  la rge r  th a n  4, d u e  to  la ttice  s tra in  an d  

in c re a se  in su rface  a r e a  of  t h e s e s  longe r  NRs, w hich  is also  sh o w n  in t h e  s a m p le s  p r o d u c e d  in 

th is  s tudy .
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Figure 3.28 Normalised UV-Vis absorption and emission o f CdSe/CdS heterostructured rods, the same quantity of 
CdS precursor was injected in each o f the reactions while a different core ofCdSe was used in each case to produce 
the difference in spectra, the CdSe core diameter increases in size from  top to bottom, from  3.15 nm (purple, sample 
1), 3.370 nm (blue, sample 2), 3.41 nm (green, sample 3) ,4.0 nm (yellow, sample 4), 4.51 nm (red, sample 5).

Co
Q .
k_
O
(/)

<
■ O
(D
CO

"co
E

Sample 1.(PL) N 
 Sample 1 (Abs)

450 500 550 650 700400 600

Sample 2 (PL)\ 
Sample 2.(Abs)

400 450 500 550 600 650 700

 Sampte 3 (Abs)'
Sample 3 (Pf)

550 650 700400 450 500 600

Sample 4 (Ab) 
Sample 4 (PI)

550 650400 450 500 600 700

 Sample 5. (PI) '
 Sample 5 (Abs)

400 450 500 550 600 650 700 750

0)oc
0o
c/3
CD
c

E

o
O

■ D
Q)
W

TO
E

Wavelength (nm)

118



Chapter 3 Hot Injection Quantum Dot Synthesis

3.3.9.ii Electron Microscopy Analysis

TEM was used to characterise the morphology o f the resulting QRs and is shown Figure 3.29. 

These images show a sample (sample CdSe/CdS 2A) produced from a 3.4 nm CdSe QD, with 

distributions o f widths (Figure 3.29 B) and lengths (Figure 3.29 C) which were fitted  to give mean 

values o f 4.9 +/- 0.55 nm in w idth and 21+/-1-66 nm in length. Therefore, this sample showed 

a coating o f 0.75 nm CdS in the a and b direction, while in the c direction, a much thicker coating 

of CdS was produced, o f 8.8 nm, if the CdSe QD is assumed to  be found in the centre o f the rod. 

These showed excellent size distribution and uniform ity in length and w idth across the sample. 

The sample also showed a complete absence of other shapes o f nano crystals present, indicating 

tha t all CdSe core QDs were coated in a CdS rod shaped shell, w ith no evidence in the TEM 

imaging o f the homo nucleation of the CdS pre-cursors either. It is also w orth noting that it was 

not possible in TEM to pinpoint the position of the CdSe core QD in the NRs, produced. A 

number o f other CdSe/CdS NRs have also been analysed w ith TEM and are shown in Appendix 

C, Figure 7.5 and Figure 7.6.

‘20 nm '

Figure 3 .2 9  TEM o f CdSe/CdS heterostructred  
quantum  rods (sample CdSe/CdS 2A) and size 
distribution o f the length and width o f these 
particleslm age A) shows a TEM images o f the 
CdSe/CdS nanorods, prodycsed from  a 3 .4  nm CdSe 
QD. Im age B shows the w idth and Im age C shows 
the length io f the CdSe/CdS core/shell 
heterostructured quantum  in histograms taken from  

a collection o f TEM images, giving a value o f 4 .9  + /-  
0 .55  nm  in w idth and 21 + /-1 .6 6  nm in length when 

the distributions are fitted .
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Following this, nanostructures have been analysed using STEM; see the images shown in Figure 

3.30. STEM was very useful to  examine the morphology and crystallinity of the sample, w ith  

very high quality images being obtained, displaying atomic resolution as seen in Figure 3 .30  B.

10 nm

Figure 3 .3 0  Scanning transmission electron microscopy images o f CdSe/CdS core/shel heterostrucured quantum  r o d , 
displaying the highly crystaline structure o f the nanoparticles, visible from  the regular postions visible in im age B. .

EDX (energy disperse x-ray spectroscopy) was also utilised to determ ine the elem ental make up 

of another CdSe/CdS QR sample and is shown in Figure 3.31. This displays the presence of Cd, S 

and Se in the spectra indicative of the expected elem ental makeup o f the expected CdSe/CdS 

QRs.

Ulii
Cl

Cd

s« s« 20 /im
4

Figure 3.31 STEM and EDX analysis o f CdSe/CdS rods with the sam ple showing the presence o f Cd, S and Se as is to 
be expected in this QR structure
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3.3.10 CdSe/CdS/Au nanocomposites Synthesis and Characterisation

Figure 3 .32  Schematic presentation o f the tw o step process to producing a CdSe/CdS/Au nanorods, fro m  CdSe QDs

Follow ing th e  syntheis o f CdSe/CdS QRs, fu r th e r  m o d ifica tio n s o f th ese  s tru c tu re  th ro u g h  th e  

dep ostio n  o f Au particles w as p erfo rm ed . This synthesis w as carried  o u t by using a sam ple o f 

CdSe/CdS QDs w hich  w e re  ad d ed  to  a so ltuion o f gold (III) ch loride in o le yam in e , in w hich  

o le ya m in e  acted both  as a so lvent and ligand. The reaction  vessel w as th e n  h eated  to  b e tw ee n  

9 0  and 12 0  °C, o ver 10 -15  m in utes , fro m  60  °C. This h eatin g  th en  caused th e  decom p o sitio n  o f  

th e  gold salt, th ro ug h  its redu ctio n  by o ley lam in e, causing e le m e n ta l gold to  nucleate , in w hich  

case th e  reaction w as co n tro lled  to  fav o u r h om ogeneous n uc leation  o f Au particles upon th e  

surface o f th e  CdSe/CdS rods, instead o f h om ogeneous n uc leation  o f th e  Au as Au NPs in 

so lution. A large d ifferences in la ttice  structures exists b e tw e e n  th ese  m ateria ls , w ith  gold  

ad o ptin g  a face -cen tred  cubic (fee) structure  w ith  a la ttice  co nstan t o f 0 .4 0 7 9  nm , w h ile  CdS 

ad opts a w u rtz ite  structure  w ith  a la ttice  constants o f a = 0 .4 1 6 0  nm  and c -  0 .6 7 5 6  nm . 

T h e re fo re , due to  th e  m ism atch  b e tw e e n  Au and th e  CdS surface o f th e  QRs, Au h eterog en eou s  

n uc leation , fo rm ed  small seeds on th e  CdS th a t g rew  in to  Au NPs, instead o f  fo rm in g  a film  on  

th e  m a te ria l, resulting in a rasp berry-like  d is tribu tion  o f Au on th e  surface o f th e  NRs.

It w as fo un d  th a t heating  rates, h igher ta rg e t te m p e ra tu re s  and longer h eatin g  tim es  all resu lted  

in larger Au particles being g ro w n  in so lution. To fav o u r h e tero g en e o u s  n uc leation , th e  

conditions needed  to  be care fu lly  co n tro lled  as shown in th e  ta b le . The results w e re  th en  

analysed  w ith  UV-Vis spectroscopy, PI em ission spectroscopy, and T E M , w ith  th e  basic 

p ro p e rties  and synthetic  conditions d e ta iled  in Tab le  3.8 .

Addition of 
CdS pre

cursor
Au pre
cursor

Addition of

CdSe 
core QD

CdSe CdS Shell 
core QD Quantum Rod Au Nano

particle
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Table 3.8 This show s a selection o f  CdSe/CdS/Au NRs, syn thesised  under varying experim ental hea ting  param eters  
producing sam ples o f  differing condition. All sam ple produced utilised a CdSe/CdS QR m easuring 35.2 nm  in length  
and 4 .7  nm  in width and w as fo rm ed  fro m  a 3.4 nm  core CdSe QD.

Sam ple
Time of 

reaction

Target

T em p era tu re

Heating

ra te

CdSe/CdS 

QR sam ple
P resence  of Au h o m o g en eo u s  nuc leation

units min °C °C/min / /

CdSe/CdS/Au 1 15 90 2 3 Y es, som e Au NPs

CdSe/CdS/Au II 15 110 3.5 3
No, all Au NP a re  found  on  th e  su rface  of 

CdSe/CdS NRs

CdSe/CdS/Au III 10 120 5 3 Yes, a few  Au NPs

3.3.10.1 Optical Characterisation

UV-Vis absorp tion  and PI emission spectra  of CdSe/CdS/Au QR sam ple  2 is shown in Figure 3.33. 

The UV-Vis spectra  (Figure 3.33 A) display th e  change in absorp tion  due to  deposition  of Au 

upon th e  CdSe/CdS rods, showing a large increase in absorption a t  wavelengths longer th a n  512 

nm, corresponding  to  th e  cut off of CdS absorption. The increase is due  to  Au nanopartic les 

plasm on absorp tion  and a spectrum  of pure  Au NPs produced in house un d er  th e  similar 

reaction conditions has been  included as a com parison (black line) (TEM images of th e  resulting 

sam ple  can be seen in Appendix C, Figure 7.9 ). Au NPs show an overall absorp tion  increasing 

from longer absorption to  sh o r te r  w avelengths across th e  visible spectrum , in addition w hen 

NPs of Au are p roduced  in certain m orphologies and d iam ete rs  below 500 nm, a second 

absorp tion  peak is p roduced  in th e  spectra  due  to  th e  on se t  of plasmonic r e s o n a n c e . T h i s  

resulted  in a broad and in tense  absorp tion  with a peak value th a t  is d e p e n d e n t  upon on th e  size 

and m orphology of th e  resulting AU NPs, shifting from 515 nm to  572 nm. From th e  UV-Vis 

spectra , it can be seen  th a t  a broad peak can be seen in this p lasmon area, cen tred  b e tw een  

525 to  540 nm of th e  Au NPs and th e  Au coa ted  CdSe/CdS QRs.

PI spectroscopy was also a useful tool to  investigate th e  interaction be tw een  CdSe/CdS NRs and 

Au NPs with results shown in Figure 3.33 B and C. The initial sam ple  before  coating show ed  a 

strong signal in luminescence with a QY of 40.8 %, while with following Au coating produced, 

this PL signal d ropped  to  a barely d e tec tab le  (within error) QY of below 0.1 %. Therefore, as 

expected , th e  Au NP d e m o n s tra te d  s trong quenching of lum inescence in th e se  QRs, a property  

of gold th a t  has been  widely repo rted  in th e  l iterature  w hen interacting with lum inescent
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QDs. The remaining luminescent signal could even be due to a small population o f CdSe/CdS 

not coated in Au NPs, though none o f these were observed under TEM.
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Figure 3 .33  This shows the UV-Vis absorption (A) and PL 
emission (B and Cj o f CdSe/CdS/Au heterstructred  

nanorods.(sample CdSe/CdS/A u llj Spectra A shows the 
UV-Vis absorption o f Au nanaoparticles (black line), 
CdSe/CdS nanorods (red  line ) and the resulting UV-Vis 
absorption o f CdSe/CdS/Au rods (blue line). Graph (B) 
shows photolum inescence o f CdSe/CdS rods before Au 
depostion , while (C) shows the photoluminescence of 
the rods a fte r  Au depostion, showing a huge decrease in 
luminescent signal a fte r Au depostion. Sample were 
illum inated with the sam e intensity o f light and had the 
sam e absirption a t 4 5 0  nm, enabling a direct 
comparsion o f samples.
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B.B.lO.ii Electron Microscopy Analysis
TEM was then used to analyses sample CdSe/CdS/Au II fu rther and is shown in Figure 3.34. 

Firstly, it allowed us to determine the exact size o f Au deposited. Interestingly, deposition 

produced two distinct populations of Au NP diameters, which were fitted  to  a distribution giving 

diameters of 7.6 nm +/- 1.2 nm (Figure 3.34 B) and or a smaller diameters measuring 2.93 +/- 

0.61 (Figure 3.34 C) nm on the CdSe/CdS QRs. The larger Au NPs were found only to  deposit 

once on each CdSe/CdS QR, while the smaller NPs of Au gold were found to be attached on 

multiple positions on each nanorod. This pattern of deposition proved true across a number 

samples produced and has previously been reported in literature^®^ to  occur due to the 

presence of the CdSe core QD present in the QRs, which effects the surface energy at that 

position in the CdS shell and therefore favours the growth of a single larger Au NP at this 

position. TEM also proved the success o f our approach to  avoiding hetero-nucleation o f the Au 

salt, and the sample has shown the complete absence of Au NP in solution. Several other 

samples produced under various conditions showed the growth o f Au NPs in solution, while in
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th e  case o f sam ple 2 , th is w as e lim in a ted  th ro ug h  careful contro l o f th e  synthetic  conditions as 

described in Tab le 3 .8 . (TEM  analysis o f sam ple 1 and sam ple 3 is show n in A p p endix  C, Figure 

7 .7  and also includes a sam ple produced u nd er an e a rlie r  approach using a d iffe re n t CdSe/CdS  

sam ple)

3 Small Au Particles Large Au Particles

5 e 7 S 109
2 5  3 0  3 5 4 0  4 5  5

Figure 3 .34 TEM images and the resulting histograms o f Au NPs diameters, produced in the fo rm ation  of 
CdSe/CdS/Au heterostructured QRs (sample CdSe/CdS/Au II) Im age A and B, shows Au NPs deposited upon the 
CdSe/CdS rods (35 .3  nm x 4 .7  nm ) in a raspberry structure, producing tw o distinct sizes. Graphs C and D shows the 
distributions in diam eters o f the tw o possible diam eters C) shows the sm aller Au NP diam eters m easuring 2 .93  + /- 
0.61 nm, while w ith D j showing the larger Au NP d iam eters o f 7 .6 nm  + /-1 .2  nm

3.4 Cation exchange

In th is section, cation  exchange has been  used as m eans to  produce a range o f nanocrystalline  

structures, by replacing cations p resent in QDs and QRs synthesised using hot in jection  in th e  

previous section. This has a llo w ed  us to  p roduce a range o f m ateria ls  not read ily  accessible fro m  

a m o re  d irect synthetic  approach.

3.4.1 Cation exchange: PbS QDs to  PbS/CdS QDs
A partia l cation  exchange w as carried  o u t on pre-synthesised PbS QDs in section 3 .3 .5  w ith  th e  

aim  to  produce a co re /sh ell PbS/CdS QD. This was carried  o u t by dispersing a so lution o f o leic
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acid capped PbS QDs in a solution o f to luene, oleic acid and Cd(oleate) which was heated to 100 

°C under an inert atm osphere and allowed to proceed fo r betw een 10 to 80 minutes. The length 

of tim e defined the level of exchange having taken place, allowing a simple route to  control the  

level of cation exchange. The cation exchange of Pb*^ to  Cd*^ took place spontaneously due to  

the similar lattice constants and size of the cations, though heating needed to  be applied to 

increase the rate o f exchange.®^ The resulting samples w ere examined w ith the use of UV-Vis 

absorption spectroscopy, TEM, EDX and STEM.

3 .4 .1 .1 Optical characterisation

UV-Vis spectroscopy presents a simple way to m onitor the progress of the cation exchange and 

is shown in Figure 3.35. As the Cd ions begin to  exchange w ith the  Pb in the QDs, the size of 

the resulting PbS QD shrinks, therefore  this causes a blue shifting in the absorption of PbS as its 

band gap increases in energy. This results in a large shift initially a fter 5 m inutes, which then  

slows in rate. PI spectra of the resulting QDs after 80 m inutes showed a com plete absence of 

luminescence, com pletely quenching the bright luminesce measured from  these PbS QDs prior 

to  exchange.
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Figure 3.35 UV-Vis absorption spectra o f  PbS/CdS 
showing the change in absorption as a cation exchange 
process is undertojkne using PbS QDs o f  2.8 nm (A),3.1 
nm (B) and 4.1 nm (C) d iam eter re lative  to  tim e
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3.4.1.11 Electron M icroscopy Analysis

TEM  was used to  analyse th e  size and shape o f a resulting sam ple o f PbS/CdS QDs and w ere  

co m p ared  to  th e  original QDs b efo re  th e  cation  exchange and is shown in Figure 3 .36 . 

In te res ting ly  th e  QDs show ed nearly  no change in d ia m e te r b efo re  and a fte r  th r  exchange w ell 

w ith in  th e  e rro r recorded  in th e  ex p e rim e n t. This th e re fo re  proves th a t th e  shifting seen in the  

UV-Vis spectra is not due to  etching  o f th e  PbS QDs, instead co nfirm ing  th a t cation exchange  

had taken  place.

^  Before Cation Exchange B  After Catwn Exchange
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Figure 3 .3 6  Histogram  o f the diameters o f PbS QDs m easured from  TEM images before (A) and after (Bj pa rtia l Cd- 
cation exchange, with the distribution fittin g  giving values o f 6.1 + /-1 .1 2  nm before and 6.3 + /- l.O ln m  a fte r cation 
exchange.

STEM and EDX w as th en  utilised to  confirm  th e  e le m e n ta l com position  o f th e  QDs produced  

a fte r  th e  cation exchange and is show n in Figure 3 .3 7 . The com position  o f PbS/CdS QD was  

analysed using EDX, w hich show ed th e  presence o f Cd, Pb and Cu, w ith  Cu being e lim in a ted  as 

a background signal due to  th e  Cu TE M  grid being utilised to  m o u n t th e  sam ple fo r analysis. 

T h e re fo re , fro m  th is it can be co n firm ed  th a t th e  e le m e n ta l co n ten t o f th e  QD had been  

co n verted  fro m  PbS QDs to  PbS/CdS QDs, due to  th e  presence o f Cd peak in th e  EDX spectra.

3.4.2 Cation exchange o f CdSe to  Cu2-xSe
Cation exchange w as fu rth e r  investigated  th ro ug h  th e  exchange o f Cd present in QDPA  

capped CdSe QDs w ith  Cu ions. Due to  th e  d iffe ren ce  in valence o f th e  ions, th e  exchange in 

fac t replaces each Cd ions w ith  tw o  Cu ions, converting  CdSe to  Cu2Se n anostructure. 

In te res ting ly  CuzSe and CU2S has been  show n to  co m m on ly  occur non-sto ich iom etrically , 

m ean ing  th a t dots produced w ill in fac t p roduce a Q D o f Cu2-xSe QDs a fte r  th e  exchange, w ith  x 

equalling  b e tw e e n  0.1-0.2.^^®
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The exchange w as p erfo rm ed  using a m o d ified  m e th o d  fro m  literature^^® by firs tly  dispersing  

CdSe QDs into  a so lution o f to lu e n e , to  w hich  te tra k is (a c e to n itrile )c o p p e r(l)  

h exaflu o ro p h o sp h a te  (th e  source o f Cu ions in so lution) w as added . This w as carried  o u t a t 

ro o m  te m p e ra tu re  and th e  m ix tu re  w as a llo w ed  to  undergo  reaction  fo r 5 m in utes , resulting in 

a c o m p le te  exchange o f cations. UV-Vis spectra w as used fo r analysis o f th e  resulting  sam ples.

Figure 3 .3 7  STEM (A) and EDX (Bj 
are used to analysis a sam ple of 
PbS/CdS QD, produced through 
p a rtia l cation exchange. Im age A 
shows a STEM im age o f a close 

packed sample o f PbS/CdS QDs, 
w ith a red box m arking the area  
EDX spectra was taken from . 
Spectra B shows the elem enta l 
composition o f the QDs, showing  
the presence o f Pb, Cd and also Cu 
(which is a background signal due 
to the Cu grid used in the analysis)

B

Energy (keV)

3 .4 .2 .1 O ptica l spectroscopy

In itia lly  th e  resulting dots w e re  analysed w ith  UV-Vis ab so rp tion  spectroscopy and is show n in 

Figure 3 .3 8 . A huge change in th e  absorp tion  spectra takes  place as a result o f th e  cation  

exchange, due to  a th e  m uch sm aller band gap (~1 eV) o f Cu 2 Se causing th e  onset o f absorp tion  

to  be sh ifted  to  th e  in frared  region. This e ffe c t is fu rth e r  exag g era ted  d ue to  th e  presence o f a 

b road absorp tion  peak centred  a t 691  nm . This peak is in fac t not due to  excitonic absorp tion , 

but due to  plasm onic absorp tion . This plasm on absorp tion  occurs in Cu 2 xSe QDs because o f th e  

n on -sto ich io m etry , producing a heavily dop ed  se m ico n du cto r due to  intrinsic doping. This 

results in a large co n centra tion  o f fre e  electrons in th e  m a te r ia l, and due to  th e  p -typ e  intrinsic  

d oping  o f th e  QD, w hich  produces th e  observed  p lasm onic peak. The precise position  o f this  

p lasm onic peak is a fu nctio n  o f th e  s to ich io m etry  o f th e  Q D and th e  d ia m e te r  o f th e  Q D. It is
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also w orth  noting that these QDs show a com plete quenching o f the original CdSe luminesce 

due to  the cation exchange.

CUj^Se QD 

CdSe QD
3  0 6
•S

§
0  3

02
o
Z

0.0
400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

F igure 3 .3 8  UV-Vis a b so rp tio n  o f  CdSe QD o f  4 .0  nm  in d ia m e te r (red  line ) a n d  the  re su ltin g  spec tra  o f  Cu2 xSe QDs 

(b lock  line ) p ro d u ce d  using a Cu*^ co tio n  exchange.

3.4.3 T ra n s fo rm a tio n  o f CdSe/CdS to  Cu2 -xSe/Cu2 -xCdS to  PbSe/PbS 
A final cation exchange was dem onstrated using a tw o-step process, converting a core/shell QR

of CdSe/CdS firstly to  Cu2-x Se/Cu2 x S, followed by a conversion to PbSe/PbS using a modified

m ethod from  l i t e r a t u r e . T h i s  exchange was carried out using firstly the same m ethod as

described in section 3.4.2 . This produced a com plete conversion QRs. Following this, a second

exchange was carried out with the use of Pb(acetate ) 2  dissolved in TBP as the source o f Pb*^

ions. This process was perform ed under an inert atm osphere at room tem perature  and was

allowed to  proceed for 2 hours. Following this com plete conversion of Cu2 x Se/Cu2 x S to

PbSe/PbS occurred; with the products studied using UV-Vis absorption spectroscopy.

3.4.3.i Optical Characterisation

UV-Vis spectroscopy was used to analyse the resulting NRs produced from  the cation exchange 

and is shown in Figure 3.39. A large red shift occurs in the absorption spectra as result o f the  

CdSe/CdS to Cu2 -xSe/Cu2 xS exchange; due to the smaller band gap o f the Cu chalcogenides 

based materials. The spectra showed the presence of weak plasmon peak at 648 nm and at 

1216 nm, these occur due to Cu 2-x Se and Cu 2-x S present, both o f which are heavily intrinsically 

p-doped, producing plasmon absorption, w ith the longer energy absorption due to the shell 

most likely. The resulting QRs also showed a com plete loss of luminesce after the Cu cation 

exchange, relative to the QY of up to 55% that was measured for these structures before  

exchange. A fter the second cation exchange was undertaken, the UV-Vis absorption showed
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e v e n  s t r o n g e r  s e n s i t i s a t i o n  t o  t h e  i n f r a r e d  r e g i o n ,  w h i c h  d i s p l a y e d  a  f e a t u r e l e s s  a b s o r p t i o n  

s t r e t c h i n g  o u t  i n t o  t h e  i n f r a r e d  r e d .
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F igure 3 .3 9  UV-Vis ab so rp tio n  o f  CdSe/CdS h e te ro s tru c tu re d  na noro ds  (b lu e  line ) f i r s t ly  co n ve rte d  to  Cu?-xSe/Cu 2 xS 
(red  line), fo llo w e d  by convers ion to  PbSe/PbS (b lack  line )

3.5 Halide Oleylamine Treatment

F o r  t h e  f i n a l  p a r t  o f  t h i s  w o r k ,  w e  d e c i d e d  t o  e x p l o r e  t h e  u s e  o f  p o s t  t r e a t m e n t s  t o  i m p r o v e  t h e  

l u m i n e s c e n c e  o f  Q D s  f o l l o w i n g  t h e  d e s c r i b e d  c l e a n i n g  s t e p s .  T h i s  w o r k  w a s  c a r r i e d  o u t  i n  a n  

a t t e m p t  t o  i m p r o v e  u p o n  s u r f a c e  p a s s i v a t i o n ,  i n  t h e  h o p e  o f  i m p r o v i n g  l u m i n e s c e n t  q u a n t u m  

y i e l d s .  A  t r e a t m e n t  r e p o r t e d  i n  l i t e r a t u r e  w h i c h  h a s  d e m o n s t r a t e d  t h e  m o s t  s u c c e s s ,  u t i l i z e d  a  

s o l u t i o n  o f  C d C l 2 o r  P b C b  d i s s o l v e d  i n  o l e y l a m i n e ,  a  l o n g  c h a i n  a m i n e ,  a n d  d e m o n s t r a t e d  a  

s t r o n g  i n c r e a s e  i n  P b S  l u m i n e s c e n c e  a n d  t h e r e f o r e  t h i s  h a s  f o r m e d  t h e  b a s i s  f o r  o u r  w o r k .  T h i s  

t r e a t m e n t  u t i l i s e d  t h r e e  a c t i v e  e l e m e n t s ,  w h i c h  a l l  c o u l d  p r o v i d e  t h e  e n h a n c e d  s u r f a c e  

p a s s i v a t i o n ,  e i t h e r  t h r o u g h  o l e y l a m i n e  c o o r d i n a t i n g  t o  c a t i o n s  o n  t h e  s u r f a c e ,  C l  a n i o n s  t h a t  

c o u l d  a l s o  c o o r d i n a t e  t o  t h e  c a t i o n s  u p o n  t h e  s u r f a c e ,  o r  C d  i o n s  t h a t  c a n  p a s s i v a t e  a n i o n s  

p r e s e n t  o n  t h e  s u r f a c e  o f  t h e  Q D .  I n  a d d i t i o n ,  s o m e  t r e a t m e n t s  r e p o r t e d  a l s o  i n c l u d e d  t h e  

a d d i t i o n  o f  a  s m a l l  q u a n t i t y  o f  t e t r a d e c y l p h o s p h o n i c  a c i d  ( T D P A ) ,  a  l o n g  p h o s p h o n i c  a c i d  t h a t  

c o u l d  a l s o  i n t e r a c t  w i t h  t h e  Q D  s u r f a c e .

T o  i n v e s t i g a t e  t h e s e  e f f e c t s  w e  t h e r e f o r e  d e c i d e d  t o  v a r y  s e v e r a l  o f  t h e  e l e m e n t s  p r e s e n t  a n d  

r e c o r d  t h e  r e s u l t i n g  P L  s p e c t r a .  T o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  c a t i o n  p r e s e n t ,  w e  c r e a t e d  

s o l u t i o n s  o f  C d C b ,  P b C b ,  Z n C b  a n d  H g C b ,  a l l  d i s s o l v e d  i n  o l e y l a m i n e .  T h i s  w a s  f u r t h e r  e x p a n d e d  

t o  a  r a n g e  o f  o t h e r  h a l i d e  s a l t s ,  c o n t a i n i n g  o t h e r  h a l i d e  a n i o n s  a n d  m o n o a t o m i c  c a t i o n s ,  u t i l i s i n g  

L i F ,  C s l ,  N a C I  K B r  a n d  K l  i n  o l e y l a m i n e .  I n  a d d i t i o n ,  a  h a l i d e  s a l t ,  h e x a d e c y l t r i m e t h y l a m m o n i u m  

c h l o r i d e  ( H T A C )  w a s  u s e d  w h i c h  h a s  b e e n  a l s o  r e p o r t e d  a s  a n  e f f e c t i v e  s u r f a c e  p a s s i v a t i o n  t o o l ,  

d u e  t o  t h e  a c t i v i t y  o f  j u s t  t h e  C l  a n i o n ,  w a s  a l s o  t e s t e d  i n  a  s o l u t i o n  o f  o l e y l a m i n e .  F u r t h e r m o r e ,  

C d ( s t e a r a t e )2  d i s s o l v e d  i n  o l e y l a m i n e  w a s  a l s o  t e s t e d ,  t o  d e t e r m i n e  t h e  e f f e c t  o f  a n  a l t e r n a t i v e
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source o f . Finally, to  determ ine the effect of TDPA, we compared solutions o f CdCb + TDPA 

in oleylamine, to  solutions o f just CdCb in oleylamine.

For our test conditions, all QDs w ere dissolved in toluene at a concentration o f betw een 1 x 10' 

to 1 X 10'^ M  of QD in a to ta l of 1 ml; following this 0.1 ml of halide salt solution was added. 

The solution was then allowed to  stand for one day in darkness at room tem perature  to allow  

coordination to occur. Following this, UV-Vis and PI spectra w ere recorded. This study was firstly 

carried out upon oleic acid capped CdSe QDs that had dem onstrated some o f the  lowest 

luminescent o f QDs synthesised to date. Following this, the study was applied to  range of other 

QDs synthesised.

3.5.1 Halide Oleylamine Treatment: Oleic acid capped CdSe QDs
Oleic acid (OA) capped CdSe QDs w ere the first QDs tested in conjunction w ith  various

oleylam ine solutions described in the previous section. The oleylamine solutions w ere firstly

added as described. A fter a one-day period the solutions w ere diluted down to  an appropriate

concentrations for testing and the UV-Vis spectra was recorded, producing absorption of

between 0 .25 and 1 at the first exciton peak position. The CdSe QDs spectra showed little to  no

change across the range o f oleylam ine solutions as shown in Appendix C, Figure 7.10.

Following this, solutions w ere diluted by a factor of 10 to a total volum e of 5 ml (as described 

in section 2.5.2.ii ) to  avoid reabsorption loss during PL m easurem ent. The solution was then  

allowed to stand for 1 day. Following this, it was found that a near com plete loss o f the positive 

effects of halide treatm ent took place, and was determ ined to be due to the large dilution that 

had taken place from  the original solution treated. The same effect was found w ith  CdSe QDs 

that w ere separated from the oleylam ine solution through a precipitation step, following the  

initial trea tm en t w ith the range of oleylamine solutions, indicating the positive effects w ere  

much m ore dependent on the concentration of the oleylam ine solutions present in solution. 

This is a common effect found in QDs solutions, with QYs of QDs showing an inverse relationship  

with the num ber o f cleaning steps applied, since as the num ber of cleaning cycles increase, a 

larger volume o f ligands are rem oved from  solution, which has the effect of decreasing surface 

passivation upon the QD surface.

Therefore, to investigate the effects of the halide solutions upon the CdSe QDs, an additional 

volume o f either 5 |il, concentration 1 (Cone 1) or o f 50 |il, concentration 2, (Cone 2) of 

oleylamine based solution was added to the QDs upon the final dilution to  5 ml for PI 

m easurem ents. Following this, PI measurements w ere im m ediately taken and are shown in 

Figure 3 .40 o f the tw o  d ifferent concentrations.
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From  this, one can see a huge increase In th e  PL signal o f CdSe Q D solutions fo llo w in g  th e  range  

o f tre a tm e n ts  tes ted . W ith  PI signal, increasing fro m  a QY o f only 1.5%  in u n tre a te d  sam ples, to  

values o f 31 .4% , recorded  in CdCb tre a te d  solutions, w hich d em o n stra tes  th e  enorm ous  

increase in PL possible using th is approach. Also in teresting ly , it can be seen th a t large increases 

tak e  place fo r just o le y lam in e-b ased  tre a tm e n ts , show ing th a t o le y lam in e  plays a very
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Figure 3 .4 0  Normalised photolum inescent spectra to calculated QYs o f anion treated  oleic acid capped im m ediately  
follow ing dilution. This study was carried out using tw o different concentrations o f anion treatm ents , w ith (A) the 

resulting PL spectra and (B) and the resulting luminescent quantum  yields o f concentration 1 while (Cjis the resulting 
PL spectra and (D) the resulting luminescent quantum  yields o f concentration 2.

significant p art in producing th e  o verall increase in PL recorded . It can also be seen th a t

o le y lam in e  shows a strong d ep en d e n c e  on co n cen tra tio n , w ith  QYs o f 9 .2  % fo r co n centra tion

1 w hich  increased to  2 8 .6  % w h e n  exam in ed  a t co n centra tion  2. It should also be n o ted  th a t

large increases in QY to o k  place using NaCI and LiF solutions, w hich d em o n stra ted  QY o f 2 4 .5  % 

and 2 7 .9  % at co n cen tra tio n  1 increasing fu rth e r  to  30 .5%  and 3 1 .2  % at co n cen tra tio n  2. 

Though all tre a tm e n ts  did d e m o n s tra te  an increase in PL re la tive  to  u n tre a te d  CdSe QDs, a 

n u m b e r o f solutions produced  values b e low  th e  increase d em o n stra ted  w ith  o ley lam in e, 

ind icating  th a t th ese  salts in fac t inh ib ited  th e  to ta l increase in PL produced. This was  

d em o n stra ted  w ith  ZnCb (1 3 .8  % at conc 1, 2 3 .7  % at conc 2), PbCb (3 .2  % conc 1, 5 % conc 2), 

HTAC (1 1 .1  % at conc 1, 18 .1  % at conc 2), C d (steara te ) 2 (12 .6 %  conc 1, 6 .8%  conc 2) and CdCb
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+TDPA (14.4 % conc 1, 14.4 % conc 2). A fter this treatm en t, the samples w ere left in darkness 

at 2 °C for 3 days, after which the PL signals w ere tested for a second tim e, w ith the aim to  

determ ine if this increase in PL was perm anent or was in fact tim e sensitive , the results are 

shown in Figure.3.41.
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Oleyl amine 
C<JCIj*TDPA
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Figure.3.41 Normalised photolum inescent spectra to QYs o f  anion trea ted  oleic acid capped CdSe QDs a fte r one day 
o f dilution. This study was carried out using tw o different concentrations o f anion trea tm e n ts , with (A) the resulting 
PL spectra and (B) and the resulting luminescent quantum  yields o f concentration 1 while (C)is the resulting PL 
spectra and (D) the resulting luminescent quantum  yields o f concentration 2.

Overall, a large decrease in PL occurred, a fter the th ree-day waiting period. The CdCl2 

treatm ents remains the most effective, but has reduced nearly threefold to a value of 6.1 % at 

conc 1 and 11.7 % at conc 2. Interestingly the second most effective now becomes CdCl2+ TDPA, 

showing a value o f 8.3 % at conc 1 and 8.9 %. at concentration 2. Following this the only other 

sample to show increased activity over a pure oleylam ine trea tm en t is LiF giving a value of 3.8 

% at conc 1 and 4.1 % conc 2. The huge overall drop in intensity again dem onstrates the difficulty 

with post treatm ents as effective approaches to increasing PLs, displaying that though  

oleylam ine may prove effective at high concentrations, a huge level o f the increase is lost over 

tim e. It should also be noted that some solutions after the th ree days w ait actually caused PLs 

to  decrease below the PL o f untreated CdSe at concentration 2, including ZnCb, PbCb, HTAC, 

and NaCI.
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3.5.2 Halide Oleylamine Treatm ent: ODPA capped CdSe QDs
Following these results, it was decided th a t concentration 2 was a m ore accurate indication of

the  overall effects of the d ifferent oleylam ine solutions. W e also decided only to investigate

samples a fter giving a 3-day w ait period to get the real picture o f overall increase in PI achieved.

Finally, the study was narrowed to a smaller set of oleylam ine solutions to make for a less tim e

intensive study. The next sample investigated w ere octadecyiphosphonic acid (ODPA) capped

CdSe QDs and the result are shown in Figure 3.42
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Figure 3 .42  Norm alised photolum inescent spectra to QYs o f ODPA capped CdSe QDs (A) and the resulting luminescent 
QY are shown in graph B using concentration 2

These QDs already showed an adequate QY of 25%, prior to  trea tm en t, but still showed an 

impressive jum p in luminescence to  42 .2  % quantum  yields a fter a trea tm en t w ith CdCb 

solutions. An increase was also noted w ith  oleylamine, producing a luminescence o f 35.8 % and 

a 29.1 % increase for CdCb +TDPA. W hile a dram atic decrease in luminesce was noted with  

PbCb. to  1.7 %, while a smaller decrease was noted w ith ZnC bto 21.9 %.

ODPA-CdSe QDs OLA-CdSe QDs QA-CdSe QDs

Before A fter Before After Before A fter

Figure.3.43  Photograph showing the effect o f oleylam ine/CdChsolution trea tm ent upon samples o f CdSe capped with 
ODPA, OLA or OA.

3.5.3 Halide Oleylamine Treatment.- ODA capped CdSe QDs
Following this we investigated ODA capped CdSe QDs with the  results shown in Figure.3.45. The

QDs displayed an original luminesce of 0.8 %, which showed an increase to  16.8 % under CdCb

trea tm en t. O ther samples which also showed an effective increase w ere CdCb + TDPA giving an
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increase to 10.8 %. It is also Vi/orth noting that only a very small increase in PL was produced 

from  oleylamine, giving a QY of 2.4 %. This can be attributed to the ligand shell consisting of 

ODA, which is very similar in structure to oleylamine and must affect the ability for oleylam ine  

to  effect the surface passivation.
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Figure.3 .44 Norrrtalised photolum inescent spectra to QYs o f CdS (A) and the resulting luminescent QY are shown in 
graph B using concentration 2.

3.5.4 Halide Oleylamine Treatment.- CdS QDs
Subsequently the study was expanded to oleic acid capped CdS QDs giving the results shown in 

Figure.3.44. These CdS QDs untreated showed emission which was composed o f a sharp 

excitonic emission peak, which represented the m ajority of emission, with a small am ount of 

emission occurring in the form  of a broad defect emission peak which stretches to 700 nm. 

These QDs showed an efficient emission, giving a 55 % QY. Upon addition of oleylamine 

solutions, the emission of the CdS QD strongly shifted from  excitonic in origin to nearly 

exclusively defect emission, which was accompanied w ith a large decrease in QY. The largest 

loss in luminescence occurred with the addition of oleylamine, nearly com pletely quenching the  

excitonic emission, giving a QY of 9.3 %, w ith the same pattern occurring for CdCb+TDPA based 

solutions, giving a QY o f 11.5%. Interestingly a d ifferent pattern is seen in ZnCb and CdCb 

solutions, which showed strong quenching in excitonic luminescence, but was also 
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Figure.3 .45  Normalised photolum inescent spectra to QYs o f ODA capped CdSe QDs (A) and the resulting luminescent 
QY are shown in B using concentration 2.
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accompanied by a noteworthy increase in defect emission, producing QYs o f 23.3% for CdCb 

treated and QYs o f 21.6% for ZnClz.

3.5.5 Halide Oleylamine Treatm ent: CdSe/CdS QDs
Finally, we decided to investigate core/shell CdSe/CdS QDs, w ith the results shown in 

Figure.3.46. This sample showed a quantum yield values of 15.6% prior to treatm ent, and only 

displayed a minor increase due to oleylamine solution treatments giving a QY of 17.2 %, while 

an insignificant increase to  16.4 % was also noted w ith  the use o f the CdCb solution. 

Interestingly ZnCb and PbCbsolutions both produced a pronounced decrease in QY giving values 

o f 5.4% and 5.1%.
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Figure.3 .4 6  Normalised photolum inescent spectra to QYs o f core/shell CdSe/CdS QDs (A) and the resulting 
luminescent QY are shown in graph B using concentration 2
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3.6 Conclus ions

In conclusion, we have d e m o n s tra te d  th e  synthesis of a range of core and core-shell q u an tum  

confined sem iconductor  nanostruc tu res  utilising th e  hot injection approach  and th en  exam ined 

th e se  s truc tu res ' interactions with Au NPs, cations and halide/oleylamine solutions. Firstly 

synthesised, w ere  t h re e  forms of CdSe QDs capped  in a shell of e i ther  oleic acid, ODPA o r ODA, 

ligands showing a range of absorption and emission properties  in th e  visible range. Following 

this, tw o  o th e r  types of core QDs w ere  synthesised  showing first exciton absorp tion  and 

emission in th e  UV range produced using CdS, or NIR range produced using PbS. Following this, 

we have d em o n s tra ted  th e  synthesis of core/shell QDs of CdSe/CdS, CdS/CdSe, and CdTe/CdSe, 

by making use of th e  SILAR approach , enabling careful control of th e  shell thickness produced. 

We have also produced he te ro s tru c tu red  CdSe/CdS do t in rod structures  in a range of aspect 

ratios.

Aside from hot injection synthesis of nanostructures ,  we have also exhibited th e  ability to  

deposit  Au NPs upon CdSe/CdS NRs and  shown th e  resulting optical properties  p roduced . The 

approach  of cation exchange has also been  d em o n s tra ted  as a m eans  to  produce o th e r  novel 

nanom aterials ,  not readily ob ta inable  th rough  ho t injection, including PbS/CdS QDs, Cu2 xSe 

QDs, Cu 2 -xSe/Cu 2 xS NRs and Pb 2 -x S e /Pb 2 -xS NRs.

For th e  final segm en t of this work, we investigated th e  effects of halide/oleylamine solutions 

upon a range of QDs. From this, we have d em o n s tra ted  large increases in lum inescent q u an tu m  

yields observed  form the  addition of th e se  solutions increasing OA capped  CdSe QY from 1.5% 

to  32 % , ODPA capped CdSe QY from 25% to  42.2% and ODA capped CdSe QY from 0.8 to  16.8 

%. We also have shown a s trong quenching effect of excitonic emission in CdS QDs d u e  to  th e se  

tre a tm e n ts ,  while also dem onstra t ing  an e n h a n c e m en t  in th e  defect emission presen t .  Finally, 

we have displayed th e  lack of effect of th e se  t r e a tm e n ts  upon CdSe/CdS QDs th a t  w e  propose  

is due  to  its specific core/shell s tructure .
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Chapter 4 Electrophoretic Deposition of CQDs to 

Increase Photosensitisation of Ti02 films

4.1 Introduction

E lectrophoretic  deposition  (EPD) is a n ew  tech n iq u e  being app lied  to  th e  fie ld  o f nanoscience, 

th ou gh  it is a proven techn iqu e th a t  has been used fo r a n u m b e r o f years in o th e r areas, such 

as th e  ceram ic industry.^^^-^^® T h e re fo re  EPD w h e n  app lied  to  collo idal q u a n tu m  dots solutions  

offers  a unique re la tive ly  u nexp lo red  ro u te  to  sensitise porous T i0 2  e lectro d es w hich  are  used 

as th e  p hotoanodes in QDSSCs. In th is ch ap ter, w e  w ill exp lo re  its use in th is respect and th en  

investigate  a range o f tre a tm e n ts  th a t can a ffe c t th e  resu lting  p h o to c u rre n t th a t is produced  

fro m  these photoanodes.

A n u m b e r o f approaches have been  re p o rte d  fo r CQD e le c tro p h o re tic  d ep os itio n , e ith e r  as a 

m e th o d  to  produce a m o n o layer upon Ti0 2 '̂’®' o r as a ro u te  to  deposit a th ick film  o f QDs,^'*^- 

up to  a m icron in thickness on a range o f m ateria ls . The production  o f m o n o layers  has been  

achieved  genera lly  w ith  th e  app lica tio n  o f high voltages, to  QDs in n o n -p o la r solvents, (to lu en e , 

and h e x a n e ) . T h e  exact typ e  o f surface ligands p resen t on th e  CQDs, th e  precise 

sto ich io m etry  used in th e  synthesis, th e  size o f th e  QDs, th e  s tab ility  o f th e  collo idal so lution  

and th e  co n centra tion  o f ligands in solution w h e n  a tte m p tin g  d epos ition  all play a role in th e  

results o b ta in ed  w h en  depositing  m o n o la y e r s . In t e r e s t in g ly  som e approaches rep o rt 

d eposition  occurring on both  th e  positive and negative electrode,^^® w h ile  in o th e r  cases 

d eposition  is m uch m o re  strongly on one e le c tro d e  th an  th e  o th e r. C o n cen tra tio n  used w hen  

carrying out these d eposition  range fro m  10 to  10  ̂ M  o f QDs, w h ile  d ep os itio n  tim es vary  

hugely fro m  10 m in utes  to  4  hours w ith  vo ltages ranging fro m  b e tw e e n  5 0  -  2 kV w ith  requ ired  

fo rce  to  cause deposition  strongly  d ep e n d e n t upon th e  size o f e le c tro d e  and th e  spacing  

b e tw e e n  electrodes am ong o th e r p roperties .

W h e n  using e le c tro p h o re tic  deposition  as an approach to  deposit CQDs as a th ic ke r film , a 

d iffe re n t set o f conditions are  r e q u i r e d . N o r m a l l y  th e  QDs are  dispersed in a m ix tu re  o f 

tw o  m iscible solvents, a n o n -p o la r so lvent (to lu e n e ) and a ce rta in  p ro p o rtio n  o f ap ro tic  polar 

solvents (acetonitrile^®^), w hich  acts as a n on-so lven t to  th e  CQDs, low erin g  th e ir  overall 

solub ility  in th e  so lvent. D eposition  tim es are  usually b e tw e e n  5 to  2 0  m inutes w ith  solution  

con centra tion s ranging 10  ̂ to  10 ® M  o f CQDs. In teresting ly , due to  th e  lo w er s tab ility  o f th e  

Q Ds in solution and th e  m uch h igher d ie lectric  constant o f th e  so lvent (due to  th e  ad d itio n  o f
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a p ro t ic  po la r  so lvent) ,  t h e  overall  e f fec t  is t h a t  a m u c h  low/er v o l ta g e  is re q u ir e d  to  c a u s e  th e  

d e p o s i t io n  t o  ta k e  place, b e t w e e n  10 to  50  V d e p e n d in g  on  e x p e r im e n ta l  con f igura t ion .

Only a lim ited ran g e  of  CQDs have  b e e n  d e p o s i te d  using t h e  e le c t ro p h o r e t ic  d ep o s i t io n  

a p p ro a c h ,  t h e s e  include CdSe QDs, '̂**- QDs CdSe nanoplate le ts ,^^^ CdTe QDs,^®^ PbS,^^^ 

PbSeS,^^^ CdSSe QDs,^^^ CulnS2 QDs^^® an d  CdSe/CdS rods.^^® T h e se  sh o w  a ran g e  o f  ligands 

including, TOPO,^^® te t r a d e c y lp h o s p h o n ic  acid^^® a n d  oleic acid^^°' all o f  w h ich  play an  

im p o r ta n t  p a r t  in t h e  b e h a v io u r  u n d e r  e le c t ro p h o r e t ic  d e p o s i t io n .  T he re fo re ,  o n e  o f  t h e  fo cu se s  

o f  o u r  w ork  is to  d e m o n s t r a t e ,  t h e  un iversa lity  o f  th is  a p p r o a c h  to  any  colloidal so lu t io n  o f  QDs 

w h e n  ap p l ied  u n d e r  th e  c o r re c t  c i rc u m s ta n ce s .

A fter  sen s i t isa t io n  of  p h o to a n io d e s ,  it is poss ib le  to  t e s t  t h e  p h o to  activity of  t h e s e  e le c t ro d e s  

w ith  t h e  use  of  t h e  p h o to c u r r e n t  ac tion  r e sp o n se .  This has  b e e n  u se d  to  an a ly se  a ra n g e  of 

d i f fe re n t  q u a n t u m  d o t  se n s i t is ed  e l e c t ro d e s  fo r  p h o to  activity,^^^'^^® w ith  t h e  a p p r o a c h  enab ling  

fo r  t h e  c h a ra c te r is a t io n  of  t h e  p h o to re sp o n s iv i ty  o f  an  e le c t ro d e ,  using a s im p le  analysis, 

r ec o rd in g  th e  p h o to c u r r e n t  r e s p o n s e  p r o d u c e d  u n d e r  il lum ination.  T hough  u n f o r tu n a te ly  a 

d irec t  efficiency o f  t h e  i r rad iance  to  e lec tr ic  c u r r e n t  c a n n o t  be  ca lcu la ted ,  t h e  resu l ts  o b ta in e d  

a re  indicative o f  t h e  s h o r t  circuit c u r r e n t  e x p e c te d  w h e n  in c o rp o ra te d  in to  a QDSSC des ign  an d  

so  o f fe r  an  im p o r ta n t  incite t o  effec tive  QDSSC p h o to a n io d e  o p t im isa t io n  s tra teg ie s .

In ad d i t ion ,  a ra n g e  of  p o s t  q u a n t u m  d o t  d ep o s i t io n  t r e a t m e n t s  h ave  b e e n  r e p o r te d  in th e  

l i t e r a tu re  as a m e a n s  to  in c re ase  t h e  p h o to c u r r e n t  o f  se n s i t is ed  e le c t ro d e s .  T he  m e th o d s  aim 

to  e i th e r  in c re ase  t h e  s tabili ty  o f  th e  d e p o s i te d  CQDs a n d / o r  r e d u c e  r e c o m b in a t io n  r a te s  o f  

CQDs w h e n  u n d e r  illumination. Relatively successfu l a p p r o a c h  to  th is  is SILAR d e p o s i t io n  o f  a 

large b a n d  g ap  s e m ic o n d u c to r  such  as  CdS, ZnSe^^° o r  ZnS,^^^'^^^ p roduc ing  a ty p e  I b an d  

a l ig n m e n t  with  t h e  QDs. A n o th e r  r o u te  involves t h e  app l ica t ion  o f  a ligand e x c h a n g e  p o s t  

d e p o s i t io n  to  b e t t e r  link t h e  d e p o s i te d  QDs to  t h e  s u r fa c e  of  t h e  TiOz by d e c re a s in g  t h e  d is ta n c e  

b e t w e e n  CQDs an d  t h e  TiOz p a r t i c l e s . T h i s  has  b e e n  sh o w n  to  inc rease  c h a rg e  in jection  

th r o u g h  t h e  app l ica tion  of  b ifunct ional ligands such  as  m e rc a p to p ro p io n ic  acid. Finally, a 

rela tively  r e c e n t  te c h n iq u e  has  b e e n  t h e  u til isation o f  a ran g e  o f  ha l ide  t r e a t m e n t s  t h a t  h ave  

b e e n  sh o w n  to  in c re ase  pass iva t ion  o f  t h e  CQD surfaces ,  reduc ing  r e c o m b in a t io n  d u e  to  su r fa ce  

t r a p  s ta te s .

Lastly, it is a lso  possib le  to  u se  a p o s t  t r e a t m e n t  to  co v e r t  d e p o s i te d  QDs in to  a n o t h e r  

s e m ic o n d u c to r ,  w ith  a ca tion  ex c h an g e .  This has  b e e n  sh o w n  b e  an  effec tive  te c h n iq u e  to  

c o n v e r t  CQDs in so lu tion ,  a l low ing  ex c h a n g e  f rom  Pb "̂  ̂t o  Cd^*® '̂ o r  t o  e x c h a n g e  Pb
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o r to  th e re fo re  it o ffers  a unique w ay  to  a lte r  chennical p ro p e rties  o f film s o f QDs

dep os ited  upon electrodes.

4.2 Aim

The aim  o f this w o rk  is to  exp lo re  th e  use o f th e  novel tec h n iq u e  o f e le c tro p h o re tic  deposition  

as a m eans to  sensitise in house fab rica ted  nan o-p o ro us T I0 2  e lectro d es w ith  q u a n tu m  dots. 

W e  in tend  to  begin th e  study w ith  o le ic acid capped CdSe QDs, using a range o f sizes. W e  firstly  

a im  to  exp lore th e  e ffectiveness o f EPD as a m eans to  sensitize T i0 2  using tw o  separa te  

approaches, producing e ith e r a m o n o layer o f CdSe o r a film  o f up to  a m icron  in thickness upon  

th e  T i02. Follow ing this, th e  e lectro d es w ill be tes ted  to  d e te rm in e  th e ir  sensitiv ity  to  visible  

light using a tech n iq u e  te rm e d  p h o to c u rre n t action  spectra . The study w ill th en  be expanded  to  

d e te rm in e  th e  e ffe c t o f ligand shell upon EPD o f CdSe QDs, by co m paring  results o b ta in ed  to  

octadecylphosphon ic  acid capped and o ctad ecylam in e capped CdSe QDs o f s im ilar size. W e  

th en  aim  to  investigate th e  effectiveness o f a range o f post deposition  techn iqu es using halide  

salts, short chain b ifunctional ligands and se m ico n du cto r coatings w ith  th e  aim  to  p roduce th e  

m easured  p ho tocu rrents . S ubsequently, w e  aim  to  d em o n stra te  th e  flex ib ility  o f th e  EPD 

ap p ro ach, by using it to  sensitise T i02  e lectrodes w ith  a range o f o th e r  Cd and Pb based core  

and co re /sh ell QDs. Finally, w e  propose to  investigate th e  ab ility  to  co n vert p re -d ep o s ited  QDs 

to  n ew  sem iconductors th rough  th e  app lica tio n  o f cation exchange, and its resu lting  e ffe c t upon  

m easured  p ho tocu rren t.
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4.3 EPD of CdSe QDs upon Ti02 photoelectrode

For the  firs t section o f w ork, we w ill explore the use o f EPD to  sensitise in house fabricated Ti02 

e lectrodes upon FTO glass. The details o f fabrica tion  o f these electrodes was covered in 5.3.2 , 

in which we discussed the optim isa tion  o f these electrodes. Briefly, the e lectrodes consist o f 

porous Ti02 electrode upon FTO (fluorine  doped tin  oxide) coated glass created from  m ultip le  

depositions o f 20 nm Ti0 2  anatase particles which have been sintered in to  a porous continuous 

film  measuring between 4 - 1 5  pim in thickness depending upon the  num ber o f layers deposited. 

These are the electrodes which we w ill now explore the sensitisation o f w ith  oleic acid capped 

CdSe QDs.

4.3.1 Quantum dots electrophoretic deposition: method A
The firs t approach tested to  deposit QDs upon a Ti02 electrode utilised a low  voltage o f between 

20 -  30 V, a so lution concentra tion o f between 1 x 10 ® to  1 x 10 ^  M and deposition  tim es o f 

up to  4 hours, based upon an approach in l i t e r a t u r e . T h e  firs t quantum  dots, selected fo r 

testing  were oleic acid capped CdSe QDs, due to  the sim plic ity o f the  ligand shell, and ease o f 

large-scale synthesis. In itia lly, to luene was selected as a solvent to  a tte m p t deposition from , 

and produced a very low-level o f sensitisation, which was comparable to  levels obta ined from  

soaking. Following this, the approach was altered by the use o f a non-solvent /  solvent m ixture, 

(note: in th is case, a non-solvent is a liqu id in which oleic acid capped QDs are no t soluble in). 

Ratios and solvents were determ ined experim enta lly to  produce a so lu tion stable (non

precip ita tion  o f CQD) and transparent, w hile  also increasing the  deposition rate o f CQDs. 

A ce ton itrile  was the solvent o f choice, due to  its m iscib ility  w ith  to luene and its action as a non

solvent upon oleic acid capped CdSe QDs. It was also used due to  its aprotic polar nature, giving 

rise to  a large die lectric constant o f 37.5, w ith o u t the  com plication o f solvent sp litting. 

A ce ton itrile  was used at 1:1 v /v  w ith  to luene and was achieved by adding the  appropria te  

volum e o f CdSe stock solution to  10 ml o f to luene firs tly , fo llow ed  by the add ition  o f 10 ml o f 

aceton itrile . This was im portan t since it was found th a t if the stock concentrated so lution was 

simply added to  the  1:1 v /v  o f to luene /ace ton itr ile , the  so lu tion became opaque and the 

deposited film s showed poor adherence to  the e lectrode, the re fo re  fo r the  deposition to  be 

e ffective  it was required fo r the  so lu tion to  be clear. This is because as the  CQD become unstable 

in so lu tion, the  QDs begin to  aggregate, fo rm ing  collo idal particles large enough to  scatter light 

and the re fo re  creating an opaque so lu tion. Consequently, th is causes the EPD process to  change 

from  depositing singular QDs to  depositing large clusters o f QDs, which has the  e ffect o f 

producing a film  th a t shows poor adherence and coverage.
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Deposition was performed for 15 minutes, after which the solution concentration fell by a factor 

o f one, resulting in deposition o f the majority o f QDs upon the electrode surface. UV-Vis 

absorption spectra was used to  show the solution concentration change due to EPD and is 

shown in Figure 4.1. The electrode produced showed a strong coloration, which displayed a 

significant change after multiple washings w ith  hexane.
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Figure  4 .1  U V-V is  absorp tio n  s pec trum  m o n ito rir \g  th e  e le c tro p h o re tic  deposition  o f  CdSe QDs upon a  T1O 2  e lec tro de  

using m e th o d  A. The spec tra  show  th e  c h an g e  in Q D  c o n c e n tra tio n  a f te r  a  s ing le  d epo sition  cycle using CdSe QDs o f  

tw o  d iffe re n t d ia m e te rs  A (3 .6  nm ), a n d  B (4 .4  nm ), w ith  th e  so lu tion  rep re s e n tin g  lO O ul o f  th e  deposition  solu tion  

d ilu te d  to  4  m l to  p ro d u c e  the  given U V-V is  spectra

SEM was used to analyse the morphology of produced electrodes and is shown in Figure 4.2. 

The structure o f the deposited layer upon the electrode, showed a deposited film  o f CdSe QDs 

upon the surface of the Ti02 electrode. Analysis o f the film  showed a fractured film  structure 

sitting upon the upper surface of the TiOz, and therefore the majority o f QDs were found not to 

be penetrating into the interior o f the TiOz.
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F igure 4 .2  S E M  o f  EPD CdSe q u a n tu m  dots on T I02 using m e th o d  A The la y e r  p ro d u c ed  sits upon th e  u p p e r surface  o f  

th e  T1O 2  e le c tro d e  as show n in the  S E M  p ro file  show n  in C a n d  D. a n d  does n o t p e rm e a te  in to  the  e lec tro de . The 

p ro d u c ed  f ilm  also show s w ide  s p re a d  cracking in th e  f ilm  s how n  in im a g e  A a n d  D. This produces a n  e le c tro d e  w ith  

p o o r p h o tosens itisa tion  a n d  th e re fo re  one in a p p ro p ria te  fo r  the  p ro d u c tio n  o f  a  TiO^ b ased  p h o to a n o d e  f o r  QDSSCs.

Though this approach w as in te res ting  fo r enab ling  us to  produce a film  upon an e le c tro d e  w ith  

thicknesses up to  a nnicron, th e  film  acted  as an insulating layer upon th e  T I02  e lectro d e, 

p reven ting  e ffec tive  charge tra n s fe r to  th e  T I02 e le c tro d e . This m e a n t th a t u nd er p h o to c u rre n t  

action  response, no change in signal w as recorded  u n d er illu m in a ted . The reason fo r th is w as  

th a t th e  film  consisted o f QDs coated  in large long chain o leic acid m olecules th a t are  ine ffective  

in respect to  charge tran sp o rt, due to  th e  large spacing b e tw e e n  QDs.^^^ The film  also acted  as 

a physical b arrie r to  th e  e le c tro ly te  p reven ting  e ffe c tive  charge regen era tio n . T h e re fo re , though  

this is a va luab le  approach to  QD d eposition , it w as judged  in a p p ro p ria te  fo r th e  use o f T I02  

sensitisation fo r p h o tovo lta ic  app lications.
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4.3.2 Quantum dot Electrophoretic Deposition: Method B
Following the disappointing results of our initial approach to electrophoretic deposition, a 

second m ethod was attem pted  .This approach used quantum  dots in concentration o f betw een  

1 X 10 ® to 1 X 10^ M in solution, and deposition times betw een 10 - 30 minutes. The solvent 

utilised was a non-polar organic solvent, one in which the QDs w ere fully soluble in. A voltage 

of 250 V was applied across tw o  FTC glass electrodes upon which a porous Ti02 electrode had 

been screen printed upon one or both. The m ethod was firstly optim ized using oleic acid capped 

CdSe QDs, as for EPD m ethod A, due to the ease o f large scale synthesis o f this QDs, and the  

simplicity of the ligand coating, consisting of only oleic acid.

4.3.2.i Solvent effect

Solvent plays a key role in the EPD rate and character of produced CQD films, w ith studies 

already dem onstrated in toluene,^''® hexane^'*® and chloroform^^'' to  date. Therefore, for this 

study w e examined this effect in detail, choosing non-polar solvents in which non-polar ligand 

capped CQDs are fully stable. The solvents w ere also chosen with a range of dielectric constants 

to dem onstrate its effect upon EPD. Therefore four common non-polar solvents w ere compared  

to examine their effectiveness, hexane, DCM, CHCI3 and to luene and w ere investigated by 

examining the absorption of oleic acid capped CdSe QDs (4.4 nm) using EPD w ith respect to  

tim e. A fter deposition, electrodes w ere examined using UV-Vis absorption spectrom etry and is 

shown in Figure 4.3. M axim um  absorption was produced on the positive electrode, w ith the  

order of absorption across the solvents given as DCM > CHCI3 >toluene >hexane, while tim e  

taken to reach m aximum was toluene > CHCI3 > DCM with hexane showing no change over tim e. 

DCM strongly outperform ed all o ther solvents tested, showing m axim um  absorption a fte r just 

15 minutes of deposition. Therefore, DCM was chosen as the optim al solvent to  carry out the  

rest o f the electrophoretic deposition study w ith.

This order of EPD success can be explained by the trend in dielectric constants o f these solvents, 

which is 8.93 - DCM, 4 .8  -  chloroform , 2.38 -to lu e n e , 1.88 h e x a n e . T h e  dielectric constant 

(sometimes called the 'relative perm ittivity') is the ratio of the perm ittivity o f the given 

dielectric to  the perm ittivity of a vacuum, so the greater the polarisation developed by a 

m aterial in an applied field of given strength, the greater the dielectric constant will be. Thus 

as the  dielectric constant increases, the applied electric potential field penetrates less into the  

solvent, and instead concentrates the potential drop nearer the electrode surface, increasing 

the ability for the electrode to pull CQDs out of solution. The increase in dielectric constant also 

has the effect of screening charge m ore effectively betw een QDs which has been postulated to  

have the effect o f increasing the population of charged QDs due to therm al charging.^®^
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Originally when looking at literature values other solvents w ere also considered fo r testing, 

specifically 1,2 dichlorobenzene and 1,2 dichloroethane, which show dielectric constants o f 9.93 

and 10.36 respectively, and still relatively low dipole moments(C2H4Cl2,1.83 D and C6 H4 CI2 2 . I 4  

D ), meaning the nonpolar ligand capped QDs should show some s o lu b il ity .U n fo r tu n a te ly ,  

we decided not to  proceed with testing due to the higher viscosities of these solvents relatively  

to  DCM (DCM = 0.44 cP, C2 H4 CI2 = 0.79 cP, and C6H4Cl2=1.32 cP,) and low er CQD solubility, which 

would hinder any benefit from  increased dielectric constants. This is due to the inverse 

relationship that electrophoretic deposition shows to reduced solution concentration, CQD 

instability and solution viscosity (see Appendix A, Equation 7.6). In addition, apart from  EPD 

efficiency considerations, these solvents also show a marked increase in toxicity relative to
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Figure 4 .3  U V-Vis a bsorp tio n  spectroscopy w as  used to  m easu re  th e  deposition  o f  4 .4  nm  CdSe q u a n tu m  dots upon a  

1 6 -p m  T1O 2 e lec tro de . D iffe re n t solvents w e re  used w ith  th e  sam e con c e n tra tio n  o f  2 .5  x  1 0 '^ M  a n d  th e  ab s o rp tio n  of 

th e  f ilm s  w as p e rio d ica lly  m e a s u re d  during  th e  deposition . The solvents te s te d  w e re  A ) to lu en e , Bj hexane , C) 

ch lo ro fo rm  a n d  D ) d ich lo ro m e th a n e
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4.3.2.ii Time of deposition

A closer analysis of the UV-Vis absorption spectra of electrophoretic deposition in DCM (Figure 

4.3 D) w ith respect to tim e also shows an unexpected loss in absorption as the deposition was 

allowed to proceed after 15 minutes. The reason for reduction o f absorption a fte rthe  maximum 

is proposed to be due to double layer form ation at the electrode surface causing deposited QDs 

to  dissolve over a given amount o f time. To fu rther analyse this, a more detailed study was 

carried out measuring absorption o f the positive and negative electrode as shown in Figure 4.4. 

By examining both, the absorption is found to  reach its peak value after 15 minutes on the 

negative electrode (Figure 4.4 A), w ith the absorption remaining near maximum from between 

12.5 min to 20 min, after which a serious loss in sensitisation takes place. Interestingly, the same 

behaviour is not seen in the positive electrode (Figure 4.4 B) which reached maximum 

absorption after 10 minutes, showing no change following this. Therefore it was found that time 

was an important factor to reaching maximum sensitisation, w ith excessive time presenting as 

negative an effect as too little time.

4.3.2.iii Effect of potential
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Figure 4.4 UV-Vis Absorption spectra showing the change in absorption o f oleic acid capped CdSe QDs (3 .3 nm ) over 
tim e into a  Ti02 electrode, showing the negative electrode (A) and the positive electrode (B). The peak absorption 

is fo u n d  to be much higher fo r  the negative electrode than the positive electrode. In terestingly the absorption 
increases to a peak value fo r  the negative electrode to a peak tim e o f 15 minutes and actually starts to decrease 
a fte r 2 0  minutes. The positive electrode showed a plateau o f absorption a fte r 10  minutes rem aining unchanged.

A sensible route to electrophoretic optim ization of QD deposition is through increasing the 

overall driving force being applied, therefore this can be achieved either through the use o f a 

larger electrical potential or by concentrating this electrical potential more effectively. Since 

already 250 V was being utilised and voltage sources over 250 V are inherently more expensive 

and carry w ith them increased safety risks, it was decided that concentration o f the electrical 

field was the optimal route. Hence, by reducing spacer distance between electrodes from 6 mm 

to a distance of 1 mm, deposition occurred far more effectively. It was also found use of a 

smaller counter electrode based on just FTO glass, cut to the exact w idth and length o f the TiOz
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layer screen printed (1 cm x 3 cm) upon the FTO glass, deposition also increased. In conjunction, 

the FTO counter electrode needed effective cleaning after each deposition with the  use of 

concentrated aqua regia, fo llow ed by washing w ith deionized w ater and isopropanol, to 

maintain the repeatability, during m ultiple deposition cycles.

4.3.2.iv Origin of charge and current

The precise reason for greater sensitisation o f the  negative electrode is not precisely known but 

could be due to the cadmium excess (2.75:1, Cd:Se) used in the synthesis of these CdSe QDs, 

which should cause an excess of cadmium cations in the QDs. This was investigated by carrying 

out a synthesis of oleic acid capped CdSe QDs with Se excess (1:2, Cd:Se) which w ere then 

electrophoretically deposited. Analysis of the resulting electrodes showed a near identical 

deposition upon the positive and negative electrode, which points towards the fact that 

stoichiom etry plays only a part in the overall charge present upon the QDs.^^^

It should also be noted that a current can be measured while carrying out EPD, which was found 

on average to be between 60 nA/cm^ to 25 |iA/cm^ at the beginning of deposition and slowly 

decreased by a factor of 2 or 3 over the tim e of deposition. This current has been reported in 

literature to be caused by the m ovem ents of QDs in solutions and the presence of im purities in 

either the CQD solution or solvents.^“  From our experim ents it is clear that the electrical current 

we measured is due to impurities presence and was verified by the observation that currents 

rem ained the same, w hether a EPD of CQDs deposited or not, which clearly indicated to us that 

the QDs played no part in the charge transport in solution, and therefore the current reading. 

It was also observed that higher current readings w ere achieved from  CdSe QD solutions, which 

had been put through a few er num ber of cleaning cycles, and therefore  contained a higher 

concentration of impurities.

4.3.2.V Repeatability

During the test period o f deposition, a consistent issue with repeatability took place. Several 

optimisations w ere included, which improved the reliability of this technique, though some 

aspects could not be com pletely resolved. Interestingly, it was found that solutions diluted with  

DCM and im m ediately electrophoretically deposited, produced the expected results, while  

solutions, left to  stand for 30 minutes, produced a much low er deposition level, and after one 

hour o f standing, no deposition took place from  these solutions. It was also observed that some 

solutions o f CdSe QDs com pletely lost their ability to  deposit when they precipitated in storage 

even after the QDs w ere redispersed in solution. In addition, it was found that a fter production 

of the CdSe, the cleaning steps utilised w ere fundam entally im portant to  producing a solution
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that could be deposited. For example after oleic acid capped CdSe was synthesised, the number 

o f cleaning cycles , which involved the addition o f a non-solvent (HPLC acetone ), followed by 

centrifugation, defined whether the solution could be electrophoretically deposited or not. 

W ith no cleaning, a large current was recorded on the power source of over 200 |iA /cm ^ while 

no deposition o f QDs occurred. A fter one cleaning cycle, the QDs deposited as expected, but if 

a second cycle of cleaning were carried out, the QDs again would not deposit, while currents 

recorded would be between 20 - 40 piA/cm^. It was also found that after a single deposition, 

even though only a tiny loss in overall concentration o f the solution occurred (~5%, see 

Appendix D), no further depositions could be carried out from this solution.

4.3.2.vi Adherence and comparison to controls
A fter deposition, electrodes were washed w ith DCM. Interestingly the electrodes showed only 

small changes in absorption after washing ('“20 %, see Appendix D, Figure 7.11) indicating the 

majority of QDs were strongly bound to  the surface. Following this, the efficiency o f the 

optimised electrophoretic approach was compared against two other methods o f sensitisation, 

soaking and drop casting. To test soaking, Ti02 electrodes were immersed in a CdSe solution for 

3 days in darkness w ith a concentration o f 1 x 10  ̂M CdSe QDs. These soaked electrodes were 

tested in hexane, DCM, CHCI3 and toluene, the same nonpolar solvents tested for 

electrophoretic deposition. The resulting UV-Vis spectra are shown in Figure 4.5. The overall 

absorptions were very poor, w ith DCM displaying the greatest sensitisation ability among these 

solvents. Further measurements o f electrodes was carried out after 7 days of soaking, w ith no 

increase occurring. Drop casting was also carried out using a concentrated solution (1 x 10 M) 

o f CdSe QDs in DCM. After applying 1 ml o f the solution to the electrode, it was left to dry in 

darkness. Following this the electrode was washed w ith DCM to remove excess QDs, from this
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Figure 4.5 UV-Vis absorption spectrum o f Ti02 electrode a fte r being soaked in fo u r  d iffe ren t solutions o f  oleic acid 
copped CdSe QDs at a concentration o f  1 x 10 '^ M  fo r  3 days, using the so lvents, Chloroform  (block lin e ), DCM (red 
line), Toluene (blue line) and Hexane (pink line).
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the majority of the deposited films was removed. The remaining layer that was produced was 

visibly uneven and patchy, showing only barely detectable CdSe absorption.

4.3.2.vii Microscopic analysis
Judging by eye, this second approach to quantum dot deposition produced an even distribution 

of QDs throughout the Ti02 electrode, while no deposition of QDs occurred upon the 

surrounding FTO exposed surface. To further investigate this, scanning electron microscopy 

(SEM) was used to analyse the resulting sensitised electrodes. The electrodes showed (Figure 

4.7) little visible sign of deposition of QDs under SEM when compared to non-sensitized 

electrodes (see chapter 5, Figure 5.15), which is mostly due to instrument limitations.

Figure 4 .6  SEM o f CdSe QD sensitised Ti02 nanoparticles electrode.A) is a side profile o f the electrode whiile B) 
shows the porous nanoparticluate structure o f the electrode.

Transmission electron microscopy (TEM) was then used to analyse the sensitized TiOz, by 

removing a portion of the Ti02 film and grinding it up in a mortar and pestle. This was then 

dispersed in a solution of ethanol and then drop cast onto a lacey carbon TEM grid. The resulting 

images are shown in Figure 4.8 C and D. From these, a clear image of the TiOa crystals can be 

seen, surrounded in a large diffuse cloud of CdSe QDs of 3.2 nm in diameter. Scanning 

transmission electron microscopy (STEM), allowed even clearer images to be produced, due to 

its much stronger Z-contrast as shown in Figure 4.8 A and B. From these, the presence o f 

individual CdSe QDs can be seen upon the Ti02 NP surface and is marked in the image.
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Figure 4 .7  STEI\/1 im ages  (A a n d  B) o f  3 .2  nm  CdSe QDs upon the  surface  o f  a  2 0  nm  T iO i n a n o p a rtic les  p ro d u c ed  using  

e le c tro p h o re tic  depostion. C) a n d  D ) sh o w  th e  TiO 2  sensitised w ith  2 .9  nm  CdSe QDs up on  th e  surface  o f  2 0  nm  TiO 2  

p artic les  sensitised using e le c tro p h o rtic  depostion.

4 .3 .2 . v i i i  EDX

Using energy disperse X-ray spectroscopy (EDX) in conjunction w ith  SEM, it is possible to  

determ ine the  elem ental makeup o f Ti02 film s a fte r CQD deposition as shown in Figure 4.8. 

Using th is it was possible to  ve rify  the success o f the QD deposition and to  make a de term ination  

o f loading o f CdSe QDs by comparing the  signal o f Ti to  the  signals o f Cd and Se. This is shown 

in Figure 4.8 C, giving 7.3 % Cd and 5.6 % Se relative to  87.2% Ti. It also allows m apping o f the 

e lem enta l com position as a function  o f depth in to  the Ti0 2  film , w hich showed th a t the 

d is tribu tion  o f CdSe QDs remained constant as a function  o f depth  in the  Ti02 layer. This is the  

optim al d is tribu tion  o f sensitizers since the  overall aim is to  produce a near m onolayer coating 

o f QDs upon the Ti02 particle surface to  produce maxim um  increase in photon harvest fo llow ed 

by effective  charge in jection in to  the  Ti02 e lectrode. This is a unique advantage o f 

e lectrophore tic  deposition relative to  the much more practised linker approach, which uses a

153



Chapter 4 Electrophoretic Deposition

Distance (pm)

D istance (pm )

Spectrum 2

-ull Scale 3683 cts Cursor: 6.869 (25 cts)

Figure 4 .8  SEM and EDX ofCdSe sensitised Ti02eiectrode through electrophoretic deposition. SEM o f a side on profile 
o f the electrode is shown in im age A, this is m arked with the positions th a t EDX spectra were taken. Graph B and D 
show the elem enta l composition changes across the electrode as a function o f distance. While graph C and E shows 
the EDX spectra produced from  position 5 on the SEM im age, showing the e lem enta l loading o f QDs relative to Ti, to  
be 7.25%  Cd and 5.57%  Se

short chain bifunctional ligand upon the QDs surface to  cause QD deposition during a soak.^^^ 

This linker approach instead produces a deposition tha t shows a reduction in CdSe 

concentration as the depth increases in the Ti02 in the direction o f the FTO glass. This is a far 

less efficient loading due to increased photon absorption occurring at an increased distance 

from  the junction between the Ti02 /FTO junction, meaning electrons injected, have a higher 

likelihood o f undergoing recombination w ith the electrolyte before transferring to  the FTO, 

Other elements shown in the spectra include tin, which is derived from the fluorine doped tin  

oxide (FTO) conductive coating, and Si, which is due to  the glass substrate.
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4 .3 .2 .ix  Photo cu rren t Action Spectra

The photoresponsivity o f th e  produced CdSe sensitised T i02 w as th en  tes ted  using p ho to  action  

spectra . This tes t firstly  w as o p tim ised  to  a llo w  e ffe c tive  ex am in atio n  o f th e  resulting  

p h o to c u rre n t response e lectro d es u n d er illu m ina tio n . T h e re fo re  tw o  e lec tro ly tes  w e re  in itia lly  

investigated , M eO H  and a 0 .1  M  aqueous so lution o f N a 2 S. M e O H  has b een  show n to  act as a 

sacrificial hole scavenger e le c tro ly te  in Q DSSCs/''° w h ile  N a 2 S is used as a vita l p art o f 

polysulphide based e le c t r o ly t e s .T h e  cu rren t g en era ted  fro m  tes tin g  w ith  th is e le c tro ly te  is 

show n in Figure 4 .9  A (red line), and produced  a very  p o o r response o f only 0 .0 0 3  m A /m ^ w ith  

o u r CdSe tes t e lec tro d e . Follow ing th is , w e  decided  to  tes t th e  response using a 0 .1  M  aqueous  

solution o f N a 2 S. This produced a m uch strong signal, giving a response o f 0 .0 3 5  m A /m ^ und er  

illu m in a tio n  as show n in Figure 4 .9  A (b lack line).

A  0.1 M Na,S electrolyte
 just MeOH

0040-,

B  0 030-I
0 025-

0 0 2 0 -

0 0 1 0 -

0 005-

OOOOliJ

0 50 100 150

B
 Oyesol T iO j Electrode0 0005-,

0.0004 -

I
£  0 0003-
>.

1 0 0002 -

0 0001 -

0.0000

- 0.0001
50 100 150 200 250 300

Time (sec) Time (sec)

Figure 4 .9  Photocurrent action response (A) o f  a oleic acid capped CdSe QD sensitized Ti02 electrode using M eoH  (red  
line) or 0.1 m ol aqeouse solution o f  NopS (black line) os an electrolyte. Photocurrent response (B) o f  TlOp electrode 
w ithout QD sensitization, which produced only a m inim al current o f 0 .0031 mA/cm^ under illumination.

S ubsequent to  this, a non-sensitized  e le c tro d e  o f pure T i02  w as used to  get a baseline fo r th e  

response. The e le c tro d e  displayed a m in im al signal, p roducing curren ts  up to  0 .0 0 3 1  m A /cm ^  

u n d er illu m inatio n  as shown in Figure 4 .9  B. T he m in im al signal is due to  th e  illu m inatio n  source, 

a ring o f w h ite  light LEDs, w hich nearly  exclusively produces light in th e  visible range (see Figure 

2 .1 2 ), and since th e  band gap o f anatase T i02  is 3 .2  eV , m ost o f th is light w ill pass straight 

th ro u g h  th e  e lec tro d e  w ith o u t ab sorp tion  tak ing  place, hence th e  low  p h o to c u rre n t response.

Follow ing this, th re e  d iffe re n t sizes o f o leic acid capped CdSe QDs, w ith  d iam ete rs  o f 2 .5  nm , 

3 .4  nm  and 3 .8  nm w e re  d eposited  upon T i02 e lectrodes and th e  p h o to c u rre n t w as tes ted  as 

show n in Figure 4 .1 0 . This w as p erfo rm ed  to  d e te rm in e  th e  e ffe c t o f Q D  size upon th e  produced  

p h o to c u rre n t. It was found th a t as th e  size o f th e  QDs g rew , a large increase in cu rren t to o k  

place fro m  0 .3 1  m A /cm ^ to  0 .3 5  m A /cm ^ to  0 .5 4  m A /cm ^. This can be exp la ined  by th e  w id e r  

ab so rp tion  o f larger QDs, th e re fo re  enab ling  th e m  to  harvest m o re  photons fro m  th e  inc ident 

light.
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Following on from  this initial study, w e decided to investigate the deposition and perform ance  

of CdSe QDs synthesised using a more complex ligand surface, due to these QDs showing higher 

luminescence in solution and therefore better surface passivation, which could play an 

im portant aspect in reducing recombination when sensitising the Ti02 electrode. The CdSe QDs 

investigated were, amine capped CdSe and phosphonic acid capped CdSe. These QDs also 

showed smaller size distributions and could be synthesised to even larger sizes to determ ine  

the optim al size of CdSe for photosensitization, which has been reported to be betw een 610  

and 625 nm for the first exciton position.
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Figure 4 .1 0  This shows the photocurrent response produced fro m  three different T1O 2  electrodes th at w ere sensitised 
using oleic acid capped CdSe QDs, the resulting photocurrent responses under illum ination were , A 2 .5  nm, 0.31 
mA/cm^,B 3.4 nm 0.35  mA/cm^, and Z  3 .8  n m , 0 .55 mA/cm^ Im age Cshow the UV-Vis absorption o f the d ifferent sized 

CdSe QDs deposited upon a Ti02electrode.

4.3.3 Octadecylamine capped CdSe QDs
QDs w ere synthesised in the presence o f octadecylamine and oleic acid meaning the ligand shell 

consisted of a mix of both ligands upon the surface. Deposition was carried out under the same 

conditions as described for oleic acid capped CdSe QDs. Following this photocurrent response 

was measured and is shown in Figure 4.11. The different ligand shell and conditions of synthesis 

m eant that the QDs had to go through three cleaning cycles before deposition was possible 

from  the DCM solution, w ith deposition occurring on the negative electrode. Unfortunately, the  

repeatability o f deposition was m oderate at best especially when attem pting to  deposit QDs of 

larger sizes, which regularly precipitated from  solution under the applied voltage as opposed to
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sensitising the Ti02 electrode. Therefore despite these QDs showing excellent sensitisation 

when deposition did occur, fu rther use of these ODA capped CdSe QDs was discontinued.

ODA capped CdSe QO

o
s

50 100 IS

Time (s)

Figure 4.11 Photocurrent action response o f ODA capped CdSe QDs showing a peal< current o f 0.25m A/cm ^ fro m  4 .2  
nm  CdSe QDs

4.3.4 Octadecylphosphonic acid capped CdSe QDs
These CdSe QDs w ere synthesised in the presence of octadecylphosphonic and 

trioctylphosphine oxide, meaning the ligand shell consisted of a mix o f both ligands upon the  

surface. Deposition was carried out under the same conditions as described and quantum  dot 

loading was m onitored using UV-Vis absorption, which is shown in Figure 4 .12  A. Following this, 

photocurrent response was measured and is shown in Figure 4.12 B.
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Figure 4 .1 2  UV-Vis absorption spectroscopy (A) and the resulting photocurrent action response (B) o f ODPA capped  
CdSe QDs (5 .2  nm ) EPD deposited upon a Ti02 electrode.

The d ifferent ligand shell and conditions of synthesis m eant that the even after numerous 

cleaning steps, involving dissolution in toluene, followed by precipitation due to addition of 

M eO H , an excess of ligands rem ained in solution with ODPA capped CdSe QDs. It was found  

that under these conditions the QDs could not be EPD upon a Ti02 electrode from  DCM  

whatsoever. Therefore an additional cleaning step was included, which involved dissolving 

these QDs into hexane and centrifuging at 4000  rpm for 20 minutes, producing a stable solution 

of QDs with a deposit of excess ligands that was then separated and discarded. A fter this it
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becam e possible to  deposit th e  QDs, but deposition tim e  had to  be increased to  2 0 -3 0  m inutes  

depending  upon th e  exact solution being used. In teresting ly a fte r  depositing, ODPA capped  

CdSe QDs solution fro m  a 20  ml solution o f 5x10  ® M  o f CdSe QDs concentra tion , it w as found  

th a t add itiona l cycles o f b e tw ee n  3 - 8 depositions could be produced fro m  th e  sam e solution, 

w ith  no loss to  Ti02 deposition. In add ition , it was noted  th a t no loss o f deposition  ability  

occurred due to  prolonged d ilu tion  in DC M  as w as seen w ith  oleic acid capped CdSe QDs. 

T here fo re , a fte r com parison o f repeatab ility , these w e re  th e  CdSe QDs used fo r th e  m a jo rity  o f 

fu rth e r studies.

4.4 Post EPD treatments of Electrodes

Follow ing th e  deposition o f CdSe QDs upon th e  T i02 e lectrodes, a range o f approaches w ere  

applied so as to  increase th e  p ho tocu rren t response o f these electrodes, these fall u nd er tw o  

categories, bulk sem iconductor SILAR deposition and surface ligand exchange, both  o f w hich  

are discussed below .

4.4.1 SILAR Deposition: ZnS coating effect
ZnS is a large band gap sem iconductor, and has been shown to  fo rm  a typ e  I band gap a lignm ent 

w ith  Cd chalcogenides.®^'^^ It has also been repo rted  as a m eans to  increase th e  p ho tocu rren t 

o f QDSSCs.”  ̂ The reason fo r this increase is tw o fo ld , firstly  th e  ZnS coating produces a typ e  I 

band a lign m ent w hich reduces recom bination  loss in QDs, secondly due to  th e  coating  

approach, it also coats th e  T iQ 2 surface, acting to  reduce recom bination  loss in th e  Ti0 2  

e l e c t r o d e . T h e  ZnS deposition w as p erfo rm ed  using th e  SILAR approach and produced using 

th re e  cycles o f Zn and S deposition to  produce th e  resulting layer using 0 .1  M  aqueous solutions
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Figure 4.13 UV-Vis absorption spectroscopy, comparing the change in absorption o f TiO; electrode (A) or a oleic acid 
capped CdSe QD (3.4 nm ) sensitised TIO^ electrode (B) due to ZnS coating or CdS coating (only graph A). Graph A 
shows the resulting increase in absorption due to 3 cycles o f the SILAR deposits upon a transparent Ti02 electrode 
composed o f 4 layers o f 20  nm TiOi particles. Graph B shows the large shift in absotption o f a CdSe sensitiosed elctrode 
due to three cycles o f SILAR ZnS deposition .displaying a large red shift in the resulting UV-Vis spectroscopy.

158



Chapter 4 Electrophoretic Deposition

of sodium sulphide and zinc acetate. Following this a sintering step was also tested which 

involved putting the produced electrode through a heat trea tm en t of 2.5 minutes at 300 °C 

using a small furnace w ith aim of sintering the ZnS layer deposited.
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Figure 4.14  UV-Vis absorption spectroscopy (A) and the resulting photocurrent action response (B) o f ODPA capped  

CdSe (5 .2nm ) sensitised TiO^ electrode, showing the change due to SILAR deposition o f CdS. Im age A compares the 
shift in absorption due to a SILAR deposition o f 1 cycle o f CdS and 3 cycles relative to the un treated  electrode. Im age  
B show the change in photocurrent betw een electrodes due to the application o f 3 cycles o f CdS, fro m  a m ax of 
0.027m A/cm ^ to a m ax o f 0 .3 7  mA/cm^.

UV-Vis absorption spectroscopy was used to show the change in absorption o f a Ti02 electrode  

and a CdSe sensitized Ti02 electrode and is shown in Figure 4.13. A marginal increase in higher 

energy photon absorption is produced in the Ti02 electrode (Figure 4.13 A) which coincides with  

the large band gap of bulk ZnS (3 .54 eV). A significant increase in absorption also occurs when  

observing the CdSe QD sensitised TiOz electrode, which also produces a large red shift in the  

absorption of the CdSe QD also, which is due to the lattice mismatch betw een the materials 

that effects the electronic structure of the CdSe QD. Finally, photocurrent action response was 

used to  then analyse the resulting change in photocurrent response o f a CdSe sensitised Ti02  

electrode under illumination and is shown in Figure 4 .15 . The resulting electrodes shows an 

increase in photocurrent due to ZnS coating, increasing from  0.19 mA/cm^ in the absence of ZnS 

, to  0 .44  mA/cm^ a fte r ZnS coating , and finally 0 .42 mA/cm^ after ZnS coating and heat 

treatm ent. Therefore it was determ ined that the ZnS coating played an im portant part in 

producing efficient photoanodes based on QDs, while due to  the m inor decrease in efficiency 

due to  heat treatm ent, this sintering step was deem ed redundant.
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Figure 4.15  Photocurrent action response o f oleic acid capped (3.4 nm) CdSe QD sensitised Ti02 electrode, showing 
the change in response due to ZnS coating. The resulting m axim um  photocurrents produced o f the electrode, before 
ZnS coating, 0 .19 mA/cm^, a fter ZnS coating and heat treatm ent 0 .42  mA/cm^, and a fte r ZnS coating 0.44 mA/cm^

4.4.2 SILAR Deposition: CdS coating effect
CdS is also a larger band gap sem iconductor re lative to  CdSe and form s a type I band alignm ent. 

T here fo re , this m ateria l was used as a m eans to  passivate th e  surface o f th e  CdSe QDs and  

increases th e  absorption o f th e  e lectrode, particu larly at w avelengths above th e  band gap o f 

bulk CdS (~ 5 2 0  nm ). The CdS layer was deposited using a SILAR approach by tre a tin g  th e  Ti02  

e lectro d e using an aqueous solution o f 0 .0 2 M  CdCb and an aqueous solution o f 0 .0 2 M  N a2S 

solution, w ith  the e lectro d e a lterna tive ly  dipped into each solution, w ashing w ith  deionised  

w a te r  b e tw ee n  dips. The change in UV-Vis absorption  o f a TiOp e lectro d e due to  CdS deposition  

is shown in Figure 4 .1 3  A. The e lectro d e shows a significant increase in absorption  particu larly  

in th e  higher energy area o f th e  spectrum , m atching effective ly  w ith  th e  bulk band gap o f CdS. 

Following this, th e  change in UV-Vis absorption spectroscopy o f an ODPA capped CdSe 

sensitised e lectro d e w as analysed and is shown in Figure 4 .1 4  A, displaying th e  change in 

absorption  b e tw ee n  a single cycle o f CdS deposition and th e  result o f a 3-cycle deposition. This 

shows again a very significant increase in absorption  o f th e  e lectro d e due to  th e  tre a tm e n t,  

displaying significant red shifting o f th e  CdSe 1“  exciton peak position due to  th e  tre a tm e n t.
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Figure 4 .16 SEM (A) and EDX (B and Cj o f TiO: electrode a fter 3 cycles o f SILAR CdS trea tm en t. The SEM sh o w ed  no  
significant alteration in the  m orphology o f the electrode post CdS trea tm en t, while EDX show s a significant 
incorporation o f CdS into the  TiO^ electrode, show ing a loading o f  2.61 % o f  Cd and  1.98 % o fS  in the  electrode when  
com pared to Ti present.

After this, SEM and EDX was used to analyse the resulting electrode shown in Figure 4.16. The 

electrode displays no significant change in surface morphology due to the CdS deposition, while 

EDX shows a large loading of CdS achieved within the electrode giving concentrations (m/m) of 

2.61% Cd, 1.98 % S relative to Ti and is compared in Figure 4.16 B. Following deposition of CdS 

upon the ODPA capped CdSe QD sensitised electrode, the resulting photocurrent response was 

matched to the electrode prior to  the CdS deposition and is shown in Figure 4.16 B. From this, 

it can be seen that a large increase in photocurrent occurs due to  CdS coating, producing a peak 

current of 0.37 mA/cm^ from the original current of 0.027 mA/cm^ which makes this trea tm ent 

by far the most effective route to increasing photocurrent of produced photoaniodes. It must 

be kept in mind that  the original electrode did show poor performance relative to other 

electrodes and therefore this trea tm ent does need to be tes ted  with electrodes that  show larger 

initial photocurrent readings to determine its universal applicability.
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4.4.3 Ligand exchange: HTAC
Another approach to  increase charge injection is to  better passivate the surface of the deposited  

CdSe QDs using halide anions that have already shown success in this application in DHCQD 

solar c e l l s . T h e r e f o r e  ODPA capped CdSe QD sensitized TIO 2 electrodes w ere tested before  

and after a 1-hour trea tm en t in a 10 mg /m l M eO H solution o f HTAC 

(Hexadecyltrim ethylam m onium  chloride). The resulting UV- Vis absorption and photocurrent 

response is shown in Figure 4 .17 . Interestingly a minor blue shift in absorption (Figure 4 .17  B) is 

found to take place due to the HTAC treatm ent, accompanied with a slight overall increase in 

absorption, though this change in absorption is within experim ental error. The photocurrent 

response shows a pronounced increase in current produced due to the trea tm en t increasing 

the original peak current o f 0 .0185 mA/cm^ to 0.039 mA/cm^ due to HTAC treatm ent. Therefore, 

this trea tm en t has been proven as another possible means to increase the photocurrent of 

produced electrodes.
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Figure 4 .1 7  UV-Vis absorption spectroscopy and the resulting photocurrent action response of ODPA copped CdSe QDs 
sensitised TiOzelectrode, showing the change due to HTAC treatm ent. Im age A shows a large increase in photocurrent 
from  0 .0185 m A/cm^ to 0 .039 m A/cm^ due to HTAC treatm ent, while Im age B only shows m inor increase in absorption  
and blue shifting o f spectra.

4.4.4 Ligand Exchange: MPA Ligand treatm ent
A com m only utilised ligand in the linker approach to Ti02 sensitisation with ex situ synthesised 

quantum  dots is 3- m ercaptopropionic acid (MPA). This due to  its excellent binding to Ti02  

through its carboxylic acid group and the presence of a thiol group which strongly binds to  

commonly tested QDs, i.e. Cd or Pb based QDs. It also is widely used due to  its small size, 

meaning that the QD will in theory be in closer proximity to the Ti02 surface, which should 

enable charge injection. W e therefore tested its effect as a post treatm ent on ODPA capped 

CdSe QD sensitised Ti02 electrodes, since the intention was to replace the bulky ODPA acid upon 

the QDs surface with the short chain ligand and therefore  increase the resulting photocurrent 

of tested QDs. This was carried out by submerging the electrode into a 2.5 % v /v  M eOH based 

solution of MPA. The electrode was firstly submerged for one m inute in darkness, following
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w hich th e  e le c tro d e  w as w ashed w ith  deionised w a te r . The p h o to c u rre n t action  o f th e  resulting  

e le c tro d e  w as th e n  tes ted  and is show n in Figure 4 .1 8 . The orig inal e le c tro d e  show ed a 

p h o to c u rre n t o f 0 .0 1 2  m A /cm ^ w hich w as reduced to  0 .0016m A /cnn^ fo llo w in g  th e  tre a tm e n t. 

S ubsequently  a 10 -m in u te  tre a tm e n t w as also tes ted , w hich  resu lted  in an e le c tro d e  th a t  

show ed  no d e tec tab le  response u nd er illu m inatio n . T h e re fo re , it w as jud g ed  th a t u n fo rtu n a te ly  

th is tre a tm e n t strongly h arm ed  th e  p h o to c u rre n t response o f th ese  e lec tro d es  u nexpected ly .
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Figure 4 .1 8  Photocurrent action response o f ODPA CdSe sensitised TI02 electrodes showing the orig inal electrode (A) 
and the resulting electrode (B) a fte r a 1 m inute treatm ent with 2.5%  MPA M eO H  solution.

A fte r  investigating th e  e le c tro p h o re tic  d eposition  o f CdSe QDs as a m eans to  sensitise T iO i 

e lectro d es, it w as decided  to  expand th e  study to  o th e r types o f core and core-shell QDs 

synthesised in ch ap te r 3. This w as carried  o u t to  firstly d em o n stra te  th e  w id e  app lications o f  

th is approach and to  investigate th e  e ffects  o f d iffe re n t se m ico n du cto r and sem ico n du cto r  

structures upon th e  resulting p ho tocu rrents .

4.4.5 EPDof CdSQDs
CdS is synthesised w ith  an o le ic  acid ligand surface. The resulting QDs are  m uch sm aller th an  

CdSe, m easuring b e tw e e n  2 to  3 nm in d ia m e te r. T hey w e re  dep os ited  using th e  sam e  

conditions as m e n tio n e d  fo r CdSe, and th e  resulting UV-Vis spectra and p h o to c u rre n t 

m easurem ents  are  show n in Figure 4 .1 9  A and B respectively. D eposition  to o k  place upon th e  

positive and negative e le c tro d e  w ith  stronger absorp tion  tak ing  place upon th e  negative  

e le c tro d e . This deposition  p a tte rn  was ascribed to  th e  ra tio  o f 1:2, S:Cd used in th e  synthesis. 

U n fo rtu n a te ly , th e  deposition  show ed th e  sam e issues regard ing  re p e a ta b ility  raised using o leic  

acid capped CdSe QDs.

Due to  th e  larger band gap o f CdS QDs (band gap > 3eV ), th ese  QDs are  exclusively UV  absorbers  

and th e re fo re  o verlap  strongly w ith  th e  absorp tion  o f th e  T i02  e le c tro d e . T hey also th e re fo re  

are p oo r sensitizers o f T i0 2  only m arg inally  w id en ing  th e  range o f th e  visible spectrum  th e
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electrode can harvest. This is represented in the poor photocurrent responses produced of 

0.0113 mA/cm^ of the positive electrode and only 0.005 mA/cm^ of the negative electrode.

SEM and EDX o f the sensitised electrodes were  then used to determ ine the elem ental 

composition and the resulting loading of the Ti02 film , shown in Figure 4.20. This confirms a 

linear distribution of CdS QDs throughout the electrode relative to depth (Figure 4 .20  A,B and 

C) and produced a loading of 1.75% of cadmium and 2.93% of sulphur relative to titanium  

present (Figure 4.20 D and E), which compares poorly to the loading values achieved with oleic 

acid capped CdSe.
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Figure 4.19 This shows the UV-vis absorption and the resultmg photocurrent action response of a Ti02-FT0 electrode 
sensitized with 3 nm CdS QDs. A) UV-Vis absorption shows the original QD spectra in solution and then the resulting 
spectra of the electrodes sensitized. The positive and the negative electrode both show depostion, with higher loading 
taking place upon the postive elctrode. BjPhotocurrent action spectra shows a on-off response under illumination. 
0.01127n)A/cm^, 0.0053mA/cm^
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4.4.6 EPDof PbS QDs
PbS is a direct band gap semiconductor w ith a value of 0 .37 eV in the bulk. Therefore, when  

synthesised as a QD, the bandgap can be tuned from  NIR to IR values, making them  a perfect 

candidate for producing a quantum  dot with a band gap in the optim al range of the Shockley- 

Queisser limit, 1 eV to 1.5 eV. PbS QDs with diameters betw een 2.6 nm to 4.3 nm w ere therefore  

investigated.
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 0.08

0

1  004
Do

0.02

‘ PbS

L
600 BOO

Wavelength (nm)
150 200

Time (sec)

Figure 4.21 UV-Vis absorption spectra (A) and resulting photocurrent response (B) o f PbS QD sensitised Ti02efectrode. 
A) Shows the resulting absorption o f a electrophoretically deposited PbS (2 .7  nm ) QD upon a Ti02 electrode. B shows 
the resulting photocurrent response under illumination, producing a peak current o f 0 .13 mA/cm^.

The same issues with deposition repeatability occurred with oleic acid capped PbS as was 

described with oleic acid capped CdSe QDs, presenting low repeatability, w ith solutions 

synthesised under identical conditions showing large variance with deposition rate. Instability 

of these solutions also contributed to this, with larger PbS QDs (d iam eter > 4 .0  nm) showing 

precipitation under the applied field. The m ajority of deposition occurred upon the positive 

electrode, and is partially due to  the 1:2 molar ratio o f S:Pb precursors used in the PbS synthesis, 

producing Pb rich QDs. The resulting electrodes w ere analysed with UV-Vis absorption  

spectroscopy and photocurrent action response measurements and is shown in Figure 4.21. The 

electrode showed a huge increase in absorption due to PbS deposition, producing absorption 

into the NIR due to the small band of the 2.7 nm QDs used. The photocurrent action response 

of the electrode produced a peak current of 0.13 m A /cm ^ which though substantial, is lower 

than expected due to the wide absorption of the electrode. The reason for the low er response 

than expected can be explained due to the light source used, a w h ite  LED ring, which shows a 

peak emission at 570 nm (see Chapter 2, Figure 2.12), and therefore is poorly matched to  the  

absorption of the PbS sensitised electrode.
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SEM and EDX w ere used to fu rther analyse the sensitisation of TI02 electrodes, which is shown 

in Figure 4 .22 . The distribution of QDs was found to be near constant relative to depth of the  

Ti02 (Figure 4.22 A, B and C), as seen w ith other QDs exam ined previously, while the resulting 

loading achieved was very high, producing a loading of 7.26%  Cd, 6.02 % S relative to Ti present 

(Figure 4 .22  D and E).
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4.4.7 EPD o f CdSe/CdS core-shell QDs

E lectrophoretic  Deposition
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Figure 4 .2 3  U V-V is  a bsorp tio n  spec tra  (A) a n d  p h o to c u rre n t response (B) o f  CdSe/CdS sensitised T1O 2 e lec tro de . The 

to ta l p h o to c u rre n t p ro d u ced  w as 0 .0 5  m A/cm ^.

A fte r testing  th re e  core QDs, it w as decided to  expand th e  study to  co re /sh ell QDs to  understand  

th e  effects  th a t these structures w ou ld  have upon th e  photosensitisation  and to  d e e m  if it was 

feasib le to  sensitise w ith  th ese  larger (in m ost cases) and m o re  com plex QD structures. 

T h e re fo re , th is w as begun by investigating CdSe/CdS QD. This has a type I band structure  

m eaning  th e  exciton is confined  to  th e  inner CdSe Q D core, and th e re fo re  have less in te rac tion  

w ith  surface states. This m eans th a t th e  exciton bears less chance o f undergoing reco m b inatio n  

th ro ug h  surface states o r w ith  th e  surrounding  e le c tro ly te , though it could also have th e  e ffe c t  

o f re tard ing  charge in jection  due to  increased d istance b e tw ee n  th e  exciton and th e  T i0 2  

surface. Tw o  d iffe re n t sizes o f CdSe/CdS QDs w e re  used, th e  first fo rm ed  fro m  a 3 .4  nm CdSe 

core (A), and a second fo rm e d  fro m  a 4 .2  nm  CdSe core (A) both  o f w hich  w ere  deposited  using 

EPD, and th e ir  resulting UV-Vis absorp tion  is show n in Figure 4 .2 3A . Follow ing this th e  

p h o to c u rre n t o f 3 .4  nm core CdSe, CdSe/CdS QD w as tes ted  and is show n in Figure 4 .2 3  B. The  

m axim u m  cu rren t recorded  w as 0 .0 5  m A /c m ^  w hich eq u ates  to  a low  response, w hich can be 

a ttr ib u te d  to  th e  p oo r loading achieved fro m  th e  e le c tro p h o re tic  d eposition  as shown in th e  

UV-Vis spectra. The QDs loading w as p oo r due to  th e m  being synthesised using a m ix o f 

o ley lam in e, octad ecylam in e and o leic acid as ligands, w hich strongly defined  th e  b eh av io ur  

und er e le c tro p h o re tic  deposition, w ith  QDs showing only partia l deposition  u nd er th e  app lied  

vo ltage, w ith  deposition  occurring on ly  upon th e  negative e lectro d e.
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4.4.8 EPD o f CdS/CdSe core/shell QDs
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Figure 4.24 UV-Vis absorption spectra (A) and photocurrent response (A) o f CdS/CdSe sensitized TiO^ electrode  
showing the change in absorption before and after testing, 0.57m A/cm ^ and 0.515m A/cm ^.

The second core-sheil QD that was electrodeposited was CdS/CdSe, which is a reverse type I 

QD, meaning the exciton is more strongly confined to the surface o f the QD, which has been 

reported to enable charge injection to occur m ore r e a d ily .T h e re fo re , it is also an interesting  

contrast to CdSe/CdS QDs already investigated. These QDs are synthesised using oleic acid as a 

capping ligand and so electrophoretic deposition was similar to  other oleic acid capped QDs 

discussed. Due to the increased size of the QDs and the inherent challenge regarding 

concentration determ ination, the loading achieved of the TiOa electrode was not to  the level 

achieved using oleic acid capped CdSe QDs. The film was analysed using UV-Vis absorption 

spectra and photocurrent response as shown in Figure 4 .24 . Even though total loading was 

suboptimal to light harvesting, the total current produced was much higher than expected, 

producing a current o f 0 .57 mA/cm^ under illumination, indicating the effectiveness of this core 

shell structure to charge injection.

4.4.9 EPD o f CdTe/CdSe core/shell QDs
The last form  of core-shell QD investigated was a CdTe/CdSe core-shell QD. This core/shell 

structure produces a staggered band alignm ent betw een CdSe and CdTe, causing the band gap 

of the resulting QD to  be smaller than either semiconductor. This also produces the effect that 

the exciton is separated across the QD, w ith the hole confined to  the core, while the election is 

confined to the shell. The QDs w ere synthesised using oleic acid and a small am ount of ODPA, 

and produced QDs w ith a d iam eter of 5.5 nm. Electrophoretic deposition proved difficult w ith  

these QDs due to their ligand coating and larger size and therefore  loading was not optim al. The 

resulting UV-Vis absorption achieved is shown in Figure 4.25 A while the produced 

photocurrents are shown Figure 4.25 B w ith maximum photocurrents of 0 .316  mA/cm^
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recorded. Again, this electrode in fact outperform ed expectations due to the pure loading of 

QDs achieved making it an interesting candidate for fu rther investigation.
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Figure 4.25 UV-Vis absorption spectra (A) ofCdTe/CdSe QD sensitised T/O2 electrode and photocurrent response (B) of 
the resulting electrode measured under illumination producing a current o f 0.316 mA/cm^

4.4.10 EPD of CdSe/CdS heterostructured quantum rods
Finally, after analysing the three discussed Cd based core/shell QDs, it was decided that it would 

be interesting to look at the effect of morphology of these core/shell structures upon the overall 

efficiency achieved in loading and sensitisation. Therefore, CdSe/CdS dot in rod 

heterostructured quantum  rods w ere electrophoretically deposited upon these TI02 electrodes. 

The CdSe/CdS NRs used w ere form ed from  4.8 nm CdSe QDs cores, to  enable increase 

absorption at longer wavelengths of light. These w ere synthesised using octadecylphosphonic 

acid, hexadecylphosphonic acid and trioctylphosphine oxide as ligands, which therefore due to  

these, just as was found regarding octadecylphosphonic acid capped CdSe QDs studies earlier 

(see section 4 .3 .4  ); required the inclusion of an extra cleaning step using centrifugation at 4000  

rpm in hexane to remove excess ligands, before EPD deposition was effective with these 

particles.

The resulting UV-Vis absorption of the electrode is shown in Figure 4.26, showing a strong 

absorption of the CdSe/CdS NRs. Due to  the high loading achieved through deposition, as was 

dem onstrated in the UV-Vis spectra, it was decided that it would be w orthw hile  to  investigate 

the distribution of QDs in the electrode with SEM and EDX, this is shown in Figure 4.28. This 

shows electrophoretic deposition produced a linear distribution of CdSe/CdS quantum  rods 

throughout the electrode. It was also confirm ed that a very high loading of the electrode is 

achieved and is shown in Figure 4 .28  D, with the resulting EDX spectra shown in Figure 4 .28  E. 

From this percentage of 9.8 % Cd, 9 % 5 and 0.9 % Se was determ ined relative to 80.3%  Ti.
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Figure 4 .2 6  U V-V is  a bsorp tio n  spec tra  o f  CdSe/CdS sensitised TiO 2 e le c tro d e  a f te r  o 1 5  m in  e le c tro p h o re tic  deposition .

Subsequently, we used STEM and EDX to confirm deposition of the QRs upon the surface o f the  

Ti02 surface, which is shown in Figure 4.27. From the images, the rod structures can be made 

out representing the CdSe/CdS NRs, while EDX confirms the presence of Cd and S indicating the  

presence of CdSe/CdS rods upon the surface of the TI02 electrodes.
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F ig u re  4 .2 7  S TE M  a n d  EDX o f  a  sam p le  o f  TiOz sens itized  e le c tro d e  sensitised w ith  CdSe/CdS h e te ro s tru c tu re d  

nano ro ds . Im a g e  A a n d  B sh o w  S TE M  im ages  o f  CdSe/CdS sensitised TiOz, w h ile  C show s th e  resu lting  EDX spectra  

o b ta in e d  o f  th e  sam ple , sh o w in g  peaks  th a t  a re  assigned to  Cd, Ti, Cu O  a n d  S.
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4.5 Cation Exchange of EPD QDs upon Ti02 electrodes

Either cation exchange can be used to produce a complete exchange of cations in a host QD, or 

if applied under appropriate conditions, it can utilised to bring about a partial conversion. For 

this segment of work we demonstrate for the first tim e, its application to QD sensitised Ti02 

electrodes as a means to change the chemical nature o f the electrode after deposition, enabling 

us to tailor the absorption, stability and photocurrent o f the resulting electrode.

4.5.1 Cation exchange of PbS QDs to  PbS/CdS QDs on Ti02
The aim of this work was to investigate the possible beneficial effects of producing a partial 

exchange of Pb cations present in PbS QDs w ith Cd cations, with the intention of producing a 

PbS/CdS QD sensitised TiOi electrode. This could potentially impart the benefits of a type I band 

alignment to the PbS QDs, confining the exciton to  the PbS core due to the much larger band 

gap o f CdS, and therefore reducing recombination losses in the QD at the surface, increasing its 

potential as an effective photosensitizers to Ti02. The cation conversion of PbS QDs to  CdS QDs 

has been reported^^® and dem onstrated to take place in the liquid state (see 3 .4 .1 ). Therefore, 

the same basic principle have been applied to this work to bring about a partial conversion in 

the solid state. This has been carried out by immersing a TiOz electrode that has been sensitised 

using electrophoretic-deposited PbS QDs into a M eOH solution of CdCb in darkness. The 

electrode was left in solution for varying times to bring about d ifferent levels of cation 

exchange. A simple technique to m onitor the exchange comes from  changes in the resulting 

UV-Vis absorption spectra shown in Figure 4.29 and Figure 4 .30  A. As the exchange takes place, 

the size of the PbS core QD begins to shrink as the outer cations exchange with Cd, producing a

 PbS QD sensjttsed TKDj electrode before exchange

 3 days exchange at 4 “C using 0 005M CdO,

 3 days exchange at 20 using 0 005M CdCI,

2 5 -

2 0 -

0 0
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
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Figure 4 .29  UV-Vis absorption spectroscopy o f a partia l cation exchange o f PbS QD (6.1 nm ) sensitised Ti02electrode  
to PbS/CdS, carried out a t tw o temperatures, 4°C and 2 0  X  showing the change a fte r a 3 day period
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shell o f CdS. This has the net result of making the UV-Vis absorption spectra of the electrode 

become blue shifted over tim e as shown in the spectra.

Using this approach, the exchange was firstly optimised by monitoring the effect of tem perature  

upon the exchange. PbS QD sensitised Ti02 electrodes w ere left in a M eO H solution of 0 .005  M  

CdCb at either room tem perature or at 4 °C for three days and the change in the UV-Vis spectra 

is shown in Figure 4.29. Just as w hat was found in solution, the cation exchange process 

increases with tem perature, showing a larger exchange having taken place at room  

tem perature than at 4 °C. Since the exchange took an extended period to  take place, we decided 

to  increase further the rate o f exchange by using a higher concentration of CdCb, 0 .025  M , 

which is close to saturation. The electrode was immersed into this solution at room tem perature  

and the rate o f the exchange was then monitored every 10 minutes using a UV-Vis 

spectrom eter, giving the results shown in Figure 4.30.
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Figure 4 .3 0  U V-V is  absorption  spectroscopy (A ) a rid  p h o to c u rren t action  spectra  (B ) o f  PbS/CdS Q D  sensitised T1O 2 

e lectrode . G raph  A show s the  e ffe c t o f  cation  exchange using 0 .0 2 5  M  M e O H  so lu tion  o fC d C h  a t  room  te m p e ra tu re  i, 

grap h  B show s th e  p h o to c u rren t response o f  on e lec tro de  a fte r  RT cation  exchange

A fter allowing the exchange to take place for 1 hour, the photocurrent of the electrode was 

measured and is shown in Figure 4 .30 B. The resulting photocurrent was much low er than w hat 

was produced prior to exchange, which is shown in Figure 4.21, this effect increased further as 

the exchange was allowed to  take place, causing a complete loss of current. Therefore, it was 

judged that this exchange had the opposite effect as intended and in fact produced a significant 

decrease in photocurrent in the electrode.

The distribution o f the exchange was then investigated using SEM and EDX techniques. This was 

necessary to  determ ine if the exchange in fact had the same effect at all depths of the electrode 

or if exchange took place more readily at the surface than in the deeper pores of the electrode. 

Interestingly the signal for cadmium showed little change with depth (Figure 3.20 A,B and C) 

and so it could be assumed that the cadmium cation exchange took place at the same rate
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throughout the electrode. The total ratio of exchange was also determ ined from  the EDX 

spectra (Figure 4.31 D and E) showing a ratio of 3 .7 :1 , o f Pb to Cd, which correlates with the 

target of only a partial exchange having taken place.
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Figure 4 .3 1  S E M  a n d  EDX study o f  PbS/CdS  

sensitised V O 2  e lec tro de  o f  ~14  n m  thick TiO^ 

e lectrode . Im a g e  A shows a  S E M  cross section o f  

th e  T iO i e lec tro de  w ith  an EDX line  scan. Im ag e  

B shows th e  e le m e n ta l cross section o f  the  T1O 2  

electrode , w h ile  im a g e  C shows a  cross section o f 

the  e lec tro de  only focus ing  on the  d istribution  of 

lead , cad m ium  a n d  selenium  in th e  TiOz 

e lectrode . Im a g e  D show s the  ra tio  o f  Q D  load ing  

b y  com paring  the  p e rce n ta g e  o f  Cd, S, a n d  Pb 

re la tiv e  to  Ti w h ile  im ag e  E show s the  EDX 

spec tra  o f  the  e lec tro de  o b ta in e d  a t  a  d ep th  o f  7 
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4.5.2 Cation exchange o f CdSe to  Cu2Se to  PbSe QDs on Ti02
A second cation exchange process was undertal<en using CdSe sensitised T i02 electrodes, firstly  

converting th em  to  Cu2Se QDs and th en  to  PbSe QDs. To bring ab o ut th e  first conversion o f CdSe 

to  CU2 S it w/as carried using 0 .0 3  m M  T etrakis(ace ton itrile )copper(l) hexafluorophosphate  

M eO H  solution, w/hich is a source o f Cu The e lectro d e was im m ersed  into  th e  solution and  

th e  conversion was allow ed to  take place over 5 m inutes. The resulting UV-Vis spectra is shown  

in Figure 4 .3 2 . The blue line shows th e  original UV-Vis absorption spectra o f th e  e lectro d e  

before th e  conversion, a fte r w hich th e  signal changes in intensity and position hugely. Firstly, 

th e  absorption shifts strongly to w ard s th e  IR range, w ith  th e  evo lu tion  o f a broad absorption  

peak in th e  spectra, w ith  peak position a t ~ 1250  nm . This peak has been rep o rted  in lite ra tu re  

to  be due to  plasm onic absorption activ ity in Cu2Se. This unusual behaviour o f plasm onic activity  

in a sem iconductor is due to  th e  large levels o f intrinsic doping caused by nonsto ich iom etric  

ratio  o f Cu to  Se present in th e  QDs, producing Cu2 -xSe. The peak position has been rep o rted  to  

be a function o f th e  intrinsic p-doping w hile  interestingly th e  plasm on also is a function  o f the  

size o f th e  QD.^^® A fte r carrying out the cation tre a tm e n t th e  electrodes w e re  th en  exam ined  

using SEM and EDX as shown in Figure 4 .3 3 . This was carried out to  d e te rm in e  th e  e lem en ta l 

com position o f th e  e lectrode re lative to  th e  Ti as shown in Figure 4 .3 3  B, giving percentages of

70 .2  % Ti to  9 .6  % Se, 17 .3 % Cu and 2.9%  Cd w ith  th e  produced EDX spectra shown in Figure 

4 .3 3  C. Interestingly th e  electrodes still show ed a small percentage o f Cd present a fte r cation  

exchange, indicating th a t a co m p lete  exchange m ay not have taken  place. It is also w o rth  noting  

th a t th e  large value o f Cu present is to  be expected  since every Cd cation is replaced by tw o  Cu 

cations in th e  lattice.
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Figure 4 .3 2  G raph o f  UV-Vis absorptio n  o f  CdSe sensitized Ti02 e le c tro d e , th a t w as firs tly  exch an ged  to becom e a  Cu2- 

x 5 e  e lec tro de  a n d  then  a  second exchanged w as carried  o u t producing th e  PbSe e lec trode
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Following this, th e  e lectro d e w as th en  converted  to  PbSe using a second cation exchange and  

w as carried out by im m ersing th e  e lectro d e into a solution o f TBP (T rib u ty lp h o sp h in e )/M eO H , 

(1 /1 0 , v /v  ) 0 .0 75  M  solution o f Pb (aceta te ) fo r 2 hours in darkness. The resulting change in th e  

UV-Vis spectra is shown in Figure 4 .3 2 . PbSe is a small band gap (bulk 0 .2 8  eV) sem iconductor 

and th e re fo re  absorbs in th e  NIR. U n fo rtu n a te ly , an expected  peak representing  th e  first exciton  

absorption  is not visible in th e  UV-Vis and is an indication o f a large size d is tribu tion  in th e  

resulting PbSe QDs produced. This m ust have arisen during th e  cation exchange, since th e  initial 

CdSe QDs show a strong first exciton peak as seen in th e  spectra.

PTi
•Cu
ISe

Cd

70 2%

B

Cu
17 .3%

Se

Figure 4 .33 SEM and EDX o f Cu?Se QD sensitized nanoporous TiO^ electrode. Im age A shows a cross section o f the 3 .8  
/i/n  thick Ti02 electrode, with a point m arked showing the position o f the EDX spectra. Im age B shows the elem ental 
composition o f the electrodes, relating the loading o f Cu, Se, and Cd to Ti present.

EDX and SEM w ere  used to  analyse th e  film s and is show n in Figure 4 .3 4 . This w as used to  

co m p are  the ratio  o f Ti, to  Cd, Cu, Se, and Pb, as shown in Figure 4 .3 4  B giving 83 .7%  Ti, 9 .3%  

Pb, 3.9%  Se, Cd 1.7%  and 1.4%  Cu. This shows th a t th e  conversion has taken  place, replacing  

th e  m ajo rity  o f th e  Cu2Se QDs, w ith  Pb. U n fo rtu n a te ly  som e Cu is still p resent, indicating th a t  

th e  cation conversion did not reach com pletion . It can also be seen th a t a small am o u n t o f Cd 

is also present; this can be expla ined  again by assuming th a t th e  first conversion u nd ertaken  

fro m  Cd to  Cu also did not reach com pletion . The EDX line spectra m easured  across the  

thickness o f th e  e lectrode also shows a linear d istribution o f Pb re la tive  to  th e  T i02 thickness.
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showing the thickness of the electrode does not retard the cation exchange process as shown 

in Figure 4.34 A, B and C.

Lead La1
SeMnum Kal
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Lead U1
Saientum Ka1

Electron Image 1

Figure 4.34 SEM and EDX o f PbSe QD sensitised Ti02 
electrode distribution in a 7.3 um nonoporous Ti02 
electrode. Image A shows a cross section o f the TiOi 
electrode, w ith an EDX line cross section. Image B 
shows the elemental composition cross section as a 
function o f distance using EDX. Image C shows the 
elemental distribution o f only the QD related 
elements in the electrode. D shows the elemental 
ratio  o f Pb, Se, Cd, and Cu relative to Ti while image 
E shows the obtained EDX spectra o f the electrode 
obtained a t a depth o f 4 iim  in the TiO: layer.
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4.6 Conclusions

In c o n c lu s io n ,  w e  h a v e  d e m o n s t r a t e d  t h e  uti li ty  o f  EPD as  a m e a n s  t o  s e n s i t i s e  p o r o u s  TiOa 

e l e c t r o d e  w i th  a  r a n g e  o f  Q Ds a n d  QRs, a n d  t h e  e f f e c ts  o f  a n u m b e r  o f  p o s t  t r e a t m e n t s  u p o n  

t h e  re su l t in g  p h o t o c u r r e n t s  o f  t h e  e l e c t r o d e s  t e s t e d  u n d e r  i l lu m in a t io n .  T h e  s t u d y  b e g a n  by 

in v e s t ig a t in g  t h e  e f f e c ts  o f  a n u m b e r  o f  p r o p e r t i e s  u p o n  t h e  re la t iv e  s u c c e s s  o f  e l e c t r o p h o r e t i c  

d e p o s i t i o n  using  o le ic  a c id - c a p p e d  CdSe QDs a s  t h e  m o d e l  t e s t  s y s te m .  F ro m  th is ,  w e  s h o w e d  

t h e  n ov e l  o b s e r v a t io n  t h a t  t h e  a p p l ic a t io n  o f  DCM a s  a s o lv e n t  f o r  EPD h a s  a  h u g e ly  in f luen t ia l  

e f f e c t  u p o n  t h e  to t a l  lo ad in g  o f  e l e c t r o d e s  a c h ie v e d  f r o m  d e p o s i t i o n ,  in c r e a s in g  t h e  s u c c e s s  o f  

t h e  d e p o s i t i o n  t r e m e n d o u s l y .  W e  h a v e  a lso  d e m o n s t r a t e d  a u n iq u e  a d v a n t a g e  o f  EPD as 

s e n s a t i o n  m e t h o d  t o  Ti0 2  r e la t iv e  to  o t h e r  a p p r o a c h e s ,  d u e  t o  its abil i ty  t o  c a u s e  a  n e a r  u n ifo rm  

se n s i t i s a t io n  o f  t h e  p o r o u s  e l e c t r o d e  re la t iv e  t o  d e p t h ,  a l lo w in g  o p t im a l  s e n s i t i s a t io n  o f  t h e  Ti0 2  

e l e c t r o d e  fo r  QDSSC a p p l ic a t io n s .

F ollow ing  o p t im i s a t io n  o f  t h e  d e p o s i t i o n ,  w e  in v e s t i g a te d  t h e  d i f f e r e n c e  o f  QD lo ad in g  w h e n  

u s in g  CdSe QDs c a p p e d  w i th  o t h e r  l igands, in v e s t ig a t in g  t h e  d e p o s i t i o n  o f  ODA c a p p e d  CdSe 

Q Ds a n d  ODPA c a p p e d  CdSe QDs. F rom  th is ,  w e  d e t e r m i n e d  t h a t  ODPA c a p p e d  CdSe QDs 

s h o w e d  t h e  o p t im a l  p e r f o r m a n c e  u n d e r  EPD, b u t  o n ly  a f t e r  a n  a d d i t io n a l  c le a n in g  s t e p  t o  

r e m o v e  e x c e s s  l igan ds  p r e s e n t  a f t e r  ODPA c a p p e d  CdSe QD s y n th e s is  w a s  c a r r ie d  o u t .

P o s t  EPD s e n s i t i s a t io n  o f  Ti02 e l e c t r o d e s  t r e a t m e n t s  w e r e  t h e n  e x a m i n e d  w i th  t h e  a im  to  

in c r e a s e  t h e  re s u l t in g  p h o t o c u r r e n t  o f  t h e  p r o d u c e d  e l e c t r o d e s .  W e  h a v e  s h o w n  t h a t  t h e  u se  

o f  SILAR d e p o s i t i o n  o f  ZnS a n d  CdS b o th  s h o w  a la rge  in c r e a s e  in t h e  r e s u l t in g  p h o t o c u r r e n t s .  

W e  a lso  in v e s t ig a te d  t h e  e f f e c t  o f  ligand e x c h a n g e ,  u s ing  MPA a n d  HTAC, w ith  MPA s h o w in g  a 

s t r o n g  d e c r e a s e  in eff ic iency ,  w h ile  HTAC s h o w e d  a s t r o n g  in c re a se .

W e  t h e n  u s e d  EPD to  s h o w  its abil ity  t o  p r o d u c e  a r a n g e  o f  s e n s i t i s e d  TIO2 e l e c t r o d e  t h r o u g h  

EPD o f  a r a n g e  o f  c o r e  a n d  c o r e / s h e l l  QDs a n d  QRs inc lud ing  CdS QDs, PbS QDs, C dSe/C dS  QDs, 

C dS /C dSe  QDs, C d T e /C d S e  Q D s a n d  C dSe/C dS  QRs. T h e  p h o t o c u r r e n t  r e s p o n s e  o f  all e l e c t r o d e  

w a s  a lso  e x a m in e d  to  d e t e r m i n e  t h e  o p t im a l  m a te r ia l  fo r  p h o to s e n s i t i s a t i o n ,  w i th  CdS/C dSe 

a n d  C d T e /C d S e  c o r e / s h e l l  QDs, p ro d u c in g  p h o t o c u r r e n t s  o u t p e r f o r m i n g  t h e  b e lo w  p a r  lo ad ing  

a c h ie v e d .

Finally, w e  h a v e  s h o w n  t h e  nove l  ap p l i c a t io n  o f  c a t io n  e x c h a n g e  t o  e le c t ro p h o r e t i c a l ly  

s e n s i t i s e d  Ti02 e l e c t r o d e s ,  d isp lay ing  it abil ity  t o  c o n v e r t  a l r e a d y  d e p o s i t e d  CdSe QDs t o  C u 2-xSe 

Q Ds t o  PbSe QDs, s h o w in g  a s t r o n g  c h a n g e  in t h e  re su l t in g  a b s o r p t io n  s p e c t r a .  W e  a lso  u s e d  

c a t io n  e x c h a n g e  a s  a  m e a n s  t o  p r o d u c e  c o r e / s h e l l  PbS /C dS  QDs f r o m  PbS s e n s i t i s e d  Ti02
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elec trodes and have investigated its effect upon the  resulting pho tocurren t response, w/hich 

surprisingly showed a decrease  in current.
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Chapter 5 Quantum Dot Solar Cell Fabrication and 

Testing

5.1 Introduction

Over the past 10 years, a rapid developm ent of research involving the  incorporation o f colloidal 

quantum  dots into a range of third generation novel photovoltaic devices has taken place.

203, 343, 344 j|^g highest efficicncies to  date have been reported from  tw o  specific designs, 

QDSSCs^^^'^^^'and DHCQD cells,^®®-^ ’̂̂  which show pow er conversion efficiencies (PCE) o f over 

6 %, and have shown a steady increm ental rising year on year since th e ir appearance. 

Therefore, these devices deserve a particular attention .

QDSSCs consists o f tw o  electrodes, a photoanode and a counter electrode, which are immersed  

in an electrolyte. In chapter 4, the focus of the  w ork was sensitisation of Ti02 electrodes with  

quantum  dots. In this chapter, w e would like to  focus on production o f the  Ti02 electrode prior 

to  sensitisation, fabrication o f the  counter electrode and finally QDSSC testing.

Ti02 films deposited upon a transparent conductive oxide (TCO) coated glass is at present the  

most highly efficient photoanode in use for Q D S S C s ,th o u g h  a range o f o ther large band gap 

semiconductors show promising r e s u l t s . T h e  exact structure o f these Ti02 films is 

fundam entally  im portant to  the efficiency o f the photoanode w ith films com m only being 

produced from  e ither commercial sol gel pastes bought from  a num ber of DSSC companies 

specialising in the production of these pastes, or can be produced in house. These pastes consist 

of a sol of nanoparticulate Ti02, norm ally betw een the size ranges o f 10 to  40  nm in diameter, 

which are deposited usually using a doctor blading approach and then put though a precise heat 

trea tm en t at tem perature  up to  500 °C. This heat trea tm en t is necessary to  rem ove all other 

com ponents of the paste, producing a film  consisting o f sintered TiOz nanoparticles. The film 

when form ed correctly should consist of a nanoporous coating o f Ti0 2  w ith  thicknesses of up to 

20 nm. It should show excellent electrical contact to  the TCO m aterial below and mechanical 

robustness. The crystal phase o f the Ti02 are usually created from  anatase particles, though it 

has also been shown that a mix of rutile and anatase Ti0 2  can in fact produce the optimal 

electrode.^'*®

In addition to  the layer of 20 nm Ti02 particles, it is optim al to  also include the use of larger 200 

- 400  nm particles of Ti02 at the  top most layer of the photoaniode. This is due to  the ligĥ  

scattering properties tha t these much larger particles in fact produce, which has the effect of
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re fle c tin g  light in itia lly  n o t ab so rb ed  by th e  p h o to a n io d e  back in to  it, e ffe c tiv e ly  increasing  th e  

ab so rp tio n  co e ffic ie n t o f th e  cell, and  th e re fo re  increase th e  sh o rt c ircu it c u rre n t o f th e  cell.^^®

T h e  h ighest e ffic ien cy  QDSSCs re p o rte d  u tilise a p o lysu lp h id e  e le c tro ly te , as o pp o sed  to  th e  

c o m m o n ly  u tilised  tr iio d id e /io d id e  e le c tro ly te  fo u n d  in DSSC d e s i g n s . T h i s  is d ue to  

sta b ility  issues regard ing  o x id a tio n  o f  QDs by io d id e /tr iio d id e  based e le c tro ly te s , strong ly  

reducing  cell e ffic ien cy  and s tab ility , in d ica ted  by th e  loss in Q D  ab so rp tio n  fro m  exp o su re  to  

th is  e le c t r o ly t e .T h e r e f o r e ,  if a cell is to  be e ffic ie n t w ith  utilis ing  a po lysu lp h id e  e le c tro ly te , 

an a p p ro p ria te ly  ca ta ly tica lly  ac tive  c o u n te r e le c tro d e  m u st be a used. This is an im p o rta n t area  

o f o p tim iz a tio n  regard ing  QDSSCs w ith  a range o f  e le c tro d es  being te s te d  a t p res en t includ ing  

Au^^®, C o2Ŝ ^®, CuS^^°, Cu2S ^ ^ ^ ' a n d  p b s ^ ^ ^ ' S u l p h u r  based e le c tro d e s  a t p resen t  

h ave sho w n  th e  g re a te s t ac tiv ity , th o u g h  pose issues reg ard in g  s tab ility , d u e  to  d isso lu tion  o f  

m e ta l based su lph ides in to  th e  e le c tro ly te , causing loss o f ac tiv ity  q u ick ly  o v e r t im e , and  

c o m p le te  loss o f  ac tiv ity  in so m e cases. A resu lting  fa b ric a tio n  s tra te g y  to  c o m b a t th is issue has 

b e c o m e  ava ilab le  using m e ta l fo ils  o f  th e  ta rg e t m e ta l, w h ich  has b een  co n d itio n e d  to  p ro du ce  

a film  o f  th e  d esired  su lph ide u po n  th e  surface , th e re fo re  m ean s  th a t  as th e  active

are a  o f  th e  e le c tro d e  is d issolved in to  th e  e le c tro d e  it is co n tin u a lly  re g e n e ra te d  fro m  an  

in te ra c tio n  w ith  th e  p o lysu lp h id e  e le c tro ly te . T h e re fo re , in th is p ro je c t, Pb and  Cu m e ta l fo ils  

have b een  u tilised  to  p ro du ce PbS and CU2S c o u n te r e lec tro d es .

D H C Q D  cells are  fab ric a te d  v e ry  d iffe re n tly  re la tiv e  to  QDSSCs b u t a re  s im ila r in s tru c tu re . 

T h e  cell consists o f  a th in  film  o f  a large band gap  s e m ico n d u cto r o f  n -ty p e , usually  ZnO  o r T i02  

w h ich  is d ep o s ite d  on  th e  surface o f  th e T C O  co a te d  glass, a f te r  w h ich  a th in  film  o f CQDs (n e a rly  

exclusive ly  PbS )a re  d ep o s ite d  u po n  th e  surface and  fin a lly  a back e le c tro d e  o f  a large w o rk  

fu n c tio n  m e ta l, usually  gold, is d ep o s ite d  th us producing  a th in  film  solid s ta te  so lar cell. Though  

ZnO  has show n som e ex ce llen t results, fo r  th is  work,^°^ T i0 2  w as chosen  d ue to  its m o re  

accessib le p ro d u c tio n . T i0 2  is used since it is a w id e  band  gap  sem ico n d u cto r, sh ow ing  high  

s ta b ility , sim ple d ep o s itio n  ap p ro ach es  and  a p p ro p r ia te  VB and CB position  to  a llo w  charge  

c o lle c tio n  fro m  th e  CQ D ab so rb e r layer (usually  PbS). Also im p o rta n t to  th is  a p p lica tio n , is th a t  

a n a ta s e - T i0 2  show s intrinsic  co n d u ctiv ity  o f n -ty p e  and  so a llo w s  th e  fo rm a tio n  o f  a p -n  ju n c tio n  

b e tw e e n  th e  p -ty p e  PbS and n -ty p e  T i02. This n -typ e  c h a ra c te r is d u e  to  th e  p resen ce o f sub 

s to ic h io m e try  resu ltin g  in an excess o f Ti a to m s  an d  produces tw o  crystal d e fec ts  in th e  resu ltin g  

la ttic e , 0  vacancies and  Ti in te rs titia ls .

T h e  T iO j film s o f b e tw e e n  3 0 0  to  6 0 0  nm  in th ickness have b een  fo u n d  to  be o p tim a l fo r  DHCQ D  

cells and  in lite ra tu re  a re  p ro du ced  th ro u g h  spin coating.^®^ S pecifica lly , co m m erc ia l T i0 2  pastes
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used normally for DSSC fabrication are diluted with solvents found in th e se  pastes  (Terpineol, 

Heptanol, etc) to  concen tra tions  of 10-20% v/v of their  original concentrations.^®^ These are  

th en  deposited  upon th e  TCO glass using 1000 to  2000 rpm producing a thin film of pas te  upon  

th e  surface of th e  TCO glass. This is th en  put th rough  an identical heating program  used  for 

DSSC Ti02, producing th e  desired  nano-porous  film of TIO2 .

After deposition of th e  TiOz, a layer of CQD is deposited  upon th e  surface of th e  e lec trode. These 

QDs are  initially coa ted  in a layer of long chain organic ligands (e.g. oleic acid), which are  th en  

exchanged with a short  chain polar ligand (e.g. 3 -m ercap topron ic  acid). After th e  exchange 

takes  place, th e  spacing b e tw een  QDs is reduced  allowing for b e t te r  charge transpor t,  due  to  

th e  much sh o r te r  ligand. To produce a continuous layer of th ese  CQDs, which show no cracks 

in th e  film, th e  ligand exchange process m ust be rep ea ted  a n u m b er  of times, each  t im e only 

depositing a minimal thickness of QDs (10-20 nm). This is because of film shrinkage af te r  th e  

ligand exchange, which causes  cracks and voids in th e  film. Gradually over a nu m b er  of cycles 

of deposition, a film of th icknesses of b e tw een  250 and 400 nm is deposited  of th e  QDs, which 

has been  found to  be th e  optimal t rade-off  b e tw een  m aximum photon  absorp tion  and effective 

charge separation . The m ost commonly reported  process to  achieve this deposition is th rough 

e i ther  dip coating or spincoating.

A nother type  of QD based cell th a t  has shown a level of success is th e  QD d o p ed -o rg an ic  solar 

cell 356-358 |\/]Qst of thes6  designs use CQDs as an additive to  an already successful organic 

solar cell, as a m eans  to  improve overall PV efficiency, by increasing th e  light harvesting ability 

of th e  cell, though relatively recen t work has becom e much m ore  similar to  DHCQD cells, in 

which a QD film is used as ab so rb er  and tran sp o r ta t io n  layer.®®- After identifying th e

relatively unexplored ca tegory  of discotic liquid crystal (DLC) solar cells,^®®'^^°' it was decided 

th a t  it would be interesting to  explore th e  effect of QD incorporation into th e se  co m pounds  to  

a t te m p t  to  produce an effective and  novel PV cell. This w as due  to  a n u m b er  of recent 

publications dem onstra t ing  novel interactions b e tw een  liquid crystals and a range of 

nanom ate ria ls  such as gold NPs,^®  ̂graphene^®^ and q u an tu m  dots.^” ’̂ ®̂
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The tw o  discotic  liquid crysta ls  t h a t  have  b e e n  s tu d ie d  fo r  th is  p ro jec t  a r e  

2 ,3 ,6 ,7 ,10 ,11 /H exahexy loxy - tr ipheny lene  (H6TP) (Figure 5.1 B) an d  l ,5 -d ih yd roxy -2 ,3 ,6 ,7 -  

te t r a k is (3 ,7 -d im e th y lo c ty lo x y ) -9 ,1 0 -an th raq u in o n e  (RTAQ) (Figure 5.1 A). H6TP is a m e m b e r  of  

t h e  t r ip h e n y le n e  family an d  a t  e le v a te d  t e m p e r a t u r e  ( b e tw e e n  5 5 -90  °C to  120 ”C) exists  in a 

c o lu m n a r  liquid crystal p h a s e  while  a t  ro o m  t e m p e r a t u r e  it is in t h e  crysta lline solid phase .

It is a w id e  b an d  gap  s e m ic o n d u c to r  sh o w in g  little visible a b s o rp t io n .  RTAQ is a m e m b e r  of  

t h e  a n th r a q u in o n e  g ro u p  of  liquid crystaP^^-^®^'^®^ chem ica l  family an d  is a ro o m  t e m p e r a t u r e  

discotic  liquid crystal show ing  a d iscotic liquid p h a s e  b e lo w  115.7  °Ĉ ®'* a b o v e  w hich is t h e  

iso trop ic  ph ase .  It sh o w s  s t ro n g  ab s o rp t io n  in t h e  visible ran g e  a n d  w as  firstly sy n th e s ise d  in 

2008.^®'* To d a t e  a QD DLC ceil has  n ev e r  b e e n  t e s te d ,  w hile  w ork  sh o w in g  t h e  in c o rp o ra t in g  o f  

QDs in to  t r ip h e n y le n e  DLCs has  sh o w n  a posit ive e f fec t  u p o n  t h e  overall  conductivity.^^^

B

OR .OR

OR

Ofl O

Figure 5.1 The tw o liquid crystals utilised in this study were RTAQ (l,5-dihydroxy-2,3,6,7-tetrakis(3,7- 
dim ethyloctyloxy)-9,10-anthraquinone (im age A), and  H6TP (hexahexyloxy-triphenylenej(im age B). While when 
constructing a DLC solar cell, PDI, a soluble perylene diamide, (N ,N 9-bis(l-ethylpropyl)-3,4,9,10-perylenebis) (image  
C) w as utilised as an acceptor.

T h e re fo re ,  fo r  th is  p a r t  o f  o u r  w ork  w e  plan to  inves tiga te  th e  electrical conduc tiv i ty  p ro p e r t ie s  

o f  DLCs d o p e d  w ith  a ran g e  of QDs w ith  d if fe ren t  ligand shells  an d  b a n d  gaps .  T hen  w e  a im  to  

build n e w  PV cells in co rpo ra t ing  QD d o p e d  DLCs. The first s im ple  PV cell des ign p ro p o s e d  

in c o rp o r a te  discotic  liquid crystal an d  q u a n tu m  d o ts ,  w hich will be  sp in c o a te d  u p o n  a g lass slide 

o f  f luorine ,  d o p e d  tin ox ide c o a te d  glass. For th is  device ,  it is e x p e c te d  th a t  a d o n o r  a c c e p to r  

sy s te m  will be  s e t  up  b e tw e e n  t h e  QDs an d  t h e  DLC, w ith in  w hich  t h e  e l e c t ro n s  will m ig ra te  

t h r o u g h  o n e  m a te r ia l  to  th e  a lu m in iu m  back e lec t ro d e ,  w hile  ho les  will m ig ra te  to w a r d s  th e  

FTQ f ro n t  e le c t ro d e .  The s e c o n d  des ign  will in c o rp o ra te  t h e  u se  o f  a s e c o n d  o rgan ic  m olecu le ,
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a so lu b le  p ery len e  d ia m id e  (PDI), (N ,N 9 -b is ( l -e th y lp r o p y l) -3 ,4 ,9 ,1 0 -p e r y le n e b is )  (Figure 5 .1  C). 

This has b e e n  s h o w n  to  act  as an a c c e p to r  for  o th e r  DLC m o le c u le s  su ch  a s  HBC-PHC12 

(d o d e c y lp h e n y l- su b s t i tu te d  h e x a b e n z o c o r o n e n e )  in DLC solar cell d e s ig n s  and p o s s e s s  a high 

ch arge  mobility.^®® P ery len e  d iim ides  h a v e  a lso  s h o w n  th e  ability t o  act  as  e ff ic ien t  

p h o to se n s it iz e r  to  ITO in co n ju n ct ion  w ith  CdSe QDs/®® w h ile  e f f ic ien t  FRET p r o c e s s e s  have  

b e e n  d e m o n s t r a t e d  b e t w e e n  CdSe/ZnS an d  o th e r  highly su b st itu ted  p e r y le n e  diimide.^®^

5.2  Aim

The fo c u s  o f  th is  w ork  w a s  t h e  d es ign ,  fabrication  and te s t in g  o f  t h r e e  d if fer en t  d e s ig n s  o f  QD 

b a sed  so lar  cells ,  a q u a n tu m  d o t  s e n s i t is e d  so lar cell (QDSSCs), a d e p le t e d  h e ter o ju n c t io n  

collo idal q u a n tu m  d o t  (DHCQD) solar cell and  a n ovel organ ic  solar cell d e s ig n  b a se d  u p o n  DLC. 

Regarding QDSSCs, th r e e  d if feren t  CE e l e c tr o d e s ,  Pt, PbS and CU2S, will b e  fabr ica ted  and  

a n a ly sed  a fter  w h ich  th e y  will b e  t e s t e d  in a c o m p le t e  QDSSC d esign .  Multi layered  f ilm s o f  Ti02  

will b e  d e v e lo p e d  and ch a ra c ter ised  as p h o t o a n io d e s  for th e  QDSSC ce l ls  a lso .  Finally, 

p h o t o a n io d e s  incorporating  a range o f  QDs d e p o s i t e d  through  t h e  EPD d isc u sse d  in ch a p te r  5 

ap p ro a ch  will b e  t e s t e d .  C oncern in g  t h e  DHCQD cells ,  w e  will d e m o n s t r a t e  t h e  u se  o f  s e le c t iv e  

e tc h in g  o f  FTO su b s tr a te s  as  a m e a n s  to  p ro d u c e  m ultip le  ce lls  u p on  a s in g le  FTO slide. A u n iq u e  

a p p ro a ch  to  Ti0 2  thin film d e p o s i t io n  will b e  t h e n  d e m o n s t r a t e d  u sing  heavily  d ilu ted  Ti0 2  

co m m er ica l ly  so u r c e d  p a s te s .  This will t h e n  b e  f o l lo w e d  by QD d e p o s i t io n  th rou gh  th e  

d e v e l o p m e n t  o f  a n ovel dip c o a t in g  a p p roach  involving ligand e x c h a n g e ,  en a b lin g  t h e  d e p o s i t io n  

o f  PbS, CdSe and CdSe/CdTe QDs. S u b seq u e n t ly ,  t h e  cell will b e  c o m p le t e d  th rou gh  s e le c t iv e  

go ld  d e p o s i t io n  t o  p ro d u c e  t h e  c o m p le t e d  DHCQD cell d es ign ,  w ith  e f f ic ien cy  ch arac ter isa t ion  

o f  t h e  resu lting d ev ic es .  Finally, regarding DLC cells ,  w e  will firstly ch a ra c ter ise  t h e  d isco t ic  liquid  

crysta ls  H6TP an d  RTAQ in so lu t ion  and in solid p h a se .  This will t h e n  b e  f o l lo w e d  by fabrication  

o f  a range o f  DLC c o m p o s i t e s ,  cr e a te d  b e t w e e n  a range o f  QDs, ligands and e l e m e n t a l  Se t o  

d e t e r m in e  th e  e f f e c t s  u p on  t h e  resu lting optica l,  electrical p ro p er t ie s  o f  t h e s e  films. Follow ing  

this ,  w e  plan t o  in v es t ig a te  a range o f  p oss ib le  DLC cell d es ign s ,  involving t h e  in corporation  o f  

PDI a s  an a c c e p to r  in s o m e  w ith  t h e  aim  to  p ro d u c e  a w orking d e v ic e .
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5.3 QDSSC Cells

The first typ e  o f q u an tu m  dots solar cell w e w ill focus on is th e  q uan tu m  d o t sensitised solar cell 

(QDSSC) (C h ap ter 1, Figure 1 .13 ). The studies carried  o u t have has been  separated  in to  

production  o f th e  pho toan od e and th e  co u n te r e lectro d e, fo llo w ed  by investigation o f th e  

resulting QDSSCs.

5.3.1 Counter Electrodes
T hree  d iffe re n t electrodes have been fab rica ted  and tes ted  in QDSSC designs to  d e te rm in e  th e ir  

effectiveness upon th e  effic iency o f th e  cell. The e lectrodes exam ined  w e re  Pt n an opartic le  on 

FTO, CU2S and PbS. The electrodes w ere  stud ied  by EDX, SEM , and cyclic v o ltam m etry  

techniques.

5.3.1.1 PbS counter e lectrode

Figure 5 .2  Photos o f the original Pb Foil and the PbS counter electrode produced fro m  this.

The PbS e le c tro d e  is fab rica ted  fro m  a 0 .1  m m  th ick Pb fo il w ith  th e  original foil and th e  

produced e lec tro d e  shown in Figure 5 .2 . The surface o f th e  Pb foil was firstly  converted  fro m  

Pb foil to  PbS0 4  th rough  a tre a tm e n t in 9 M  H2S0 4 at 60  °C fo r 1 hour. The e lec tro d e  was th en  

w ashed w ith  deionised w a te r  and th en  im m ersed  into  an aqueous so lution o f 1 M  N a2S and 1 

M  S fo r 24 hours, producing PbS. This was th en  exam ined  using SEM and EDX as shown in Figure 

5 .4 . SEM w as used to  exam ine th e  change in surface m orphology fro m  th e  tw o  step tre a tm e n t  

carried  o ut, showing th e  clear change in m orphology going fro m  th e  re la tive  sm ooth surface Pb 

foil (Figure 5 .4  A) to  th e  roughened surface o f th e  PbS0 4  (Figure 5 .4  B) and th en  fina lly  th e  

strong change in m orphology th a t occurred w h en  converting  to  PbS (Figure 5 .4  C). The  

e le m en ta l com position  o f th e  resulting PbS e le c tro d e  was th e n  exam in ed  w ith  th e  use o f EDX 

spectroscopy as show n in Figure 5 .4  E, w ith  th e  e le m en ta l ra tio  b e tw ee n  Pb and S show n in 

Figure 5 .4  D. The EDX show ed th e  presence o f su lphur in th e  spectra, w h ile  th e  resulting  ra tio  

d e te rm in e d  w as 20 % S to  8 0  % Pb ra tio , indicating th e  fo rm a tio n  o f a PbS surface coating upon  

th e  electrode.^®^
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5.3.1.ii CU2 S counter electrode

Quantunn Dot Solar Cells

1

Brass

Figure 5.3 Photos of original brass foil artd the produced Cû S coated foil produced from this.

CU2 S electrode was produced from a 0.1 mm foil of brass (alloy 260, Cu 68.5-71.5  %, Pb 0.07 % 

max, Fe 0.05 % max, Zn remainder) with the brass foil and produced electrode shown in Figure 

5.3. The brass foil was firstly treated in a bath of concentrated HCI solution for 30 minutes. The 

function of this was to etch the Zn out of the brass foil surface, leaving a purely copper surface. 

This produced a reactive Cu surface, which was then converted to CU2 S. This was carried out by 

immersing the electrode into an aqueous solution of 1 M  Na2S and I M S ,  for 10 minutes. 

Following this, the electrode was analysed with the use of SEM and EDX and is shown in Figure 

5.5. SEM showed a huge change in the morphology from the smooth Brass electrode (Figure 5.5 

A) to CU2 S with complex microstructure and morphology (Figure 5.5 B). EDX was then utilised 

to determ ine the elemental composition of the electrode before (Figure 5.5 C and E) and after 

treatm ent (Figure 5.5 D and F). The elem ental makeup of the brass foil was determ ined to be 

Zn 31.8 % relative to Cu 68.2 % before treatm ent, which was then shown to convert to Cu 64 %, 

Zn 28.5 %, and S 7.5 % after treatm ent, confirming the formation of a CU2 S surface coating. 

Brass foil was used instead of a purely copper due to the presence Zn, which helps to form a 

more stable support for the CU2S film.
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Spectrum 1

Figure 5 .4  S E M  im ages  o f  th e  th ree  stages in m a te r ia l as the  orig ina lly  pu rchased  P b fo il ( im a g e  A ) is f irs tly  converted  

to  PbS0 4  ( im a g e  Bj a n d  then  to  PbS (im a g e  C) to  prod uce  th e  desired  PbS co u n te r e lec trode . G raph D a n d  E shows the  

e le m e n ta l com position o f  th e  PbS f ilm  d e te rm in e d  using EDX spectroscopy.
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Figure 5.5 SEM images o f brass fo il before and after treatment to produce the Cu^S electrode. The elemental 
composition of the foils was examined using EDX and compared to the original films described in the spectra and pie 
charts o f both.
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5.3.1.iii Platinum counter electrode

1

R  

coated 

FTO FTO

Figure 5 .6  Photos showing the original FTO glass and the Pt coated FTO glass counter electrode

The Pt electrode was produced by dropcasting a solution of chloroplatinic acid upon FTO glass, 

which was then converted to Pt by heating to 400 °C. The resulting electrode is shown in Figure 

5.6 and was characterised using SEM (Figure 5.7). We can see a thin film of Pt upon the FTO 

glass showing darkened areas of thicker Pt deposits and areas of lighter colour containing more 

dispersed Pt crystals as shown (Figure 5.7 B). The UV-Vis absorption spectra of the resulting 

electrode showed a featureless absorption curve, slowly increasing form longer wavelengths to 

shorted wavelengths.

A

Pt

5 pm

Figure 5 .7  SEM o f Pt coated FTO glass. Image A shows the darker distributions o f the Pt on the FTO glass, with image 
B showing the fine details o f distribution o f smaller Pt crystals upon the FTO surface not fully coated.

Pt

^  100 I
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5 .3 .1 .iv  Cyclic V o ltam m etry  o f counter electrodes

Cyclic vo ltam m etry  was then  used to  d e term in e  the activity o f the  th ree  fabricated  coun ter  

electrodes (Figure 5 .8 ). The electrodes w ere  tested  w ith  a scan rate o f 0 .05  V /s  in a solution o f 

0,5  M  KCI, 20 m M  N a2S and 5 m M  S from  -1 V to  0 V. The resulting graphs show ed a large  

difference in activity betw een  th e  Pt e lectrode and the  PbS and CU2S electrode, w ith  th e  curren t 

density being produced w ith  Pt ranging from  only - 5 .22  x 10 '* mA/cm ^ to  1.52x 10 '' m A /cm ^  

which w hen com pared to  CU2S which show ed a range o f to  - 0 .01  A/cm^ to  + 0 .0 3 1  A/cm ^  

ranging, w hile  PbS showed - 0 .01  m A/cm ^ to  + 0 .007  mA/cm ^. Thus, th e  m eta l sulphides 

dem onstrated  much higher activity than Pt, w ith  CU2S showing a slightly increased activity over 

PbS. The reason fo r low activity o f the Pt concerning sulphide-based e lectro lyte  is due to  sulphur 

poisoning of th e  Pt active surface, im pairing th e  overall activity o f this electrode.^®®

A B
 Cu,S
 PbS
 PI
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001  •

0 .0 0 -
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Figure 5 .8  Cyclic vo ltam m etry  o f  th ree d iffe ren t electrodes fo b rico ted  fo r  QDSSC cells, CU2 S, PbS an d  Pt electrode. 

These w ere  tested w ith  a  scan ra te  o f  0 .0 5  V /s in a  solution o f 0 .5  M  KCL, 2 0  m M  N 0 2 S an d  5  m M  S. G raph A shows 

the com bined th ree d ifferen t electrodes, while graph B shows the Pt electrode on a reduced scale. The current ranges  

from  5 .2 2  xlQ-^ m A/cm ^ to 1 .5 2x  lO  '^ fo rP t w hile a  cu rren t o f  Cu^S o f 0 .0 31  A /cm ^ rang ing  to  - 0 .01  A/cm ^, w hile  + 

0 .0 0 7  A/cm ^ to - 0 .01 A /cm ^for PbS.

5.3.2 Photoaniode: Ti02 Electrode
Porous Ti02 electrodes used fo r QDSSCs w ere  produced through the  deposition o f th ree  distinct 

layers o f T i02o n  FTO coated glass and w ith  the  overall design shown in Figure 5 .9 . The electrode  

consists o f an initial bulk layer o f T i0 2 , fo llow ed  by a porous T i0 2  layer consisting o f 20 m m  T i0 2  

anatase particles and finally a scatter layer consisting o f much larger 200  nm  Ti02 particles. The  

fabrication o f each layer is deta iled  below.

Sintered 200 
nm TiOj

BulkTiOj

Glass

2-4 um

, 4-12 (im

'5 0  nm
-300  ntn

Sintered 20 nm 
anatase TiOj

fluorine doped 
tin oxide(FTO)

Figure 5 .9  D iagram  o f T1O 2  electrode produced fo r  QDSSC cells
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5 .3 .2 .i Bulk Ti02 Layer

The first layer consisted o f bulk T i02 layer o f b e tw e e n  2 0 -5 0  nm  in th ickness. This layer w as  

d ep os ited  upon th e  a lread y cleaned FTO glass surface. The fu n c tio n  o f th is layer is to  increase  

th e  ad h eren ce  o f th e  su bsequent 2 0  nm  T i0 2  next layer, giving an exce llen t electrica l connection  

b e tw e e n  th e  layers. This w as d eposited  using an aqueous so lution o f 0 .3  m M  TiCU th a t w as drop  

cast upon th e  surface o f th e  glass, and a llo w ed  to  dry fo r  30  m in u tes  in an oven  set to  125  °C. 

The fin ished  p roduct show ed a very  slight change in co lour, show ing a m in o r increase in UV-Vis  

ab so rp tion . The resulting  film  thickness and d is tribu tion  w as th en  analysed w ith  th e  use o f SEM  

and is show n in Figure 5 .1 0 , d e te rm in in g  th e  film  thickness to  be 5 0  nm . It w as also found  th a t  

th e  layer show ed exce llen t ad h eren ce  and n ear p erfec t surface coverage, show ing no surface  

cracks. W h ile  th is w as found  w ith  th e  ab o ve approach, it w as also estab lished  th a t th e  use o f 

higher co n centra tion s (~1 m M ) o f TiCU so lution produced  a coating  show ing a w id espread  

cracked surface and loss o f transparency o f th e  FTO glass and th e re fo re  a sub -o p tim a l layer 

(see A ppendix  E, Figure 7 .1 3 ). The sh eet resistance o f th is FTO glass b e fo re  coating  w as  

d e te rm in e d  to  be 2 5 .5 7  Q /m ^  using a 4 -p o in t p ro be setup , w h ile  a fte r  coating  th e  sheet 

resistance w as m easured  and show ed an expected  increase to  1 2 0 .8 9  0 /m ^ .

FTQ .
I : '

1 Mm , ^

200 nm

Figure  5 .1 0  S E M  o f  T1O 2 bu lk  la y e r  

d e p o s ited  up on  FTO glass c re a te d  th ro u g h  

th e  d ro p ca s tin g  o f  a  0 .3  m M  aqueou s  

so lu tion  o f  TiCU Im a g e  A a n d  B show s the  

d a rk e r  FTO la y e r  c o a te d  in a  la y e r  o f  Ti02, 

n o tin g  th a t  th e  FTO w a s  exp osed  w ith  the  

use o f  a  glass f ile . Im a g e  A w a s  p ro d u ced  

by  th e  in b e a m  d e te c to r  w h ile  im a g e  B is 

p ro d u c e d  using th e  m o re  Z  n u m b er  

sensitive asb d e te c to r, a llo w in g  f o r  c learer  

im a g in g  o f  th e  FTO a n d  B ulk TI02 layer. 

Im a g e  C show s a  s ide  p ro file  o f  th e  FTO  

c o a te d  glass show ing  a  th in  c o a tin g  o f  TI0 2  

upon th e  u p p e r su rfac e  o f  th e  FTO, 

m ea s u rin g  <  5 0  n m  in thickness.
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5.3.2.i Porous 20 nm T5O2 layer

The second porous layer consisted of 20 nm anatase Ti02 nanoparticles, which were sintering 

into a porous continuous film .T h e  function of this layer is to act as the  absorption layer, which 

can be sensitised through disposition of dye in a DSSC or in this case QDs. Therefore this layer 

should be relatively thick and highly porous, in order to  maximize the  surface area of the Ti0 2  

that can be sensitised, w ith  thickness reported in literature ranging from  6-15

This layer was produced using a commercial Ti02 sol paste consisting of 20 nm nanoparticles 

(Dyesol, T90) which was deposited by doctor blading w ith the use of a screen printer, producing 

an electrode o f 1 x 3 cm in stze. A fter depositing this layer, the  solvent was rem oved by heating 

to  125 °C, which was vital to  allow the deposition of a thick layer of Ti02, since excessive 

degassing can cause cracking in the  film . Following this, another layer o f 20 nm TiOa layer was 

deposited upon the surface of the first layer using the screen printer and was repeated a 

num ber o f times, w ith each extra deposition increasing the thickness o f the electrode. The 

electrode was then put through a m ulti-step heating process, which removed all o f the  organic 

constituents o f the layer, and caused a partial fusing o f the 20 nm nanoparticles into a 

continuous porous film.

TiOz layer 1

T1O2 layer 2

2 (jm

Figure 5.11 SEM images o f nanoparticuiate TiOi surface on FTO glass. Im age A is looking down on the film , and shows 
a continuous TI02 coating, with no visible cracks., this SEM also shows the overlap o f three Ti02 coatings. Image B 
shows a cross section o f a 4 layer TiOi electrode which shows a continues film , measuring 12 pm  in thickness.

The number of cycles of deposition was optimised since it was found that excessive deposition
0

produced a film with numerous cracks, which crumbled o ff the glass surface easily or was 

removed under electrophoretic deposition. (Example SEMs can be seen in Appendix E, Figure 

7 .14  ) The deposited layers were examined with the use of SEM and is shown in Figure 5 .H - 

was found that a four layer deposition was optimal and produced a film of thickness of over 12 

|im , showing a continues coverage of the  glass substrate, w ith no visible cracks and excellent
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surface adhesion. The increase in thickness as subsequent depositions were carried was also 

examined using UV-Vis absorption spectra and is shown in Figure 5.12. The resulting film shows 

a steady increase in absorption in the UV range of the spectra while still showing excellent 

transparency in the visible range, therefore making it ideal for light harvesting through 

sensitisation.

 1 TK)j layer
 2 TiO, layers
 3 TK), layers
 4 HOj layers

0 .8 -

3
0 .6 -

0 .4 -

<

0 .2 -

0 0
400 500 600 700 800

Wavelength (nm)

Figure 5 .1 2  This UV-Vis absorption spectra o f  a  FTO coated glass w ith a  differing num ber o f  porouse V O 2  layer 

deposted upon its surface. The spectra shows the change in absorption os the num ber o f  TiO? layers are depopsted  
while also expressiones the excellent transpancy o f  this film  to visible absorption even w ith 4  layers which equates to 

a  thikness o f betw een 10 -1 2  ^ m  o f  TiO?

TEM was also used to examine the 20 nm TiOa after sintering and is shown in Figure 5.13. The 

Ti02 particles were confirmed to be within the 20-30 nm range (Figure 5.13 A), with particles 

also showing a high level of crystallinity, which was confirmed by HR TEM showing lattice fringes 

and which equated to a spacing of 0.165 nm which corresponds to the (211) lattice of anatase 

and is shown in Figure 5.11 B (Anatase phase also confirmed by Raman spectroscopy see Figure 

5.24 A).

Figure 5 .1 3  TEM  im ages o f the 2 0  nm  T1O2  nanoparticu late a fte r  s in tering.Im age A shows a  num ber o f  the TiO j 
crystals, while im age B shows the la ttice  fring es produced fro m  these samples under HRTEM  exam ination, showing a 
spacing o f 0 .1 65  nm  which m atches to the (2 11 ) la ttice  plane o f an atase Ti02.
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5.3.2.ii TiOa Scatter layer

Figure 5 .1 4  Photos o f  tran sp a ren t V O 2  e lectrode (A) producer) fro m  4  layers o f  screen p r in te d  SOT Dyesol 2 0  nm  T1O2  

paste , an d  th e  sam e electrode (B) incorpora ting  a 5 th  lig h t scattering  lay er consisting o f  s in tered  2 0 0 n m  TIO2  

particles.

Following deposition erf th e  nanoporous TiOa la^ser, a third distinct layer of Ti02 was screen 

printed upon it, using a d ifferent commercial sourced Ti0 2  paste consisting of 200 nm Ti02 

nanoparticles (WER2, Dyesol).. This layer produces an opaque w hite film, which reflects the 

m ajority of incident light upon it as shown in Figure 5.14. Therefore the function of this film is 

to  act as a reflector/scatter layer upon incident photons which have passed through the 

absorber layer w ithout absorption, scattering this light back into the absorption layer, which 

has the effect o f increasing the light harvesting ability o f the electrode. A single scatter layer 

was deposited upon the electrodes, and was carried out before putting the entire electrode 

through the already discussed heating cycle. SEM was used to  image the resulting electrode and 

is shown in Figure 5.15. These show the scatter layer sitting on top  o f the porous Ti02 film (Figure 

5.15 A ) , producing a layer of 3 pim in thickness , while the cubic shape of the ~ 200n m Ti02 is 

shown Figure 5.15 B.

. - I :
Porous 20 nrrt Ti02

Figure 5 .1 5  SEM  im ag e  (A) o f  side pro file  o f  a  T iO i e lectrode consisting o f 1 0  n m  thick layer, o f  2 0  nm  sintere 

n an o p articu la te  layers, B is a top  view  SEM  im age  o f  a  3  p.m thick s c a tte r lay er consisting o f  2 0 0  nm  sintere 

nanocrystals.
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UV-Vis absorption spectra was used to  show th e  resulting increase in Ti02 electrode absorption  

and is shown Figure 5 .16  A, displaying a huge increase across th e  visible spectrum . Also a 

dem onstration  o f th e  increased photon harvesting o f this e lectrode was carried o u t using 

photocurren t response and is shown in Figure 5 .16  B. This dem onstrations an impressive 

increase in pho tocurren t from  0 .5 6  m A/cm ^ to  0 .71  m A/cm ^ w hen com paring tw o  Ti02  

electrodes, w ith  and w ith o u t a Ti0 2  scatter layer, both  o f which electrodes w ere  sensitised w ith  

CdSe QD. This equates to  an increase o f 27  % in photocurren t which also should result in a 

sim ilar increase in overall QDSSC efficiency.

A B
CdSe OO' 4 layer T O , electrode, sensitised 

Scatter ♦ 4 l a ^  T O , elactrode. sensitised

o . e -

0.4-

E
UJ

0.0
60 7030 40 9020

3  25

I

900 1000500 600 700 000400

Wavelength (nm) Time (s)

Figure 5 .16  Image A shows the UV-Vis absorptiori spectra o fT IO i electrode with scatter layer, demonstrating the large 
absorption o f these electrodes. Image B shows the photocurrent response o f CdSe QD (4.4 nm) sensitised Ti02 showing 
the effect o f the inclusion o f the scatter layer producing an increase from  0.56 mA/cm^ to 0.71 mA/cm^producing a 
27% increase in current

5.3.2 .iii Post trea tm en t

It is also com m only re p o rted ” '’ th a t an excellent final post tre a tm e n t to  carry out on T i02  

electrodes a fte r deposition and sintering is to  im m ersing th e  e lectrode into  a solution o f 20 m M  

TiCU solution. This has been reported  to  increase th e  w orkfunction  o f th e  T i02 layer, and 

th e re fo re  increase th e  efficiency o f th e  e lectrode  w hen  tested  in cells, through th e  deposition  

o f a th in  film  o f bulk T IO 2 upon th e  e lectrode. T herefo re  a fte r trea tin g  an e lectrode in this 

m anner by leaving it im m ersed in th e  solution fo r 10 m inutes, sensitization o f th e  e lectrode was 

then  a tte m p te d  using e lectrophoretic  deposition. U n fortunate ly , it was found th a t a large drop  

in CdSe QD loading occurred. It seems due to  th e  post tre a tm e n t th e  e lectrophoretic  deposition  

process becom es fa r less successful, th e re fo re , this approach was not utilised fu rth e r in T iO i 

electrode fabrication.
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5.3.3 IV Testing o f QDSSC Solar Cells

5.3.3.i IV testing of Closed QDSSC Cells

QDSSC cells were fabricated from counter electrodes, Ti02 photoaniodes and a polysulphide 

electrolyte composed of an aqueous solution of 2 M S and 2 M Na2S. The photoanlode and 

counter electrode were separated using a 60 |im thermoplastic gasket, which was heat treated  

to join the two electrodes at 125 °C for 10 minutes. Following this, the cell was filled with the 

electrolyte using a specially designed syringe and then sealed. The cells were then immediately 

tested under AM 1.5 illumination with the resulting IV curves of the most successful cells shown 

in Figure 5.17and these results summarised in Table 5.1.

Table 5.1 This shows the result of QDSSC cell testing under AM 1.5, 1 sun illumination, showing the resulting 
characteristics of the cells determined by measuring the IV response of the produced cells

Cell 1 (CdSe 

QDs, 4.4 nm,)

Cell 2 (CdSe 

QDs, 3.6 nm,)

Cell 3 (CdSe QDs, 

3.6 nm, no scatter)

Cell 4 (CdS/CdSe 

QDs, 4.5 nm)

Cell 5 (PbS QDs, 

3.2 nm)

1 sc (mA/cm^) 2.08 2.46 0.89 0.83 0.84

V o c ( V ) 0.28 0.24 0.46 0.28 0.25

Fill factor (%) 38.29 32.00 24.37 40.72 43.5

Cell size (cm^) 0.28 0.28 0.28 0.28 0.28

PCE (%) 0.22 0.19 0.10 0.09 0.12

The highest efficiency closed QDSSC produced to date was cell 1 and utilised EPD oleic acid 

capped CdSe QDs (4.4 nm) (synthesised in section 3.3.3 ), producing a PCE of 0.22 % under 

illumination. Other CdSe based cells tested included the use of oleic acid capped 3.6 nm CdSe, 

which brought about a drop in PCE performance to 0.19 % due to the smaller CdSe QDs applied. 

It was also shown that a significant drop in efficiency occurred when utilising a Ti02 photoaniode 

w ithout a scatter layer, which is shown in cell 3, producing a PCE of 0.10 % from a CdSe QD (3.6 

nm) based cells. Some of the more complex core/shell QDs have also been incorporated in 

QDSSC cells , though only CdS/CdSe QD cells (synthesised in section 3.3.7 ) showed efficiency 

above 0.05 % , giving a PCE of 0.09 %. Apart from Cd based QDSSCs, PbS QDs (3.2 nm) 

(synthesised in section 3.3.5 ) was also tested and produced a PCE of 0.12 %.
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Figure 5 .17  IV curves of the QDSSC cellsshowing the 
change in response o f the cells under AM1.5  
illumination, 1000 W/m^- given by the l ig h t ' line, 
vi/hile the cells performance under darkness is given 
by 'Dark' line. Graph A is cell 1 (CdSe QDs), Graph B 
is cell 2 (CdSe QDs), graph C is cell 3 (CdSe QDs), 
graph D is cell 4 (CdSe/CdS QDs) and graph E is cell 
5 (PbS QDs)

Unfortunately, only the CuzS counter electrode has been tested in the sealed QDSSC designs to 

date due to problems involving sealing of cells using the PbS counter electrode due to its 

fragility. All electrodes utilised a ZnS post ERD treatm ent of the photoaniodes to increase 

photocurrent. Though the novel approach of EPD to QDSSC fabrication has been demonstrated 

here, showing its ability to produce a wide range of QDSSC cells, the overall PCE performance 

achieved is below values reported in literature.

5.3.3.ii Open Cell

Aside from the lower than expected PCE achieved with closed QDSSCs, we also found that the 

cells lost their photovoltaic activity over the period of a few minutes after filling with 

polysulphide electrolyte, creating a time constraints when testing and make reproducibility 

challenging. This was unexpected since both the photoaniode and counter electrode had shown 

no loss of activity over the period of hours to days during testing, therefore we decided to 

investigate if it was an issue with polysulphide filling or leaking, which was causing this loss of
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activity. To exam ine this, w e  decided to  tes t th e  cells in an open cell design, w hich involved  

im m ersing th e  photoan iode and co un ter e lec tro de  into th e  sam e polysulphide solution used fo r  

closed cell testing (an aqueous solution o f 2 M  S and 2 M  N a 2S) and separated  th e m  using a 1 

m m  glass spacer. This was carried o u t in a 15 ml cuvette  to  a llow  illum ination  o f th e  

photoan iode , enabling IV testing  o f th e  cell, by attaching electrical connections to  each  

e lectrode. W e  exam ined  O A -capped, 4 .3  nm , CdSe QD sensitised T i02 and ODPA capped, 5 .1  

nm , CdSe QD sensitised T i02 using e ith e r PbS o r CU2 S co unter e lectrodes, w ith  th e  best results  

show n in Table 5 .2  and th e  IV curve graph o f th e  OA capped CdSe sensitised pho to an io d e show n  

in Figure 5 .18 .

Table 5 .2  This shows the result of open QDSSC cell testing under AM 1.5, 1 sun illumination, showing the  
resulting characteristics of the cells determ ined by measuring the IV response of the produced cells

Cell 1 (CdSe QDs, 4.3 nm, 

OA capped , CE: PbS)

Cell 2 (CdSe QDs, 4.3 nm, OA 

capped, CE: CU2S)

Cell 3 (CdSe QDs, S. In m ,  

ODPA capped, CE:CU2S)

1 sc (mA/cm^) 2.67 3.22 1.03E 03

Voc(V) 0.48 0.46 0.44

Fill factor (%) 29.82 33.84 38.15

Cell size (cm’ ) 2 2 2

PCE (%) 0.38 0.501 0.172

3 0  ^

 Cell 1. Ught. CE: PbS
 Cell 1 Dark, CE: PbS

Cell 2, Light, CE; CUjS 
 Cell 2, Dark, CE: Cu^S

2 5 -

2 0 -

I
E
c
?
3o 0 5 -

00
02 04 0 6

Voltage (V)

Figure 5 .18 IV-curve of open cell measurement o f QDSSQ using oleic acid capped, 4.3 nm, CdSe QDs, treated with  
7 dip cycle o f CdS following electrophoretic deposition. The open cell measurements were m ode using two different 
counter electrodes, composed o f either a CU2S electrode on brass fo il or a PbS electrode on Pbfoil.
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Interestingly the cells showed a strong increase in the resulting PCE, w ith  the highest result 

being produced from  the OA acid capped CdSe sensitised Ti02 electrode w ith  a CU2S counter 

electrode, producing a PCE o f 0.501%, giving a Voc=0.46, a lsc=3.22, and a FF= 33.8 %. The cells 

were also found to  retain the same activity a fter a 60 minutes wait. Therefore, from  these 

results it is clear tha t tha t e lectrolyte filling /  leaking was responsible fo r the loss o f photovolta ic 

effect and the poor PCEs reported fo r sealed QDSSCs to  date, indicating the need to  optim ise 

this final step to  fu lly  realise the efficiencies o f the fabricated QDSSCs.

5.4 DH-CQD cell

The second cell tha t was studied was the depleted heterojunction colloidal quantum  dot solar 

cell (DHCQD Cell). The cell produced in this project is a based upon a reported cell design which 

demonstrated a PCE o f up to  5.1% under A M I.5 (Chapter 1, Figure 1.12).^*^ This consisted o f a 

500 nm layer o f nano-particulate Ti02 deposited upon a FTO glass, which had been previously 

coated in layer o f bulk Ti02. Following this oleic acid-capped PbS QDs were deposited and 

fo llowed by a ligand exchange process using 3-m ecaptopropionic acid (MPA) in methanol, to 

fu lly  exchange the oleic acid ligands on PbS fo r MPA, and so producing a conductive film  o f 200 

nm thickness. Following th is gold was evaporated onto the PbS layer and so completed the cell. 

For this segment o f work we have followed this general synthesis but w ith  a number o f crucial 

difference. Firstly, this cell reported in the literature  used a spin coating approach to  deposit 

the Ti02 nano-particulate and PbS QDs layers, instead this work has focused upon achieving the 

cell design w ith  the use o f more commercially viable techniques, approaches which are more 

easily scalable fo r manufacturing. Therefore, a doctor blading method was used to  prepare the 

deposited nano-particulate layer o f Ti02 while dip coating was used to  produce the desired PbS 

layer. We have also expanded upon the sensitisation material by also testing CdSe QDs and 

CdTe/CdSe QDs along w ith  PbS QDs. Also by using doctor blading and dip coating in cell 

fabrication instead o f spincoating, it enabled us to  scale up cell fabrication allowing 14 cells to 

be produced upon a single piece o f FTO glass. To achieve this, an intricate method o f FTO glass 

etching was undertaken prior to  Ti0 2  deposition to  create the desired tem plate.
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5.4.1 FTO Etch

Quantum  Dot Solar Cells

wBr -WT--* r n nr

♦
t

Figure 5.19 Photo o f etched FTO enabling the fabrication o f m ultip le cells upon the same glass surface

The DHCQD cell tem plate was created through selective etching of a FTO glass (Figure 5.18). 

This was carried out by firstly placing a mask upon the FTO, covering sections that were desired 

to be left untouched. Following this an etch was carried out using Zn powder suspension in 

propanol, which was drop cast and allowed to  dry, the electrode was then immersed into a 9 M 

solution of HCI for 3 minutes, resulting in removal of the FTO exposed to the solution. The 

etched areas showed a large increase in resistance changing from  12 Q/sq to  2-3 KQ/sq. 

Following this a glass etch pen was used to briefly trea t the etched areas, producing resistance 

of between 200-500 KQ/sq. The SEM was used to  confirm the resulting change in FTO surface 

following the etch and is shown in Figure 5.20, which showed the selective removal of the 

conductive FTO from the glass surface due to the treatm ent.

Figure 5.20 SEM images o f fluo rine  doped tin oxide showing the change in surface structure due to the acid etch

5.4.2 TiOi Electrode
Following the etching of the FTO glass, Ti02 was then deposited upon the surface. ThisTi02 film 

consists of tw o distinct layers of TiOz. Firstly, a bulk layer of Ti02 was deposited using the same 

TiCU drop cast treatm ent used in the production of the TIOz QDSSC cell design (5 .3 .2 .1 ), and 

bares the same primary function, to increase the adherence of the subsequent TiOz layer 

deposited. The subsequent TiOz layer consists of a 20 nm anatase TiOz particles sintered into a 

porous continuous layer, measure between 300 to 500 nm in thickness.
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Chapter 5 Quantum Dot Solar Cells

Nano particulate Ti02 was deposited via the doctor blade approach using commercially available 

TiOz pastes with the aim to produce a well-adhered, non-cracked, transparent, uniform and sub 

micrometre thick film of Ti02 on the FTO substrate. After deposition, the paste was heated to 

125 °C to evaporate solvent present and put through the same heat treatment used for the 

QDSSC photoaniode fabrication (5.3.2.i ) w ith the aim to sinter the Ti02 nanoparticles into a 

conductive film. Three nano-particulate Ti02 pastes were originally tested, Ethernal (20 nm 

anatase paste), Solaronix (8 nm anatase paste) and a Dyesol (20 nm anatase paste), though after 

a very brief testing period, only the Dyesol paste was further used due to its superior ability in 

forming the required films.

The paste was applied using a hand doctor blading approach using a simple template of 3M 

scotch tape of 60 nm thickness, producing films ~7-|im thickness respectively of sintered Ti02. 

Following this, it was decided to dilute the concentration of Ti02 pastes to produce a thinner 

film. The first approach-utilised terpineol to dilute the purchased pastes, which is a majority 

solvent, found in Dyesol and other commercial Ti02 pastes and used mainly as a dispersant of 

the Ti02 n a n o p a rtic le s .T h is  resulted in a paste of low viscosity, which produced uneven 

coatings upon the FTO glass with poor glass adhesion. The next step was the utilisation of a 

diluent consisting of terpineol and ethyl cellulose, a commonly used ingredient that thickens 

the paste and increases the resulting films binding to the substrate. This resulted in films, which 

were transparent, uniform, and well adhered to the FTO substrate and so enabled the 

production of Ti02 films of 280 nm +/- 35 nm in thickness (determined using SEM) upon FTO 

using pastes consisting of 3 % w /w  Dyesol 90T, diluted in 23 % w /w  ethyl cellulose in terpineol.

3 % w/w 
5 % w/w 
7 5%wAiv 
10% w/w 
50 % w/w 
Onginal

Wavelenoth rnm\

Figure 5 .2 1  UV-Vis absorptior\ spectra (A) o f  T1O 2  pastes deposited  on FTO glass a n d  S E M  o f  the  resulting d ilu ted  H O 2  

e lectrode  (B). Graph A shows the  absorption  change as the  T i02  paste  used to  produce the  film s  w as d ilu ted  fro m  the  

o rig in a l concentra tion  to only 3  % w /w  in a d iluen t consisting o f  te rp in e o l a nd  e th y l cellulose. Im ag e  B shows the  

continuous coating  o f  TiO^ produced  fro m  a 5 %  w /w  d ilu te d  T IO ip a s te  upon FTO c o a ted  glass.
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UV-VIs absorption (Figure 5.20) was used to  demonstrate the change in transparency o f Ti02 

films before and a fte r d ilu tion  and is shown in Figure 5.21 A, showing a large decrease in 

absorption as the concentration o f the paste used to  produce the films was diluted from  the 

original concentration to  only 3 % w /w  concentration.

SEM was used extensively to  characterise the films deposited and is shown in Figure 5.21 B and 

Figure 5.22. The resulting film  produced from  5 % w /w  Ti02 paste in d iluent is shown in Figure 

5.21 B, showing excellent coverage o f the FTO glass. SEM was also used as a method to 

determ ine the thickness o f the resulting films and is shown in Figure 5.22. This m ethod only 

allowed a small section o f Ti0 2  thickness to  be examined and so inherently did not give the 

global thickness o f the film  produced unless the film  is uniform . It did however give a strong

A. Original

Figure 5.22 SEM images of nanoparticulate T1O2 

coating upon FTO glass for DHCQD cell. The SEM 
shows a side profile of the TiOi coating produced 
using different levels of diluted TIO2 paste 
ranging from the original concentration shown in 
A which produced a thickness of 7.0 +/- 0.24 p.m, 
changing to a concentration of 50 % w /w  shown 
in B, producing a thickness of 3.996 +/- 0.095 pm. 
These were further diluted to 10 % w /w  (C), 5 % 
w /w  (D) and finally 3 % w /w  (E j, producing a 
reduction in thickness to 1.728 V - 0.078^m, then 
to 573 +/- 37 nm, and finally to 280 +/- 35 nm.

E. 3% w /w
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indication of sample thickness especially when results from multiple films produced under the 

same coating conditions were considered. The reduction in film thickness is shown as the 

amount of diluent (diluted in 23 %w/w ethyl cellulose in terpineol) was increased relative to 

TiOz Dyesol paste was increased from the original concentration (Figure 5.22 A, 7.0 +/- 0.24 nm 

) to 50 % (Figure 5.22 B, 3.996 +/- 0.095 ^m), 10 % (Figure 5.22 C, 1.728 +/- 0.078|im), 5 % 

(Figure 5.22 D, 573 +/- 37 nm) and finally 3 % (Figure 5.22 E 280 +/- 35 nm).

Profilometery was used to examine the change in TiOa films due to dilution, and though time 

consuming allowed the entire surface of the electrode to be analysed to a 20 nm z-axis 

resolution and is shown in Figure 5.23 enabling the investigation of film  uniformity. Figure 5.23 

A and B shows the film achieved using undiluted Dyesol Ti02 paste using a doctor blading 

method, resulting in a thick film (8-10 nm) upon the FTO glass. The image shows excellent film 

coverage and coating uniformity. Upon initial dilution of the Dyesol (33 % w/w) with just 

terpineol, a huge decrease in thickness is achieved (1.2-2.4 pim) but at the cost of film uniformity 

and is shown in Figure 5.23 C and D. Following this, ethyl cellulose was added as a diluent to 

thicken the paste, producing a terpineol solution containing 23% w /w  ethyl cellulose. A 

resulting film achieved utilising this is shown in Figure 5.23 E and F, produced from a 10% w /w  

Ti02 Dyesol paste. This film  achieved a much reduced thickness (1.2- 1.6 nm), while still 

achieving an excellent uniform coverage of the FTO glass surface.
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Figure 5.23. Profilometery data o f Dyesol 90T T i02 film  sintered on FTO giass, the histogram  on the r ig h t shows the 
colour coding o f the 3D image, image A and B shows a resulting film  thickness in the range o f  8-10 jj.m and  wos 
produced using undiluted paste and a 3M  scotch tape mask o f 6 mm in diameter. The film  shows an even coating 
upon the FTO glass. Image C and D shows a produced f ilm  th a t is very uneven showing voids o f coating and also 
shows a wide range o f thickness between 1.2-2.4 lum. It  was deposited using d ilu ted Ti02 paste (33% w /w  in 
Terpineol) and a 3M  scotch tape mask o f  6mm in diameter. Image E and F shows a f ilm  which shows an even coating, 
showing no voids and a thickness o f between 1 .2 -1 .6  pm. I t  was deposited using d ilu ted TiOz paste (10% w /w  paste 
in solution o f diluent: 23% w /w  ethyl cellulose in Terpineol) and a 3M  scotch tape mask o f 6 mm in diameter.

208



C h a p te r 5 Q u a n tu m  D o t S o lar Cells

R am an and  FTIR spectra  o f th e  T i0 2  f ilm  a re  sh o w n  in F igure 5 .2 6 . T h e  a n a ta s e  fo rm  o f  T iO z has 

six ac tive  R am an peaks (A lg  + 2Big + 3Eg). T h e  p ea k  p o s itio n  a re  assigned to  1 4 4  cm'^ (Eg), 1 97  

cm'^ (Eg), 3 9 9  cm ’  ̂ (Big), 5 1 3  cm'^ (Aig), 5 1 9  c m ’  ̂ (Big), and  6 3 9  cm'^ (Eg). R am an  spec tro s co p y  

w as p e rfo rm e d  to  id e n tify  th a t  th e  s in te re d  p astes  o f T i0 2  w e re  o f th e  d es ired  a n a ta s e  crystal 

p hase. B oth  spectra  w e re  an  e x c e lle n t m a tc h  to  a n a ta s e  n an o  p a r tic u la te  T i0 2  as sh o w n  in 

Figure 5 .2 4  A. FTIR sp ec tro sco p y  w as  used to  c o n firm  th a t  s in te re d  film s  o f  th e  resu ltin g  p aste  

did n o t s h o w  presence  o f  d ilu e n ts  fo llo w in g  s in te rin g , w h ic h  w as  fe a re d  possible  d u e  to  th e  

large d ilu tio n  used to  a c h ie v e  th e  film s  and  is sh o w n  in F igure 5 .2 4  B. T h e  T i0 2  film s  p ro d u ce d  

fro m  a 5%  w /w  d ilu te d  w e re  c o m p a re d  to  T iO i film s  p ro d u ce d  fro m  n o n -d ilu te d  pastes , w ith  

resu lts  sh o w in g  no im p o r ta n t  d iffe re n c e  w h ic h  w o u ld  in d ic a te  th e  p re sen ce  o f im p u r itie s  d u e  

to  th e  large d ilu tio n , w ith  b o th  m a tc h in g  e x c e lle n tly  w ith  re p o r te d  spe c tra .
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Figure 5.24 Ram on (A) a nd  FTIR (B) spectroscopy o f  VO 2 s in tered  D yesol d ilu ted  a n d  o rd in a l pastes. Analysis o f  the  

R am an gave spectra l peaks a t  143 cm~  ̂ (Eg),195 cm'^ (Egj,393 cm'^ (Big),510 cm ‘  (Aig),518 cm'^ (Big) a n d  636 cm'^(Eg) 

fo r  bo th  d ilu ted  a n d  und ilu ted  pastes which correspond to ana tase  TiO2, w ith  an  o vera ll decrease in in ten sity  f o r  the  

d ilu te d  paste. FTIR spectroscopy shows a  very s im ilar spectrum  b e tw e e n  d ilu te d  (5% w /w )  a n d  u n d ilu ted  pastes a fte r  

s in tering  a nd  m atches excellently w ith  rep o rted  spectra.

5.4.3 PbS Deposition
F o llow in g  T I0 2  d e p o s itio n , a n ove l p ro c e d u re  to  p ro d u ce  a th in  film  c o a tin g  o f PbS Q D s upo n  

T i0 2  w as d e v e lo p e d  using a d ip  c o a tin g  and  ligand  exchange  process, w ith  th e  a im  to  p ro d u c e  a 

u n ifo rm  film  o f 2 0 0  nm  th ickness . O le ic  acid  c a p p e d  PbS Q D s w e re  used in c o n c e n tra tio n s  o f  10  

m g /m l in h ex a n e , w ith  an  Eg o f  1 .3 8  e V . This size o f PbS w as  s e lec te d  since PbS Q D s o f 1 .3 e V  Eg 

a re  re p o rte d  to  show  th e  g re a te s t PCE p e r fo rm a n c e  in th is  cell d e s i g n . T h e  T i0 2  c o a te d  FTO  

w as th e n  d ip p e d  in to  th is  so lu tio n  and  s low ly  re m o v e d  a t a ra te  o f  0 .5  c m /s , p ro d u c in g  a th in  

c o a tin g  o f o le ic  acid cap p e d  PbS u p o n  th e  su rface . A f te r  d ry ing , th is  s a m p le  w as  d ip p e d  in to  a 

s o lu tio n  o f 2 .5  % v /v  3 -m e rc a p to p ro p io n ic  acid  (M P A ) in m e th a n o l. This  caused  th e  PbS to  

u n d erg o  s p o n ta n e o u s  ligand  ex c h a n g e  d u e  to  th e  g re a te r  b in d in g  e n e rg y  o f  M P A . This ligand  

e xchang e  caused  an e ffe c tiv e  shrink in g  o f th e  f ilm  v o lu m e  d u e  to  th e  m u c h -d e c re a s e d  size o f  

th e  M P A  m o le c u le  re la tiv e  to  o le ic  acid . M P A  w a s  used in th is  p ro c e d u re  d u e  to  its h ig h e r a ir
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stability in comparison to other reported candidates including hydrazine^'*^ and ethanedithiol.^'*® 

MPA has also been reported to form p-type conductive PbS films, with MPA acting as a bridge 

ligand between QDs due to its two functional groupsof a carboxylicacid and thiol, both of which 

can bond to the PbS surface.

f ig u re  5 .2 5  SEM  im ages show ing PbS Q D  deposition on V O 2 co a ted  FTO glass using dip coating . Im ag e  A shows oleic 

acid capped PbS QDs drop cast (A), im ag e  B shows PbS deposited using m eth o d  2  a fte r  1 0  dip  cycles a n d  im age C 

shows PbS deposited using m eth o d  1 a fte r  1 0  dip cycles (Cj.

Following this two alternative methods were trialled: one in which the film was then washed in 

methanol to remove excess MPA , method A, while a second approach was tested in which the 

film was not washed of excess MPA, method B. After this, the device was then washed with 

hexane and allowed to dry. This completed one dip cycle, with multiple dip cycles required to 

produce the target thickness of 200 nm. Method 1 and 2 produced wildly different results due 

to the presence of excess MPA on the surface of the PbS film for method 2. This caused the 

deposition rate of PbS to increase hugely per dipping cycle and produced a deposition rate of 

40 nm /  cycle. The resulting film displayed a cracked rough morphology due to rapid deposition 

and visibly uneven coatings. Method 1 instead showed a deposition rate upon glass of 10 

nm/cycle and produced a smooth featureless coating with no visual defects. SEM was used to

I N  M

Figure.5 .2 6  SEM  o f  M P A -cap p ed  CdSe QDs deposited  upon Ti02 co a ted  FTO using m eth o d  1. Im ag e  A a n d  B shows 

the continuous coating ach ieved w ith  im ag e  B show ing  the porous surface a t  high resolution due to shrinkage o f  

the f ilm  fro m  ligand  e x c h a n g e . Im ag e  C shows a  rem oved seg m en t o f  the film  to show  the FTO surface below.
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charac ter ise  th e  surface m orpho logy  of PbS films as  show n  in Figure 5 .25 and  CdSe films show n  

in Figure.5.26.

Regarding Figure 5.25, im age A im age show s oleic acid ca p p ed  PbS film, show ing  little surface  

f e a tu re s  a n d /o r  cracks. Image B show s a MPA c a p p e d  PbS film d e p o s i te d  using m e th o d  B, 

showing a highly cracked  su rface  d u e  to  rapid ligand exchange . While Image B sh o w s a sm o o th  

depos it ion  su rface  ach ieved  using m e th o d  1. Figure.5.26  show s th e  depos i t ion  of  CdSe QDs 

using dip coa ting  m e th o d  1, which show s th e  fine s t ru c tu re  of th e  d ep o s i te d  film u n d e r  high 

magnification, show ing  th a t  p ro d u ce d  film still sh o w  a level o f  cracks d u e  to  ligand exchange , 

but to o  a much lesser level th a n  p roduced  using m e th o d  2. SEM cross section  w e re  th e n  used  

to  d e te rm in e  coa ting  th icknesses ,  and  is show n in Figure 5.27. Image A show s a cross section  of  

a PbS QD film coating  p ro d u ce d  using m e th o d  1 u p o n  glass, producing  a 230 nm  thick coating  

from  a 20 dip cycle and  co r re sp o n d s  to  depos it ion  ra te s  r e p o r te d  in l i te ra tu re  Image B show s 

a cross section  of  CdSe QDs d e p o s i te d  up o n  FTO c o a te d  glass, p roducing  a th ickness  of 430  nm 

from  a 30 dip cycle.

Figure 5 .2 7  PbS QD deposition  (A) upon glass and CdSe QD deposition  (Bj upon FTO c o a te d  g lass using dip coating  
using deposition  m e th o d  1. The PbS deposition  produ ced  a coa tin g  o f 2 3 0  nm in th ickness a fte r  20  dips while th e  CdSe 
p rod u ced  a coating o f  4 3 0  nm  in th ickness from  3 0  dips

he depos it ion  using m e th o d  A w as  also m o n i to re d  using UV-Vis ab so rp t ion  sp ec tro scopy  and  is 

sh o w n  in Figure 5.28. This displays th e  s te ad y  inc rease  in ab so rp t io n  of th e  QDs as d ep o s i te d  

u p o n  th e  e lec t ro d e  su rface  and  al lowed an  im m e d ia te  tool to  m o n ito r  depos it ion  of layers 

during  fabrication  of  CdSe and  PbS b ased  DHCQD cells. O ne can also se e  th e s e  cells a f te r  30 dips 

sh o w e d  a significant abso rp tion ,  making th e m  su itab le  for  p h o to n  harves ting  in a so lar cell 

device.

The depos it ion  using m e th o d  A w as  also m o n i to re d  using UV-Vis a b so rp t io n  spec tro scopy  and  

is show n in Figure 5.28. This displays th e  s te ad y  inc rease  in a b so rp t io n  of  t h e  QDs as  d ep o s i te d  

u p o n  th e  e lec t ro d e  su rface  an d  al low ed an  im m e d ia te  tool to  m o n i to r  depos it ion  of  layers 

during fabrication  of CdSe and  PbS b ased  DHCQD cells. O ne  can also se e  th e s e  cells a f te r  30 dips

211



Chapter 5 Quantum  Dot Solar Cells

showed a significant absorption, making them  suitable fo r photon harvesting in a solar cell 

device.
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Figure 5.28 UV-Vis absorption o f the deposition o f CdSe QDs (A) and PbS QDs (B) upon FTO coated glass showing the 
increase in absorption as the number o f cycles o f deposition increases

5.4.4 Back electrode deposition

500 nm

Si ver Figure 5.29 SEM cross section o f completed 
DHCQD cell produced using CdSe QDs 
deposition upon TiOz. Image A and B show the 
completed cell from  a distance and zoomed in 
fu rthe r using the in beam detector. 
Alternatively, image C used the more Z- 
sensitive ASB detector so as to better contract 
the different materials present, w ith materials 
with a larger atomic value showing up brighter 
in this method o f imaging. The different layers 
present have been labelled fo r  clarity.

A fter dip coating, the  back electrode was deposited using m etal evaporation under high 

vacuum , w ith  a num ber o f metals initially tested including Al, Ag and Au, w ith  the  best results 

being produced from  Au deposition. Following Au deposition, silver paint was used to  make a
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connection to th e  Au contact. SEM was then  used to  show  th e  resulting finished cell shown in 

Figure 5.29.

5.4.5 IV tes ting  o f DHCQD cells
Prelim inary solar cell testing w as th en  carried out upon th re e  designs o f DHCQD cells under 1 

sun A M I .5 illum ination, m easuring th e  cell's perform ances using a IV curve responses w ith  

results shown in Table 5.3 . Produced cells showed a d efin ite  photovo lta ic e ffect under 

illum ination though cell perform ance was shown to  be far below  reported  values in lite ra tu re  

w ith  the best perform ing  device based on PbS QDs, producing a PCE o f 0 .016% , w ith  its IV curve 

shown in Figure 5 .30. O ther cells tested  included CdSe based and CdTe/CdSe based cells, 

u nfortunate ly  these cells even showed poorer perform ance.

Tab le  5 .3  This shows the result o f  DHCQD cell testing under A M  1.5, 1 sun illum ination, show ing the resulting characteristics o f 
the cells determ ined by measuring the IV response o f the produced cells______________________________________________________

CdSe QD Cell CdTe/CdSe QD Cell PbS QD Cell

1 sc(mA/cm’ ) 0.023 0.0034 0.0954

Voc(V) 0.24 0.14 0.4

Fill factor (%) 24.4 25.3 40.8

Cell size (cm’ ) 0.028 0.028 0.028

Power Conversion Efficiency (%) 0.00135 0.00012 0.01556
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Figure 5 .3 0  IV  curve o f  PhS Q D  based D HCQ D cell.Showing the  change in response o f  the  cell un der illum inotion  1 sun 

A M  1 .5  illum inotion  source (lig h t) a n d  its reponse under darkness (darl()

The exact reason fo r our cells sub-par perform ance has not been d e term in ed  but is most likely  

due to  oxidation o f th e  CQD film s during fabrication. O nly recently has it becom e clear in 

lite ra tu re  th a t fo r these cells to  perform  near optim al efficiency, th e  en tire  fabrication a fte r  

inclusion o f CQDs requires an oxygen free en viron m ent, including w hen  testing th e  cells. 

U n fortunate ly , w e do not have th e  setup to  allow  us to  achieve this, w ith  all fabrication and  

testing  presently carried out in am bien t conditions.
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5.5 Discotic Liquid Crystal Solar Cells

The final quantum  dot based solar cell explored In this w ork was the discotic liquid crystal solar 

cell. For this work, we firstly investigated tw o DLCs, H6TP and RTAQ, in the solution and solid 

state. Following this, we exam ined the effective interactions betw een these DLCs and quantum  

dots as composites, investigating the resulting electrical and optical properties. Finally, a 

num ber of trial devices were investigated w ith the aim of producing a working solar cell.

5.5.1 Discotic Liquid Crystal Characterisation
For the first part of this work, we will briefly characterise H6TP and RTAQ which w ere liquid 

crystals supplied by a collaborator, in solution and solid, observing the m aterials absorption 

and emission propertied since these are fundam ental for any m aterial to be utilised in a 

photoactive device, this work is detailed below. It should also be noted the structure of H6TP 

and RTAQ w ere also confirmed with the use of IH  and 13C NMR and is shown in Appendix E, 

Figure 7 .16 and Figure 7.17

5.5.1.1 H6TP: Solution

UV-Vis absorption and emission spectroscopy was used to characterise H6TP in solution and is 

shown in Figure 5 .31. H6TP shows absorption in the UV range o f the  spectrum displaying a 

distinct peak o f absorption at 360 nm and 345 nm, followed by featureless absorption as shown 

in (Figure 5.31 A). The sample also showed strong luminescence in the UV/Vis range, displaying 

luminesce peak value at 384 nm, a smaller peak at 401 nm, follow ed by featureless emission 

stretching out to 480 nm, as shown in (Figure 5.31 B)
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Figure 5.31 UV-Vis absorption spectra (A) and photoluminescence Emission spectra (B) o f H6TP solution in hexane
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5.5.1.ii H6TP: Solid State

Following optical characterisation in hexane, th e  pure H6TP was then  characterised using UV- 

Vis absorption spectroscopy and PI emission spectroscopy on a glass slide and is shown in Figure 

5.32 . The absorption spectra o f th ree  d iffe ren t states o f H6TP are shown in Figure 5.32(A ) and 

labelled as the crystalline phase, liquids phase and th e  liquid crystalline phase. This was carried  

out by placing th e  liquid crystal b etw een  tw o  glass slides, heating to  liquid phase transition  

tem p e ra tu re , fo llow ed  by m onitoring the UV-Vis absorption as the m ateria l cools, allow ing the  

th re e  phases to  be observed. As is to  be expected  th e  scattering signal increases as th e  crystal 

cools from  liquid, to  liquid crystal, to  solid, indicated by th e  increase in absorption a t longer 

w avelengths (past 385  nm ). The resulting PI lum inescence o f th e  solid -state sam ple in the  

crystalline sam ple is shown in Figure 5.32B. In terestingly th e  sam ple still showed bright 

lum inescence in the solid state w ith  lum inescence red shifted significantly, it also showed a 

m uch m ore defined  emission spectrum  w ith  lum inescence peaks found at 388  nm , 40 6  nm, 429  

nm and 465 nm.

 Liquid Crystal Phase
 Liquid Phase
 Crystaline Phase

2 0 -

3
<Q

§

0 .5 -

0.0
370340 350 360 380 390 400

(UU
C0)
<D
C

E
o
o
JZ

 H6TP

Q .
■o
<D
CO

TO

wavelength (nm) Wavelenath (nm)

Figure 5 .3 2  S o lid-state  UV-Vis absorption (A) a n d  photo lum inescence spectra  (B) o f  H 6TP liquid  crystal in the  solid  

s ta te
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5.5 .1 .iii H6TP/ QD solution

UV-Vis absorption and PI emission was used to  analyse solutions o f oleic acid capped CdSe QDs  

and H6TP th e  results shown in Figure 5 .33. The PI emission change o f th e  CdSe QDs shows a 

steady decrease in em ission as H6TP was added to a solution o f CdSe QDs increasing fro m  

0 .0 005  g /m l to  0 .0 0 8  g /m l, producing a loss in PI emission from  the original in solution and is 

shown in Figure 5 .33  B. Interestingly a large loss in emission is seen initially upon H6TP ad d itio n , 

w ith  this e ffect slowing as the addition o f H6TP is increased.

B
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Figure 5.33 UV-Vis absorption (A) and PI emission (B) o f oleic acid capped CdSe QDS and H6TP in hexane. UV-Vis 
absorption shows the change in solution absorption as the CdSe QD concentration relative to H6TP increases, while the 
photoluminescence spectra o f CdSe QD as H6TP is added to solution. The photoluminescent spectra shows an overall 
decrease in QD luminescent as the concentration o f H6TP is added, from  0.0005 g /m l to 0 .008 g/m l, producing a 
decrease in PL intensity relative to the QD solution to 77.7% , 70.3%, 64.3%, 60.6%, 57.6%  as the concentration 
increases.

S .S .l.iv  R T A Q : Solution

RTAQ was firstly analysed optically in hexane, w ith  th e  resulting UV-Vis absorption spectra  

shown in Figure 5 .3 4  A. The UV-Vis shows a broad absorption, showing th re e  distinct areas o f  

increased absorption at 285 nm, 344nm  and 43 1  nm, w ith  low levels o f photon harvesting paste  

50 0  nm. PL emission spectroscopy was also recorded o f th e  sample but showed no d etec tab le  

signal a t room  tem p e ra tu re . Following this, th e  solid-state absorption o f RTAQ was recorded o n

B 20
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Figure 5.34 U V -V is  absorption o f RTAQ liquid crystal in hexane (A) and in solid state (B) a t room tem perature
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a glass slide and is shown in Figure 5 .3 4  B, producing spectra showing peaks a t 34 7  nm and 43 8  

nm, w ith  overall absorption red shifted from  the solution UV-Vis.

5.5.2 Discotic Liquid Crystal /  Quantum Dot Composite Characterisation
Following our b rie f characterisation o f th e  DLCs, w e th en  carried out w ork to  d e term in e  th e  

effects o f q uantum  dot addition to  H6TP and RTAQ in th e  solid state, th rough th e  use o f 

polarised optical m icroscopy (P O M ) and DC electrical conductivity m easurem ents w hich is 

detailed  below.

5 .5 .2 .i Electrical DC Conductivity o f DLC-QD composites

RTAQ and H6TP com posites electrical conductivity was exam ined w ith  th e  aim  to  d e term in e  the  

effec t o f QD incorporation upon electrical conductivity. W e  decided to  investigate th e  effects  

o f d iffe ren t q uantum  dots; CdSe, PbS and CdS QDs addition  to  DLC, allow ing us to  contrast th e  

effec t of a UV absorber, a visible absorber and a NIR absorber to  d e term in e  th e  to ta l e ffect upon  

th e  m ateria l. The study also included th e  exam ination  o f Se and the incorporation  o f PDI. W e  

included Se since it is used in th e  synthesis o f CdSe QDs, and w e decided it w ould  be interesting  

to  d eterm ine  the e ffec t o f it's addition to  DLC. W e  also investigated th e  addition  o f PDI since 

w e planned to  fabrica te  a DLC solar cell using a com bination  o f QDs, PDI and RTAQ; th e re fo re , 

w e w anted  to  d e term in e  the electrical properties o f a P D I/RTAQ  com posite. The conductivity  

o f all cells was also exam ined under darkness and under illum ination  o f A M I .5 100 W /m ^  to  

d eterm ine the p otentia l application o f these m ateria ls in a photovo lta ic device.

H6TP was briefly investigated in this w ork w ith  results shown in Table 5.4 . Q uantu m  dot doping  

o f an o ther DLC m ateria l o f the sam e fam ily, H4TP (hexabutyloxytriphenylene), by our 

collaborators, showed large increases in DC conductivity and was th e  initial reason fo r  

investigating this m ateria l. U n fo rtun ate ly , a fte r som e initial studies; it was decided due to  its 

discotic phase only being present a t e levated  tem p era tu res , th a t it was not w o rth w h ile  

exploring the results fu rth er. This was due to  th e  clear phase separation th a t to ok place 

b etw een  CdSe QD /H 6T P  com posites upon crystallisation o f th e  H6TP at room  tem p e ra tu re , 

w hich m eant it was not possible to  produce repeatab le  film s o f th e  m ateria ls fo r testing.

O ur initial results showed a clear increase in conductivity a fte r oleic acid capped CdSe QD doping  

o f H6TP 15 % w /w , increasing th e  conductivity from  3.7 x 10^^ (undoped ) to  3 .78  x 10 ® (S /m ) 

(doped). Both doped and undoped samples w ere  also tested  under illum ination  showing th e  

undoped samples increase to  2 .2  x lO  “  (S /m ) w hile  the doped sam ple showed an increase to  

1.104 X 10'® (S /m ). T herefo re , th e  doped sam ple showed a positive increase in conductivity  

under illum ination, and a much higher overall conductivity th an  th e  undoped sample o f H6TP.
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Table 5.4 This table describes the conductivity measurements made on a number o f  H6TP composites, each reported 
value comes from  an average o f 4-6 measurements, on 2-3 devices
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1 H6TP 100 0 3.7E-12 2,2 E-11 / I 490

H6TP and Oleic 271

2 acid capped CdSe 85 15 3.78 E-9 1.104 E-8 103 E+03 5.0 E+2

QD (3.6 nm)

Both DLC w hen doped w ith  QDs showed an increase in conductivity, though the m agnitude o f 

this e ffect was much m ore pronounced in the H6TP then  in RTAQ. The m agnitude o f th e  doping  

effect does also d em onstra ted  a general trend  o f increasing conductivity as th e  doping  

com position increased as seen in RTAQ (Table 5.5). Also from  th e  data, it seems th e  exact type  

o f quantum  dot used did not strongly e ffect the change in conductivity observed fo r RTAQ. The 

effects o f illum ination upon th e  tw o  liquid crystal shows contradicting trends, w ith  a strong  

increase in conductivity found fo r H6TP, w hile  for RTAQ, th e  conductivity was found to  drop fo r  

un-doped and CdSe and CdS QDs doped samples, w hile it shows an increase w hen doped w ith  

PbS QDs. U nfortunate ly , in general it was very d ifficult to  produce repeatable results w ith  

separate devices, which has introduced a consistent error, w hich m ust be taken in to  account 

w hen  regarding these results, th e  exact cause o f which w e have been unable to  d e term in e  at 

present.

W e  have also tested  briefly th e  effects o f m etallic Se pow d er and a non-soluble PDI upon th e  

conductive properties o f th e  RTAQ. Both o f these m ateria ls did not dissolve into th e  liquid  

crystal effective ly  and so could not be properly loaded into th e  devices used to test conductivity  

effectively . In spite o f this, upon testing, th ey  both still had a noticeable e ffect upon th e  

conductivity, particularly in th e  case o f Se, increasing it significantly.
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Table 5.5. This table describes the conductivity m easurements m ade on a number o f RTAQ composites each reported 

value comes from  an average o f 4 -6  measurements, on 2-3 devices. Note a  is the electrical conductivity measured 
from  - 0.5 to 0.5 V.
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1 RTAQ 0 100 0 2.05E-11 1.68E-11 / / -18

2 RTAQ and CdSe (3.8 nm) 0 50 50 1.65E-10 5.46E-11 7.05E+02 2.25E+02 -67

3 RTAQ and CdSe (3.8 nm) 0 85 15 5.70E-11 2.88E-11 1.78E+02 7.14E+01 -49

4 RTAQ and CdSe (3.8 nm) 0 90 10 9.82E-11 5.44E-11 3.79E+02 2.24E+02 -45

5 RTAQ and CdSe (3.8 nm) 0 99 1 9.30E-10 6.85E-10 4.44E+03 3.98E+03 -26

RTAQ and Se 10 90 0 7.47E-07 1.08E-06 3.64E+06 6.43E+06 44

7 RTAQ and CdS(2.1nm) 0 50 50 1.08E-10 1.58E-10 4.27E+02 8.40E+02 47

8 RTAQ and CdS (2.1 nm ) 0 90 10 2.27E-11 9.31E-12 1.07E+01 -4.46E+01 -59

9 RTAQ and CdS (2.1 nm ) 0 99 1 1.33E-07 1.39E-07 6.49E+05 8.27E+05 5

11 RTAQ and PbS ( 3.5 nm ) 0 90 10 7.99E-09 1.92E-11 3.89E+04 1.43E+01 -100

12 RTAQ and PbS ( 3.5 nm ) 0 98 2 9.11E-09 1.87E-09 4.43E+04 l.lOE+04 -79

10 RTAQ and PbS ( 3.5 nm ) 0 99 1 4.57E-11 l.lOE-10 1.23E+02 5.55E+02 141

11
RTAQ,PDI and PbS (3.5 

nm)
25 74 1 2.59E-11 2.74E-11 2.63E+01 6.31E+01 6
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5.5 .2 .ii Polarised Optical Microscopy o f DLC-QD composites

Polarised optical microscopy was th en  used to analyse the DLC liquid crystal phase optically. 

H6TP is crystalline a t room  te m p e ra tu re , th e re fo re  only RTAQ was observed since it is a DLC at 

room  tem p e ra tu re . This was th en  com pared  to  RTAQ based com posites created  using QDs, 

com m on QD surface ligands and PDI. All o f this was carried out by firstly filling a device designed 

to  test DLC conductivity, consisting o f tw o  FTO coated glass slides separated by a 10 -nm  spacer. 

The device was then  put through a heat tre a tm e n t, Involving slow cooling fro m  th e  isotropic  

phase (above 130 °C) to  insure th a t RTAQ was observed in its DLC phase. This device  

arrangem ent has been reported  to  produce th e  DLC phase perpendicular to  th e  FTO glass.

Figure 5 .35  shows th e  DLC room  te m p e ra tu re  phase o f RTAQ form ed a fte r careful a lignm ent o f 

th e  isotropic phase at 130 °C cooling a t a rate o f 0 .5  °C per m inute to  60  °C. This results in an 

alignm ent o f th e  RTAQ DLC phase perpendicular to  th e  d irection o f th e  FTO glass, allow ing use 

to  view  th e  phase from  th e  to p  o f th e  columns. The images shows a clear indication o f the  

presence o f a crystalline phase w hich is responsible fo r bring about th e  strong colours clearly 

visible in the images.

Figure 5.35 Polarused optical microscopy images o f non-doped RTAQ DLC, under a 10 x zoom a t room tem perature  
showing the DLC phase.
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Following this, w e  investigated  th e  effects  of addition  of th r e e  c o m m o n  ligands used  to  cap 

CdSe QDs to  th e  DLC phases  of th e  m ateria l,  oc tadecy lam ine  (ODA), oc tadecy lphosphon ic  acid 

(ODPA) and oleic acid (OA) and  is show n  in Figure 5 .36. The first obse rvab le  fact from  this  doping 

w as  th a t  all th r e e  com pos i te s  still p roduced  a liquid crystal phase ,  bu t with differing levels of 

d isruption  to  this  phase.  It can be  se en  from  th e  im ages th a t  d isrup tion  of th e  crystalline phase  

is m o s t  p ro n o u n ce d  in th e  ODPA co m pos i te  ( image B), show ing  a m uch smaller crystalline 

individual sections and  d isruption of  th e  s t ru c tu re  a ro u n d  th e  edges.  ODA d o p e d  d e m o n s t r a te d  

a low er  d isrup tion  (image A) of  th e  crystalline p h ase  while interestingly  OA d o p e d  (image C) 

sh o w ed  th e  least obse rvab le  d isrup tion  of th e  DLC phases.

Figure 5.36 Polarused optical microscopy of 
RTAQ DLC composite , using a 10 x zoom, 
m ixed witt) 10:1, w /w , ODA (Image A), 
ODPA (Image B) and OA (Image Cj
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Subsequently three composites composed of CdSe CQDS/RTAQ, 1:10, w /w  were studied. 

Samples coated in either OA (3.77 nm), ODA (3.66) or ODPA (3.4 nm) were analysed using POM 

and is shown in Figure 5.37. The three CdSe QDs investigated were similar in diam eter, with 

ODPA capped CdSe QDs =3.4 nm, ODA capped = 3.7 nm and the OA capped = 3.8 nm, therefore  

the size difference could be dismissed as a cause of the differing in the composite properties. 

Across the three composites a definite disruption of the DLC phase can be observed, with the 

most pronounced taking place in ODA capped CdSe QDs (Figure 5.37 C), showing islands of the 

RTAQ DLC phase existing in an amorphous phase. The same effect can be seen to a lesser level 

in ODPA capped CdSe QDs (Figure 5.37 B) and even to a lesser extent again in OA capped CdSe 

QDs (Figure 5.37 A), displaying a much less pronounced disruption of the DLC phase. Due to the  

smaller disruption from the OA ligand found from OA QDs and OA ligand composites, only QDs 

coated in OA were further investigated.

Figure 5 .37  Polarused optical microscopy 
Images o f RTAQ/CdSe QD composite, using 
a 10 X zoom, conslsing o f oleic acid capped 
CdSe (im age A), octadeylphophoinc acid 
capped CdSe QDs (Im age B) ana  
octadecylamine capped CdSe (C) added in a 
ratio o f 1 :10 , RTAQ/CdSe w /w .
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POM was used to then analysis the effect of varying the concentration of oleic acid capped CdSe 

(3.8 nm) QDs, changing from 1:100 (A) to 1:10 (B) to 1:5 (C) to 1:1 (D) w /w and is shown in Figure 

5.38. As the concentration of QDs is increased, it can be clearly seen that the DLC crystalline 

phase becomes more and more strongly disrupted, going from image A to D, showing smaller 

crystalline segments and increased darker areas indicating the presence of an isotropic phase.

Figure 5.38  Polarised optical microscopy o f RTAQ /CdSe QD composite , using a 10 x zoom, consising o f oleic acid 
capped CdSe (3.77nm  in rdiam eterj added in a ratio o f 1:100 (im age A), 1:10 (Im age B), l:5 (lm ag e  C) and 1:1 (Im age 
Dj w /w .
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After observing the effects of different concentrations of oleic acid capped CdSe QDs to RTAQ, 

composites consisting of oleic acid capped CdS QDs or oleic acid capped PbS QDs composed 

were produced and studied using POM. CdS QDs composites consisting of 1:100 (A), 1:10 (B) 

and 1:1 (C) w /w  were studied and is shown in Figure 5.39, showing the same trend of increasing 

disruption of the DLC phase as the concentration increased showing the formation of islands of 

the DLC phase in an isotropic phase.
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The addition o f oleic acid capped PbS QDs to  RTAQ is shown in Figure 5 .4 0  in ratios ranging from  

1:100 (im age A), 1 :50 (im age B) and 1 :10 .o f w /w  (im age C). This sam ple shows th e  sam e trend  

of crystalline phase disruption as seen in Cd/RTAQ  com posites. Interestingly due to  th e  strong 

visible absorption o f PbS QDs, th e  position o f th e  PbS QDs is m uch m ore noticeable in the  

resulting images, showing its c lear d isruption o f RTAQ DLC phase as seen in th e  black segm ents  

of th e  image

Following th e  study o f a num ber o f Q Ds/RTAQ  com posites, it was decided th a t it w ould  be 

interesting to  observe th e  effects o f addition o f Se to  RTAQ, in a ratio  1:10 w /w  and is shown in 

Figure 5 .41. This was due to  th e  possible presence o f Se th a t can be found in samples o f CdSe 

QDs if Se was used in excess during synthesis and not ad eq u ate ly  cleaned fro m  th e  QD solution  

afterw ards. It was found th a t th e  Se did not fill easily into th e  device, due to  its insolubility in 

RTAQ and th e re fo re  very little  o f the added Se can be observed in th e  im age apart from  the  

small segm ents displaying black deposits in certa in  areas o f th e  im age. This im purity  was
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observed did not to  effect the underlying DLC phase o f RTAQ, w hich show ed excellent 

crystallinity under POM .

Figure 5,41 Polarused optical microscopy o f RTAQ:Se composite , using a 10 x zoom, composed o f 1:10 Se /RTA Q  
i v /w .

Finally POM was used to  observe th e  e ffect o f addition o f PDI, a soluble perylene d iam ide, 

(N ,N 9 -b is (l-e th y lp ro p y l)-3 ,4 ,9 ,10 -p ery len eb is  , to  th e  RTAQ DLC phase and is shown in Figure  

5.42  in a ratio o f 1:10 PDI /R TA Q  w /w . The PDI produces a very distinct structure in th e  RTAQ, 

producing needle like grow ths in th e  phase o f the RTAQ. Interestingly no noticeable disruptio  n 

can be seen to  th e  overall structure o f th e  RTAQ, which still shows a strong crystalline DLC 

phase, interm ingled w ith  the PDI need le phase, which is regularly d istributed  th ro ug ho u t th e  

com posite.

Figure 5.42 Polarused optical microscopy images o f RTAQ:PDI composite , using a 10 x zoom, composed of 1:10  
PDI/RTAQ w /w .
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5.5.3 DLC Cell fabrication

R TA Q  and Q D

300 nm

200 nm

FTO

R TA Q , PDI and Q D

Al

300  nm ^  

200 nm

Design 1 Design 2 Design 3

Figure.5.43. D iagram  o f proposed designs o f DLC/QD photovoltaic cell.

Following analysis o f the RTAQ com posites, th ree  designs o f PV cells w ere  fabricated  and tested  

to  see if it was possible to  produce a novel photovoltaic device. The designs a tte m p ted  are  

shown in Figure.5.43. Design 1 w ill simply use RTAQ and a QD, deposited upon FTO coated glass, 

w ith  a low  w orkfunction  m etal evaporated  on as the back contact. The second design will 

incorporate PDI, w hich has been shown to  w ork as an effective electron acceptor w ith  o th er  

DLC designs, into th e  same structure as design 2. The final design incorporates the RTAQ PDI 

and QD layer, w hile  also incorporating th e  use o f a T iO j film  upon th e  FTO glass. In this design, 

electron  injection takes places into th e  TiOz, and so instead o f use o f a low  w orkfunction  m etal 

as seen in th e  tw o  earlier designs, a larger w ork function m etal will be used to avoid electron  

in jection into th e  back electrode. Therefo re , for the initial design, w e have utilised Ag, but Au 

or Pt w ou ld  also be excellent candidates. To enable the production o f these th ree  designs o f 

DLC-QD cells describing spincoating w ill be used to produce th e  RTAQ/QD layer, w hile  th e  TiOz 

layer used in design th ree  was fabricated  using the same approach used in DHCQD cell

5 .5 .3 .i Spincoating

Spincoating has been explored as a m ethod  to  deposit continuous films o f RTAQ, w ith  th e  aim  

to  produce a film  o f b etw een  150 nm -  200  nm in thickness. The spin coater used had a 

m inim um  setting o f ram p rate 100 rpm /sec and a m in im um  spin speed o f 1 ,000  rpm , th e re fo re  

w e w ere  restricted in our ab ility to  access low er ram p rates and spin speeds, which m ay have  

been m ore optim al fo r our purpose. Therefo re , instead w e  used solvent choice and loading to  

control th e  film s produced

Initia lly  ch loroform  was used as th e  solvent, w ith  loading o f betw een  15 m g /m l to  30 m g /m l, 

u nfo rtu n a te ly  this was found to  produce an uneven coating, which was also too  th in . Following  

this, a h igher viscosity solvent was investigated as a m eans to produce m ore effective  surface 

coverage and to  increase surface thickness coating. The solvent o f choice also had to re tain  a
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low  boiling point and th ere fo re  w ould  easily evaporate  which is vital for spincoating and also 

im portan tly  have a low surface tension so it spreads effective ly  during spinning .Therefore  

cyclic-alkenes w ere  explored, specifically cyclohexane, due to  its h igher viscosity 1.02 cP, a 

boiling point o f just 80 .7  °C and a surface tension o f 24 .95  m N /m . This solvent produced films 

showing far b e tte r surface coating and increased thickness. Finally to  produce design 3, it was 

found th a t PDI showed poor solubility in cyclohexane, th e re fo re  instead as a solvent m ixture of 

(cyclo-hexane) in conjunction w ith  th e  chloroform ; in a 1:3 ratio (w /w ) in which PDI and RTAQ 

w ere  both still fu lly soluble w ith in  was used. Films produced using this solvent m ixture w ere  

much m ore continues and by simply varying th e  w eight, it was possible to  produce the desired  

thickness, w ith  produced film s described in SEM used to  d eterm ine  th e  thickness o f liquid  

crystal deposited and continuous surface coating w ith  cross sections is shown in Figure 5.44.

Figure 5.44 SEM images o f RTAQ, 
spincooted on FTO, A 30  m g/m l, B 4C 
m g/m l, and C 50  rng/m ! producing a 
thickness o f 250 nm, 300 nm and 400 nm.
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Figure 5.45 UV-Vis absorption o f sp incoatedfilm  o f 1-1, PDI +RTAQ containing 1-10 PbS Q D ,w /w , spincoatedfrom  
a 40 mg per m l so lu tion , on FTO glass

UV-Vis absorption spectroscopy was also used to  analysis resulting deposited film  as shown in 

Figure 5.45, displaying the strong absorption o f the resulting layer and its possible effectiveness 

at photon harvesting.

Table 5.6 Optim isation o f spin coating fo r  DLC cell fabrica tion  showing the results obtained from  a range o f solutes 
and solvents. A ll spincoating was carried out a t 1000 RPM, w ith a 200 rpm/sec ramp rate.

Contents

Composition, w /w%
Weight (m g / 

ml)
Solvent Thickness

Uniformity of 

spincoating
PDI DLC QD

RTAQ 0 100 / 15 Chloroform ~ 30 nm poor

RTAQ / 100 / 30 Chloroform ~ 50 nm poor

RTAQ / 100 / 15 Cyclo-hexane ~ 100 nm partial

RTAQ / 100 / 30 Cyclo-hexane ~ 250 nm excellent

RTAQ / 100 / 50 Cyclo-hexane ~ 400 nm excellent

RTAQ / 100 / 40 Cyclo-hexane ~ 250 nm excellent

RTAQ+PDI 66 33 / 30
1:3, w:w, Cyclo-hexane /  

Chloroform
~ 150 mn excellent

5.5.3.ii Device results

To date a range o f devices have been fabricated, by simply evaporating a Al or Ag based back 

electrode using vacuum deposition, to  then produce the desired cell design. Unfortunately to 

date the devices have not shown a detectable electrical response under illum ination, which at 

the m om ent is most likely due to  im proper fabrication. A range o f cells produced to  date is given 

in Table 7.5 in Appendix E.
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5.6 Conclusions

In conclusion, w e have dem onstra ted  th e  optim isation o f the separate com ponents needed to  

build effic ient QDSSC cells and DHCQD cells, w hile  exam ining th e  properties o f DLC/QD  

com posites w ith  th e  aim o f solar cell fabrication.

Regarding QDDSCs cells, w e firstly exam ined the fabrication  o f th ree  d iffe ren t counter 

electrodes fo r QDDSC applications, Cu2-S on a brass foil, PbS on a Pb foil and Pt on FTO glass. 

Following this, th e  catalytic activity o f these electrodes w ere  then  analysed in a polysulphide  

aqueous electro lyte  p referred  in QDDSC designs using cyclic vo ltam m etry , displaying th e  far  

higher response o f CuzS and PbS relative to  Pt based electrodes. Subsequently, w e exam ined  

the construction o f an optim al porous T i02 photoaniode; using th ree  d iffe ren t form s o f T IO 2, 

bulk Ti0 2 , 20  nm anatase Ti0 2 , and 20 0  nm Ti0 2  particles, which w ere  deposited sequentially  

and th en  put through a specific heating process to  produce an e lectrode th a t was optim al fo r  

QD sensitisation. QDDSC cells w ere th en  fabricated , using a range o f T i02 electrodes sensitised 

w ith  CQDs through EPD, w ith  th e  most effic ient closed cell device to  date  shown using oleic acid 

capped CdSe QDs, producing a PCE o f 0 .22  % under A M I .5 1 sun illum ination. W e  also 

dem onstra ted  a PCE o f 0 .50%  using oleic acid CdSe QDs in an open cell QDSSC cell design.

Concerning DHCQD cells, w e have dem onstra ted  th e  successful use o f a lternative  fabrication  

techniques to  produce the desired cells w ith  th e  aim  o f using m ore com m ercially viable m eans. 

Therefore , firstly w e  have dem o n stra ted  th e  use o f a solution based etching process to  allow  

th e  production o f m ultip le cells upon a single FTQ coated glass. Next, w e have shown the  

production o f a th in film  o f Ti0 2  fo r this cell through the novel use o f highly diluted com m ercially  

sourced 20 nm TiQ 2 pastes, producing a film  o f 300  nm in thickness w ith  excellent surface  

coverage, adherence, chem ical and crystal structure. Following this, w e have shown the  

application o f dip coating, as a novel m eans to produce M PA capped th in  films o f CdSe and PbS 

QDs fo r application in the DHCQD cell. Subsequently w e dem onstra ted  DHCQD cells using e ith e r  

CdSe, PbS or CdTe/CdSe QDs, from  w hich th e  resulting ceils showed a photovoltaic e ffect under 

illum ination, though one th a t was below  reported  values to  date.

Finally, w e exam ined the e ffect o f QD incorporation into tw o  discotic liquid crystals, H6TP 

(2 ,3 ,6 ,7 ,1 0 ,ll,H e x a h e x y lo x y -tr ip h e n y le n e ) and RTAQ (l,5 -d ih yd ro xy -2 ,3 ,6 ,7 -te trak is (3 ,7 - 

d im ethyloc ty loxy)-9 ,10-anthraqu inone). W e  have shown the effects o f QD doping, using CdSe, 

PbS and CdS to  these liquid crystals DC conductivity under illum ination and darkness, displaying  

an overall increase in DC conductivity. W e  have also exam ined th e  effect o f th e  same QDs
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incorpora t ion  up o n  th e  resulting DLC p h ase  of t h e  m a ter ia ls  using POM, show ing  a s trong  

d isruption of  th e  DLC p h ase  as QD c o n c en tra t io n  increased . Included in th is  study, w e  exam ined  

th e  effects of o th e r  im purit ies  p re se n t  in QD solutions, th r e e  co m m o n  ligands used  in QD 

synthesis,  OA, ODA and  ODPA and  also e lem e n ta l  Se, exam ining th e ir  e f fec ts  upon  th e  resulting 

s t ruc tu re ,  w ith  Se show ing  a s trong  increase  in conductivity , while OA w as  show n  to  p roduce  

th e  least d isrup tion  to  th e  DLC phase .  W e also ex a m in e d  th e  inclusion of  a co m m o n  e lec tron  

accep to r ,  PDI, used  in DLC so lar  cells re p o r te d  and  its e ffec t  upon  conductiv ity  an d  th e  DLC 

phase ,  show ing  little to  no d isrup ting  of  th e  DLC phase ,  w ith  a co r re sp o n d in g  inc rease  in 

conductiv ity  of th e  com pos i te .  Finally w e  briefly carried  th e  fabrica tion  of  novel QD/DLC solar 

cells using th r e e  p ro p o sed  designs, th o u g h  to  d a te  n o n e  of which have sh o w n  a d e te c ta b le  

pho tovo lta ic  response .
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions

In our w ork, w e have dem o n stra ted  th e  u tility  o f sem iconductor nanocrystals to  the application  

of photon harvesting fo r photovolta ic devices. This was achieved by firstly synthesising a range 

of core and core shell q uantum ly confined sem iconductor nanostructures utilising th e  hot 

injection approaches. W e th e re fo re  have synthesised a range of m aterials th a t show absorption  

in th e  UV, visible and infrared, w ith  a range o f band gap structures, w ith  th e  aim  to  d eterm ine  

the optim al m ateria l fo r incorporation into a photovoltaic device and to  explore the unm atched  

flexibility th a t th e  quantum  d ot offers in this respect.

T herefo re a range o f CdSe QDs w ere  synthesised capped in a shell o f e ith e r oleic acid, ODPA or 

ODA, displaying a range o f absorption and emission properties in th e  visible range. Following  

this is, tw o  o ther core QDs w ere  synthesised showing first exciton absorption and emission in 

the UV range produced using CdS, o r NIR range produced using PbS. Following this, w e have 

dem onstra ted  th e  synthesis o f core/shell QDs o f CdSe/CdS, CdS/CdSe, and CdTe/CdSe, by 

making use o f th e  SILAR approach, enabling careful control o f the shell thickness produced. W e  

have also produced h eterostructured  CdSe/CdS dot in rod structures in a range of 

m orphologies.

Aside fro m  hot injection synthesis o f nanostructures, w e have also exhib ited  the ability to  

deposit Au NPs upon CdSe/CdS NRs and shown the resulting optical properties produced. The  

approach o f cation exchange has also been dem onstra ted  as a m eans to  produce o th er novel 

nanom aterials, not readily o b ta inab le  through hot injection, including PbS/CdS QDs, Cu2 xSe 

QDs, Cu 2-xSe/Cu 2-xS NRs and Pb i-x Se/Pbi-xS NRs.

W e have also shown in our investigation the effects o f h a lide/o leylam ine solutions upon a range 

of QDs. From this, w e have dem o n stra ted  large increases in lum inescent quantum  yields 

observed fo rm  th e  addition o f these solutions increasing OA capped CdSe QY from  1.5% to 32  

%, ODPA capped CdSe QY fro m  25%  to 42 .2%  and ODA capped CdSe QY from  0 .8  to  16.8 %. 

T h erefo r this is an excellent m etho d  to  increase surface passivation o f QDs fo r use in 

photovoltaic applications, reducing efficiency loss due to  recom bination at th e  surface o f th e  

QD.

236



C h a p te r  6 C onclusions an d  F u tu re  W o rk

F o llow in g  n a n o p a rtic le s  synthesis , w e  d e m o n s tra te d  th e  a p p lic a tio n  o f EPD as m e a n s  to  

sensitise  porou s  TiOz e le c tro d e  w ith  a ran g e  o f Q D s and  QRs has b een  sh o w n , and  th e  e ffe c ts  

o f a n u m b e r  o f  post t re a tm e n ts  u po n  th e  re su ltin g  p h o to c u rre n ts  o f th e  e le c tro d e s  te s te d  u n d e r  

i llu m in a tio n . T h e  s tu d y  began  by inves tig a tin g  th e  e ffe c ts  o f a n u m b e r  o f  p ro p e rtie s  u p o n  th e  

re la t iv e  success o f e le c tro p h o re tic  d e p o s itio n  using o le ic  a c id -c a p p e d  CdSe Q Ds as th e  m o d e l 

te s t system . F rom  th is , w e  s h o w e d  th e  novel o b s e rv a tio n  th a t  th e  a p p lic a tio n  o f D C M  as a 

so lv e n t fo r  EPD has a h ug ely  in flu e n tia l e ffe c t u p o n  th e  to ta l lo ad in g  o f  e le c tro d e s  ach ieved  

fro m  d e p o s itio n , increasing  th e  success o f th e  d e p o s itio n  tre m e n d o u s ly . W e  also  d e m o n s tra te d  

a specific  e x a m p le  o f  EPD as sensa tio n  m e th o d  to  T iO i d u e  to  its a b ility  to  cause a n e a r u n ifo rm  

sen s itisa tio n  o f  th e  p orou s  e le c tro d e  re la tiv e  to  d e p th , a llo w in g  o p tim a l s ens itisa tion  o f  th e  T i0 2  

e le c tro d e  fo r  Q D D SC  app lica tio n s .

F o llow in g  o p tim is a tio n  o f  th e  d e p o s itio n , w e  in v e s tig a ted  th e  d iffe re n c e  o f Q D  lo ad in g  w h e n  

using CdSe Q D s cap p e d  w ith  o th e r  ligands, in v e s tig a tin g  th e  d e p o s itio n  o f O D A  cap p ed  CdSe 

Q D s and  O D P A  c a p p e d  CdSe Q D s. F rom  th is , w e  d e te rm in e d  th a t  O D P A  cap p ed  CdSe Q Ds  

s h o w e d  th e  o p tim a l p e r fo rm a n c e  u n d e r EPD, b u t o n ly  a f te r  an a d d itio n a l c lean in g  s tep  to  

re m o v e  excess ligands p re s e n t a f te r  O D P A  c a p p e d  CdSe Q D  synthesis  w as  c a rried  o u t.

T re a tm e n ts  w e re  th e n  e x a m in e d  w ith  th e  a im  to  increase  th e  resu ltin g  p h o to c u rre n t o f  Q D  

sensitised  T i0 2  e le c tro d e s . W e  h ave  sho w n  th a t  th e  use o f  SILAR d e p o s itio n  o f ZnS and  CdS b o th  

d isp lay  a large  increase  in th e  resu ltin g  p h o to c u rre n ts . W e  also in v e s tig a ted  th e  e ffe c t  o f  ligand  

e xch an g e , using M P A  and  HTAC, w ith  M P A  s h o w in g  a s tro n g  d ecrease  in e ffic ie n c y , w h ile  HTAC  

s h o w e d  a s tro n g  increase .

W e  th e n  used EPD to  sho w  its a b ility  to  p ro d u ce  a range o f sensitised  T IO 2 e le c tro d e  th ro u g h  

EPD o f  a ran ge  o f co re  and  c o re /s h e ll Q Ds an d  QRs inc lud ing  CdS Q D s, PbS Q D s, C dS e/C dS  Q Ds, 

C dS/C dSe Q D s, C d Te /C d S e  Q D s and  C dS e/C dS  QRs. T he  p h o to c u rre n t  resp on se  o f all e le c tro d e  

w as also e x a m in e d  to  d e te rm in e  th e  o p tim a l m a te r ia l fo r  p h o to s en s itis a tio n , w ith  C dS/C dSe  

and  C d T e /C d S e  c o re /s h e ll Q D s, p ro du c in g  p h o to c u rre n ts  o u tp e r fo rm in g  th e  b e lo w  p ar load ing  

a c h ie v e d .

C a tio n  exchang e  w as  used as a n ove l a p p ro a c h  to  e le c tro p h o re tic a lly  sensitised  T i0 2  e le c tro d e s , 

d isp laying  its a b ility  to  c o n v e rt a lre a d y  d e p o s ite d  CdSe Q D s to  C u 2 xSe Q D s to  PbSe Q D s, sh o w in g  

a d ra m a tic  ch an g e  in th e  resu ltin g  a b s o rp tio n . C atio n  e x ch an g e  w as  also used as a m ean s  to  

p ro d u ce  c o re /s h e ll PbS/CdS Q D s fro m  PbS sens itised  T i0 2  e le c tro d e s  and  w e  have inv e s tig a ted
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its effect upon the resulting photocurrent response, which surprisingly showed a decrease in 

current.

Regarding QDSSCs cells, we firstly examined the fabrication of three different counter 

electrodes for QDSSC applications, Cu2-S on a brass foil, PbS on a Pb foil and Pt on FTO glass. 

Following this, the catalytic activity of these electrode were then analysed in a polysulphide 

aqueous electrolyte preferred in QDSSC designs. This was achieved using cyclic voltammetry, 

which displayed a far higher response of CU2S and PbS relative to Pt based electrodes. 

Subsequently, we examined the construction of an optimal porous Ti02 photoaniode; using 

three different forms of TIO 2, bulk Ti02, 20 nm anatase Ti02, and 200 nm Ti02 particles, which 

were deposited sequentially and then put through a specific heating process to produce an 

electrode that was optimal for QD sensitisation. QDDSC cells were then fabricated, using a 

range of Ti02 electrodes sensitised with CQDs through EPD, with the most efficient sealed 

device to date shown using oleic acid capped CdSe QDs, producing a PCE of 0.22 % under AM1.5  

1 sun illumination. W e also demonstrated a PCE of 0.50% using an open cell QDSSC cell design 

using oleic acid capped CdSe QDs.

Concerning DHCQD cells, we have demonstrated the successful use of alternative fabrication 

techniques to produce the desired cells with the aim of using more commercially viable means. 

Therefore, firstly we have demonstrated the use of a solution based etching process to allow 

the production of multiple cells upon a single FTO coated glass. Next, we have shown the 

production of a thin film of Ti0 2  for this cell through the novel use of highly diluted commercially 

sourced 20 nm Ti02 pastes, producing a film of 300 nm in thickness with excellent surface 

coverage, adherence, chemical and crystal structure. Following this, we have shown the 

application of dip coating, as a novel means to produce MPA capped thin films of CdSe and PbS 

QDs for application in the DHCQD cell. Subsequently we demonstrated DHCQD cells using either 

CdSe, PbS or CdTe/CdSe QDs, from which resulting the cells showed a photovoltaic effect under 

illumination, though one that was below reported values to date.

The effect of QD incorporation into tw o discotic liquid crystals was also determ ined, H6TP and 

RTAQ. W e have shown the effects of QD doping, using CdSe, PbS and CdS to these liquid crystals 

DC conductivity under illumination and darkness, displaying an overall increase in DC 

conductivity. W e have also examined the effect of the same QDs incorporation upon the 

resulting DLC phase of the materials using POM, showing a strong disruption of the DLC phase 

as QD concentration increased. Included in this study we examined the effects of other 

impurities present in QD solutions, three common ligands used in QD synthesis, QA, ODA and
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ODPA and also e lem ental Se, exam ining th e ir effects upon th e  resulting structure, w ith  Se 

showing a strong increase in conductivity, w hile  OA was shown to  produce th e  least disruption  

to  th e ir  DLC phase. W e  also exam ined the inclusion o f a com m on electron acceptor, PDI, used 

in DLC solar cells reported  and its e ffect upon conductivity and th e  DLC phase, showing little  to  

no disrupting o f the DLC phase, w ith  a corresponding increase in conductivity o f th e  com posite. 

Finally w e briefly carried th e  fabrication  o f novel Q D/DLC solar cells using th re e  proposed  

designs, though to  date none o f w hich have shown a d etec tab le  photovolta ic response.

In conclusion, our w ork has explored the application o f quantum ly confined sem iconducting  

m ateria ls as photon harvesters in a range o f photovo lta ic designs, dem onstrating  th e  great 

utility  o f these m aterials and th e  range o f options open to  th e ir  use in these applications. From  

this exploration and dem onstra tion , w e believe our w ork  will con tribu te  in th e  ongoing search 

fo r a new  photovoltaic device th a t will a llow  fo r th e  e ffic ient harvesting o f th e  w orld 's largest 

clean energy resource, the sun.

6.2 Future Work

A range of w ork has arisen fro m  our research th a t w e believe w ould  be advantageous to  

explore, w ith  the aim  o f fu rth erin g  our aims o f innovation in quantum  dot based 

photosensitisation and photon harvesting.

1. A tte m p t th e  synthesis o f a range o f core-shell structure th rough cation exchange as a 

m eans to produce unique q uantum  d ot m ateria ls, i.e. convert th e  CdTe/CdSe quantum  

dots to  PbTe/PbSe QDs via Cu ions exchange.

2. Synthesis and analysis o f novel gold -  QD structures through application o f th e  already  

dem onstrated  Au deposition upon CdSe/CdS NRs to  th e  range o f synthesised Cd based 

core/shell QD to  investigate th e  novel p lasm on/p lasm onic interactions.

3. Continue exam ination o f th e  effects o f o leylam ine based post tre a tm e n ts  effects upon  

QDs, by carrying out tre a tm e n ts  w ith  o th er Cd based halide salts in o leylam ine to

W.

CdTe/CdSe QDs J

m li
Before After Before After

Figure 6.1 Photograph showing the effect o f oleylannine/CdCh solution treatm ent upon core shell QDs of 
CdS/CdSe and CdTe/CdSe
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d e te rm in e  th e  e ffe c t o f  th e  h a lid e  a n io n . T he  s tu d y  cou ld  also be e x p a n d e d  by th e  

e x a m in a tio n  o f th e  post tre a tm e n ts  upo n  o th e r  co re  shell Q D s such as C dS/C dSe and  

C d T e /C d S e  Q Ds, w h ich  h ave  show/n so m e p re lim in a ry  resu lts  ind ica tin g  a s trong  

increase  in lu m in escen ce  d ue  to  th e  a d d itio n  o f o le y la m in e  so lu tio n  o f CdC b as sho w n  

In F igure 6 .1 .

4 . It has b ee n  re p o rte d  th a t  d ip p in g  an  e le c tro d e  in to  K2S o r N a 2S, S can resu lt in exchange  

o f  th e  surface  ligand w ith  an  e le m e n ta l ligand, w h ich  th e re fo re  rep laces any surface  

ligands p rio r to  t re a tm e n t ,  th e re fo re  w o u ld  like to  te s t  th e  e ffe c t o f  th is  as an  

a lte rn a t iv e  ligand exchang e  to  p ro d u ce  D H C Q D  cell.

5 . In c o rp o ra te  C d S e /C d S /A u  NRs s tru c tu re s  in to  a TIOz p orous e le c tro d e  using  

e le c tro p h o re tic  d e p o s itio n  and  d e te rm in e  th e  chan ge  in p h o to c u rre n t response d u e  to  

th e  gold  in c o rp o ra tio n

6. In v e s tig a te  th e  e ffe c ts  o f  shell th ickness  o f ty p e  I, ty p e  II and  reverse  ty p e  I Q Ds upon  

th e  resu ltin g  p h o to c u rre n t responses o f e le c tro p h o re tic a lly  sensitised  T i0 2  cells and  

upo n  th e  resu ltin g  e ffic ie n c y  o f  QDSSC cells.

7 . To  fu r th e r  inv e s tig a te  th e  p h o to c u rre n t response  o f Q D  sensitised  p orous T i0 2  

e le c tro d e s  by ca rry in g  o u t tes ts  u n d e r illu m in a te d  o f a A M I . 5 1 0 0  W /M ^  light source  

using an  a q u e o u s  p o lysu lp h id e  e le c tro ly te  ( I M  N a 2$, I M  S ) and  a CuS c o u n te r  

e le c tro d e , so as to  b e t te r  s im u la te  th e  responses I should  e x p e c t fro m  e le c tro d es  

in c o rp o ra te d  in to  a c losed QDSSC cell

8 . F u rth e r c h a ra c te ris e  th e  q u a n tu m  d o t sensitised  T i0 2  QDSSC e le c tro d e s  th ro u g h  th e  use 

o f a in house b u ilt in c id e n t p h o to c u rre n t response e ffic ie n c y  , so as to  d e te rm in e  th e  

e ffic ie n c y  o f  th e  cells re la tiv e  to  illu m in a tio n  w a v e le n g th

9 . C arry  o u t fu r th e r  tes tin g  o f  QDSSC designs w ith  PbS c o u n te r  e le c tro d e  using a lte rn a tiv e  

m ean s  to  seal th e  cell. In a d d itio n , carry  o u t fu r th e r  tes tin g  w ith  c o re /s h e ll sensitised  

T i0 2  e le c tro d e s  inc luding  c a tio n  exchang ed  Q D  sensitised  e le c tro d es  and  e le c tro d e s  

p ost tre a te d  w ith  CdS o r  HTAC tre a tm e n ts .

10 . F ab rica te  and  te s t th e  e ffic ie n c y  o f  a lte rn a tiv e  m e ta l fo ils  as a m ean s  to  p ro d u ce  novel 

m e ta l su lp h id e  c o u n te r  e le c tro d e s  fo r  QDSSC cells, i.e . in v e s tig a te  th e  use o f Co o r Ni 

m e ta l fo il, s ince CoS and  Ni n a n o p a rt ic u la te  e le c tro d e s  h ave  b een  re p o rte d  as an  

a lte rn a t iv e  e ffe c tiv e  c o u n te r e le c tro d e  fo r  QDSSC u tilisa tio n ,

1 1 . T h e  resu lts  o b ta in e d  to  d a te  have b een  v e ry  d is a p p o in tin g  con cern ing  th e  DLC cells 

th e re fo re  it is also possible to  a tte m p t  tw o  o th e r  designs fo r  d isco tic  liqu id  based  so lar 

cells w h ic h  h ave  sho w n  p ro m is ing  resu lts  w ith  o th e r  DLCs. T he  n e w  designs m ake  us o f
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the incorporation of PEDOT/PSS to modify design 2 and design 3, by incorporating it 

between the absorber layer and the Ag back contact as seen in design 4 or between the 

TCO and the DLC as seen in design 5. In both cells, it serves the same function, acting as 

an exciton blocker layer, preventing electron injection and enabling hole transport.

272

F T n

TIO,

DLC, PDI and QD

PEDOT/PSS

Ag

Design 4

300 nm 

^ 150 nm 

200 nm  

♦  Unknown

FTO

PEDOT/PSS

DLC, PDI and QD

Al

300 nm

♦  Unknown 

200 nm

Design 5

Figure 6.2 Diagram o f tw o alternative DLC cell designs tha t have been reported in lite rature  and hove shown a level 
o f success.
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7.1 Appendix A: Equations

7.1.1 Exciton Bohr radius

Equation 7.1 W here  0 ^ =  is the exciton radius, Oh is the B ohr rad ius o f  the  hyd rogen a tom , £ is the  p e rm itt iv ity  o f  the  
m ate ria l, m „ is the e lec tron  mass, me' is the e lectron  e ffec tive  mass and  m ^ ' is the  ho le  e ffec tive  mass.

This equation can be used to calculate the Bohr exciton radius of a given semiconductor, 

therefore giving an insight into the desired size of nanocrystal dimensions to observe quantum  

confinement effects.

Equation 7.2 This describes how  to ca lcu la te  the  S chottky b a rr ie r h e ig h t f o r  a S chottky ju n c tio n  fo rm e d  be tw een an 
n-type  sem iconductor (i) o r a p -type  conducto r (ii) and  a m e ta l, w here (p„, is the w o rk fu n c tio n  o f  the  m eta l. Eg is the  
band  gap o f  the sem iconductor and Xs is the e lectron  a ff in ity  o f  the  sem iconductor.

This describes the Schottky barrier height formed betw/een a semiconductor and a metal.

Equation 7.3 W here k^tis the ra te  o f  e lectron  transfer, / Hab I is the  e lec tron ic  coupling be tw een the in it ia l and  f in a l 
states, A is the reorgan iza tion  energy (bo th  inne r and  ou ter-sphere), and  AG is the  to ta l G ibbs fre e  energy change fo r  
an electron transfe r re a c t io n , kt, is the  B oltzm ann c o n s ta n t, T is tem pe ra tu re  in Kelvin, and  h is p lanks con s tan t 
d iv ided by 2n.

This equation describes the expected rate of charge transfer between different electronic 

states.

E quation 7.4 Where E is the  new  ba nd  gap energy due to  q u a n tu m  con finem ent. Eg is the  b u lk  band gap energy, R is 
the  rad ius o f  the sa m p le ,, m ^ ' is the  e lectron e ffec tive  mass a n d  m i,' is the  hole e ffec tive  mass, Eo is the p e rm itt iv ity  
o f  a vacuum  and £a is the  h igh fre que ncy  d ie lec tric  constant.

This describes the changes in the band gap of a semiconductor crystal as its radius decreases, 

and so demonstrated the observed effect of increased band gap energy as the crystal becomes

7.1.2 Schottky Barrier Height
SB =  -  Xs (0 ( n  -  t y p e ) SB  =  Eg +  (0 „ , -  Xs)  ( iO  (P -  t y p e )

7.1.3 The Marcus equation

7.1.4 The Brus Equation
E =  Eg +  h ^ / 8 R ^  [l/?T^e +  1 /j^ h ]  ~  1.8e^/47r£o£a ^

of the order of the Bohr exciton radius.
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7.1.5 Energy balance underlying Heterostructures formation

^ G s  =  Y i ~ Y 2 +  Y i .2

Equation 7.5 This represents the Gibbs free energy surface change (AGJ.og a heterogeneous deposition process, while 
yi and y2 represent the surface energies o f the respective materials and y u  is the solid/solid interface energy.

This equation  can be used to  d e term in e  the type o f s tructure th a t w ill be fo rm ed  w hen creating  

heterostructured  nanocrystal.

7.1.6 Electrophoretic deposition
0s

w  =  —ixESC^

Equation 7.6 Where deposit yield (w), the electric fie ld strength (Ej, the surface area o f the electrode (Sj, tps and cpd 
are the volumetric concentration of particles in suspension and deposit, respectively, Cdis the mass concentration of 
particles in the deposit, t is time and p is the electrophoretic mobility and is given by

\i =  e V 6 ttt i

Equation 7.7 This describes the factors that affect the electrophoretic mobility of particles in solution, in which e is the 
permittivity, f  is the zeta potential and q is the viscosity of the solution.

This describes th e  factors which e ffect th e  deposition w eigh t achieved upon a planar electrode  

and so accurately describes th e  factors to  consider the deposition o f QDs upon an electrode. 

This relationship was first derived in 1999 and is a m odification o f the Ham aker's

equation.^”
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7.2 Appendix B: Tables of Material Properties

Table 7.1 Bulk modulus values fo r common binary semiconductors, reproduced from  reference

Semiconductor Bulk Modules ( GPa)

InSb 47

In As 60

InP 71

CdTe 42

CdSe 53

CdS 62

ZnTe 61.2

ZnSe 64.7

ZnS 74.32

Appendix
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Table 7.2 Lattice mismatch o f shell on core calculated from  bulk m ateria l lattice constants o f the zinc blende crystal structures o f a number o f common binary semiconductors.

Lattice Constants of 

Zinc-Blende Crystal 

Structure

Lattice M ism atch of Zinc Blende Crystal Structures (shell on core)

CdTe 6.482 CdTe CdSe CdS ZnO ZnS ZnSe ZnTe InP InAs InSb GaP GaAs GaSb GaN

CdSe 6.05 CdTe 0.0% 7.1% 11.1% 41.5% 19.6% 14.3% 6.3% 10.5% 7.0% 0.0% 18.9% 14.7% 6.3% 43.1%

CdS 5.832 CdSe -6.7% 0.0% 3.7% 32.1% 11.6% 6.7% -0.8% 3.1% -0.1% -6.6% 11.0% 7.0% -0.8% 33.5%

ZnO * 4.58 CdS -10.0% -3.6% 0.0% 27.3% 7.6% 2.9% -4.4% -0.6% -3.7% -10.0% 7.0% 3.2% -4.3% 28.7%

ZnS 5.42 ZnO -29.3% -24.3% -21.5% 0.0% -15.5% -19.2% -24.9% -22.0% -24.4% -29.3% -16.0% -19.0% -24.9% 1.1%

ZnSe 5.67 ZnS -16.4% -10.4% -7.1% 18.3% 0.0% -4.4% -11.1% -7.6% -10.5% -16.4% -0.6% -4,1% -11.1% 19.6%

ZnTe 6.1 ZnSe -12.5% -6.3% -2.8% 23.8% 4.6% 0.0% -7.0% -3.4% -6.4% -12.5% 4.0% 0.3% -7.0% 25.1%

InP 5.8687 ZnTe -5.9% 0.8% 4.6% 33.2% 12.5% 7.6% 0.0% 3.9% 0.7% -5.9% 11.9% 7.9% -3.7% 34.6%

In As 6.0584 InP -9.5% -3.0% 0.6% 28.1% 8.3% 3.5% -3.8% 0.0% -3.1% -9.4% 7.7% 3.8% -3.7% 29.5%

InSb 6.4794 In As -6.5% 0.1% 3.9% 32.3% 11.8% 6.9% -0.7% 3.2% 0.0% -6.5% 11.1% 7.2% -0.6% 33.7%

GaP 5.4512 InSb 0.0% 7.1% 11.1% 41.5% 19.5% 14.3% 6.2% 10.4% 6.9% 0.0% 18.9% 14.6% 6.3% 43.0%

GaAs 5.6533 GaP -15.9% -9.9% -6.5% 19.0% 0.6% -3.9% -10.6% -7.1% -10.0% -15.9% 0.0% -3.6% -10.6% 20.3%

GaSb 6.0959 GaAs -12.8% -6.6% -3.1% 23.4% 4.3% -0.3% -7.3% -3.7% -6.7% -12.7% 3.7% 0.0% -7.3% 24.8%

GaN 4.531 GaSb -6.0% 0.8% 4.5% 33.1% 12.5% 7.5% -0.1% 3.9% 0.6% -5.9% 11.8% 7.8% 0.0% 34.5%

GaN -30.1% -25.1% -22.3% -1.1% -16.4% -20.1% -25.7% -22.8% -25.2% -30.1% -16.9% -19.9% -25.7% 0.0%

IV
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Table 7 .3 Lattice mismatch o f  shell on core calculated from  bulk m ateria l lattice constants o f the a and c axes o f the wurtzite crystal structures o f a num ber o f common binary semiconductors.

W u rtz ite  Lattice Constants Lattice Mism atch of W urtzite  Blende Crystal Structures (shell on core)

CdSe CdS ZnTe ZnSe ZnS ZnO MgTe GaN InN

a = c = CdSe 0.0% 3.4% 0.7% 8.0% 12.6% 32.3% -5.1% 34.8% 21.3%

CdSe 4.3 7.02 0.0% 3.9% 0.4% 7.5% 12.1% 34.8% -5.2% 35.3% 23.1%

CdS 4.16 6.756 CdS -3.3% 0.0% -2.6% 4.5% 8.9% 28.0% -8.2% 30.4% 17.4%

ZnTe 4.27 6.99 -3.8% 0.0% -2.6% 3.5% 7.9% 29.8% -8,8% 30.2% 18.5%

ZnSe 3.98 6.53 ZnTe -0.7% 2.6% 0.0% 7.3% 11.8% 31.4% -5.7% 33.9% 20.5%

ZnS 3.82 6.26 -0.4% 3.5% 0.0% 7.0% 11.7% 34.2% -5.6% 34.7% 22.6%

ZnO 3.2495 5.2069 ZnSe -7.4% -4.3% -6.8% 0.0% 4.2% 22.5% -12.1% -11.8% 14.5%

MgTe 4.53 7.405 -7.0% -3.3% -6.6% 0.0% 4.3% 25.4% -11.8% 25.8% 14.5%

GaN 3.19 5.189 ZnS -11.2% -8.2% -10.5% -4.0% 0.0% 17.6% -15.7% 19.7% 7.8%

InN 3.544 5.7034 -10.8% -7.3% -10.4% -4.1% 0.0% 20.2% -15.5% 20.6% 9.8%

ZnO -24.4% -21.9% -23.9% -18.4% -14.9% 0.0% -28.3% 1.9% -8,3%

-25.8% -22.9% -25.5% -20.3% -16.8% 0.0% -29.7% 0,3% -8.7%

MgTe 5.3% 8.9% 6.1% 13.8% 18.6% 39.4% 0.0% 42.0% 27.8%

5.5% 9.6% 5.9% 13.4% 18.3% 42.2% 0.0% 42.7% 29.8%

GaN -25.8% -23.3% -25.3% -19.8% -16.5% -1.8% -29.6% 0.0% -10.0%

-26.1% -23.2% -25.8% -20.5% -17.1% -0.3% -29.9% 0.0% -9.0%

InN -17.6% -14.8% -17.0% -11.0% -7.2% 9.1% -21.8% 11.1% 0.0%

-18.8% -15.6% -18.4% -12.7% -8.9% 9.5% -23.0% 9.9% 0.0%

V
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Table 7.4 Lattice mismatch o f shell on core calculated from  bulk m ateria l lattice constants o f the Rock salt structure o f a number o f common binary semiconductors.

Rock salt 

Lattice Constants

Lattice Mismatch of Rock salt Structures (shell on core)

GeTe SnTe PbS PbSe PbTe ZnO MgO MgS MgSe

GeTe 6.012 GeTe 0.0% -4.9% 1.1% -1.8% -6.9% 31.3% 43.1% 15.5% 1.8%

SnTe 6.32 SnTe 5.1% 0.0% 6.3% 3.3% -2.2% 38.0% 50.5% 21.5% 7.0%

PbS 5.9458 PbS -1.1% -5.9% 0.0% -2.8% -8.0% 29.8% 41.6% 14.3% 0.7%

PbSe 6.12 PbSe 1.8% -3.2% 2.9% 0.0% -5.3% 33.6% 45.7% 17.6% 3.7%

PbTe 6.46 PbTe 7.5% 2.2% 8.6% 5.6% 0.0% 41.0% 53.8% 24.2% 9.4%

ZnO 4.58 ZnO -23.8% -27.5% -23.0% -25.2% -29.1% 0.0% 9.0% -12.0% -22.4%

MgO 4.2 MgO -30.1% -33.5% -29.4% -31.4% -35.0% -8.3% 0.0% -19.3% -28.9%

iVIgS 5.203 MgS -13.5% -17.7% -12.5% -15.0% -19.5% 13.6% 23.9% 0.0% -11.9%

MgSe 5.904 MgSe -1.8% -6.6% -0.7% -3.5% -8.6% 28.9% 40.6% 13.5% 0.0%

VI
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Figure 7.1 This graph shows the valence band, conduction band and band gap o f a range o f  common elemental and binary semiconductors in eV, relative to the vacuum state For each 
semiconductor the exact phase o f  the m ate ria l has also been included, zb (zinc blende), w (w urtz ite j rs (rock salt) and d (diamond lattice
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7.3 Appendix C: Extra Experimental Results of Chapter 3

B

 Ostwald Ripened ODPA capped CdSe QDs
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Figure 7.2 UV-Vis absorption spectroscopy and photoluminescence spectroscopy o f ODPA capped CdSe QDs tha t have 
undergone excessive grow th a t 350 °C fo r  4 minutes. This had the effect o f causing the onset o f Ostwald ripening, 
causing to barely visible f irs t exciton peaks to appear in the image A and cause to separate PL peal to appear in image 
B due to the presence o f tw o distinct population sizes o f CdSe QDs due to Ostwald ripening.
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gure 7.4 TEM o f CdSe/CdS QDs (A), the resulting 
ze d istribution (B), and UV-Vis absorption spectra 
'I  showing the evolution o f the absorption spectra 
f  as the shell was grown. The TEM shows the 
ucleation o f  large CdSe/CdS and much smaller CdS. 
iving a mean o f  9.7 nm and a SD o f 1.73 nm +/- fo r  
te  large particles and a diameters o f below 2 nm 
iameters. The UV-Vis absorption spectra shows the 
lange as the shell thickness is increased, indicating  
te homo nucleation o f  CdS QDs when shell 3 was 
rown, indicated by the absorbance o f peaks which 
in  be assigned to the f irs t exciton o f CdS QDs, which 
red shifted fo llow ing  the next injection.
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Figure 7.4 TEM (A) and the resulting size d istribution (B) o f a sample o f CdSe/CdS core/shell guantum  
d o t For this sample a very large shell o f CdS was grown upon the core, which producing a sample with  
a large size distribution giving an average o f 17.6 nm in diameter as shown in B.
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Figure 7.5 This is shows a number o f other TEM images ofCdSe/CdS heterostructured QRs. Image A and B were form ed  
from  3.1 nm CdSe QDs nanorod, Image C and D were fo rm ed from  CdSe o f 4.05 nm QDs, while E and F were form ed  
form  3.4 nm CdSe QDs
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mm

Figure 7.6 This is shows TEM images ofCdSe/CdS heterostructured QRs form ed from  3.2 nm ODPA capped CdSe QDs

I
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I20 nmj

20 nm 'i,-.

Figure 7.7 This shows the results o f CdSe/CdS/Au structures showing results obtained from  other sample under a range  
o f conditions.. Image A and B sample show the results o f an alternative approach, which used already fo rm ed Au NPs, 
which were heated in the presence o f the o f sample o f CdSe/CdS QRs, which did showing Au coating o f the nanorods. 
Unfortunately this also showed a large quantity o f Au NPs in solution, especially large Au particles in solution, 
complicating analysis o f the sample and therefore was deemed the not the optim al approach to CdSe/CdS/Au QR 
synthesis. Image C and D is samples 3, while image E and F are sample 1 in as discussed in Chapter Table 3.8.
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Figure 7,9 TEM o f Au NP (A) and the size distribution o f the resulting NPs (B). The TEM shows a large a snnall enough 
size distribution, giving an average diam eter o f  2.753 +/- 0.63 nm.
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Figure 7.8 Photoluminescent spectra showing the shift in luminescence o f a PbS QD as a cation exchange is carried 
out showing the reduction in luminescent and the eventually huge sh ift tha t took place a fte r 60 minutes, indicating a 
complete exchange o f the QD has taken place.
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Figure 7.10 UV-Vis absorption spectra o f a range o f QDs treated w ith a variety o f oleyiamine based solutions. Image 
A and B shows Oleic acid capped CdSe QDs a fte r anion treatments, showing little  no change in the absorption peak 
o f the QD. This same effect is seen across a ll samples fo llow ing, w ith C being CdSe/CdS QD, image D is octadecylamine 
capped CdSe QDs, E is octadecylphosphonic acid capped CdSe and F is oleic acid capped CdS QD.
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7.4 Appendix D: Extra Experimental Results of Chapter 4

 3.5 nm CdSe QDs on TiOj before cleaning
 3 5 nm CdSe QDs on TiOj after cleaning
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Figure 7.11 UV-Vis absorption spectroscopy o f oleic odd  capped CdSe (3.5 nm) sensitised Ti02 electrode, comparing 
the change in loading o f QDs when the electrode is washed with DCM fo llow ing  EPD deposition o f CdSe QDs, showing 
a loss o f 20 % o f loading due to the wash.
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Figure 7.12 UV-Vis absorption spectroscopy o f oleic acid copped CdSe (3.8 nm) in DCM showing the change in solution 
concentration due to deposition, which shows a loss o f  5.5% in concentration when comparing the concentration of 
before and a fte r deposition
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7.5 Appendix E; Extra Experimental Results of Chapter 5

Figure 7.13 SEM o f cracked bulk TiO^ surface produced from  dropcasting a solution o f 10 m M  TiCU aqueous solution upon FTO 
glass. Image A shows the highly fractured surface, while image B shows the side profile  o f  the film  also shows a thick coating  
o f between 300-400 nm produced o the FTO surface, w ith raised segments o f the film  visible in the background.

Figure 7.14 SEM images o f  a Ti02 upon FTO glass tha t showed wide spread cracking in the surface coating due to excessive 
deposition o f Ti02 sol paste (Dyesol, 90T }upon the FTO glass before sintering in a furnace.
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Figure 7.15 ’H (Image A) and ‘ ^C NMR (Image B) o f Disodium 1,4-phenylenedicarbamodithioate (PBDT) (Image C). ’H (400.13 
MHz, DjO) d: 7.34 (s.Harom) ; (100.62 MHz, 020) d: 214.41 (-NH-CS2), 139.3, 126.9 (2xCaromj. calcd. fo r CsHeNiNaiS^ ■
4 H,0 : C, 25.52; H, 3.75; N, 7.44; Na, 12.21; 0, 17.00; S. 34.07. Found C, 25.31; H, 3.69; N, 7.68; Na, 11.94 0, 17.03; S, 34.2.
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Figure 7.17 ’ H- NMR spectra (Image A) o f High temperature liqu id crystal, H6TP, (hexahexyloxy-triphenylene) (Image Bj.
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Figure 7.18 UV-Vis obsorption CdSe QD doped film  o f H6TP,

Figure 7.19 SEM image o f 1:50 shown image A and PbS: RTAQ, SEM o f 1:10 PbS: RTAQ is shown in image B.
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Table 7.5 This shows the results o f  cells tested to date ofDLC solar cells.

Cells Contents

Composition

w /w %

Total Weight

(mg/ml)

1:3, cyclo-hexane, 

CHCI3 )

Spin Coating 

Coverage of 

Absorber

Photovoltaic 

effect detected

DLC Solar Cell 

Design

PDI LC QD

1 Pure Lc 0 100% 0 40 Excellent No 1

2 LC + CdSe QD 0 50% 50% 40 Good No 1

3 LC + CdSe QD 0 91% 9% 40 Excellent No 1

4 LC + PbS QD 0 50% 50% 40 Good No 1

5 LC + PbS QD 0 91% 9% 40 Excellent No 1

6 LC+PDI 33 66% 0 40 Poor No 2

7 LC+PDI 50 50% 0 40 Okay No 2

8 LC+PDI+PbS QD 63 30% 7 40 Good No 2

9 LC+PDI+TI02 67 33 0 30 Good No 3

10 LCI+PDI +Ti02+PbS QD 63 30 7 30 Good No 3
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