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Abstract

This thesis examines the effect of I ead sul phi

their photovoltaic performance.

Using PbS CQBasthestarting material, catioexchange was utilised to form PbS/CdS core/shell
CQDs, which were thoroughlyhlaracteriseénd theimproved surface passivation was shown by
increased photoluminescence vyield and lifetime. The core/shells@@be incorporated into a
ZnO/CQD heterojunction solar cell device and showed a substantial improvement of the mean
opengcircuit voltage Vo), from 0.4 V to 0.6 V, over PbS reference devices. By optimising shell
thickness and surface ligands, core/shell CQD devices with average device efficiency of 5.6 % were

fabricated as compared to 3.0 % for unshelled PbS devices.

The lower @fect density due to better passivation confers l@aeiier density in core/shell CQD

film. To take advantage of low defect concentration and to aid charge extra@idimansional
guantum funnetoncept was sought bfy blending two populations of FCdS CQDB of different
sizes.By incorporating a blend component within a heterojunction dedi@ when the device
thickness is beyond what is optimal for the depletion width and the diffusion length of the system,
high Vocis still maintainedln a separate studypa-n device strategy was examined, and with this

approach, a maximum device efficiency of 6.4 % was achieved.

Despite the improvements madévg by optimizing surface passivation, fill factors of the devices
arelow. By using poly3-hexylthiophene2,5-diyl) (P3HT) as a hole transport material (HTM), fill
factor and the overall performance improved over a reference device without the HTM. Further
studies showed that oxidation of the HTM material results in incrgabgik charactéstic, thus
optimising hole transport. This beneficial oxidation process also makes the devitetddr. From

this, devices of up to 8.1 % efficiency and devices with fill factor as high as 0.72 were fabricated.
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Figure 56. Raman spectrum of PbS/CdS versus PbS and CdS references. Peaks at afetQotrPbS
but signatures of oxidised PE%when exposed to the intemenergy of the laser beai@dS formed
from fine precipitates from the reaction between Cd{And NaS. Signatures of CdS are ~300tm
(1LO) and ~600 cm (2LO). The PbS/CdS samples have a 0.1nm CdS shell thickness. 102

Figure 57. (a) Photoluminescence spectra of core/shell CQD with various CdS shell thickness versus bare
PbS CQD. The samples were prepared as films on @git#sso ligand treatment. (b) Corresponding
photoluminescence decay graphs. Refer to Tallldob fitting results. 103

Figure5-8. (a) Photoluminescence spectra of CQD films, showing significantly higher photoluminescence

intensity of core/shell CQDs and the quenching effects of ligand exchange from OA to EDT. (b) The
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normalized intensity of the curves as in (a), illustratirgektent of redshift of the
photoluminescence peaks. 105

Figure 59. (a) Photoluminescence decay curves of the same saseglzibed in (a). Detection
wavelength for each decay curve is based on the peak emission shown in EglireeTurve fitting
are based on morexponential decay for OA samples angekponential decay for EDT samples.
Refer to Table €4 for the valuesf decay time constants. 106

Figure 510. Photoluminescence quantum yield results of PbS and PbS/CdS CQD in hexane solution,
showng higher absolute radiative emission of PbS/CdS compared to PbS. The blueshift in the
emission peak is due to the slightly smaller core PbS size (2.9 nm) of PbS/CdS CQD compare to the
PbS CQD (3.1 nm). 107

Figure 511. (a) Schottky junction solar cell and (b) heterojunction solar cell device structure 109

Figure 512. Current density versus voltage performance testing of best performing devices under dark and
AML.5 illumination conditions. Both devices have #@ne structure, with similar thickness and
underwent the same solid state ligand exchange process using EDT. Arrows indicate the voltage
points where light generated current equals the dark current and gives an estimate of the built in
potential of the dédce. Refer to Table-5. for a summary of the average performance statistit$0

Figure 513. Current density versus voltagerformance testing of best performing Schottky devices under
dark and AM1.5 illumination conditions. Both devices have the same structure, with similar thickness
and underwent the same solid state ligand exchange process using EDT. Arrows indicatage vol
points where light generated current equals the dark current and gives an estimate of the built in
potential of the device. Refer to Tabl&%or a summary of the average performance statisticsl1

Figure 514. Current density versus voltage performance testing of best performing devices under AM1.5
illumination conditions. All devices have the same structure, with sithilekness and underwent
the same solid state ligand exchange process using EDT. 115

Figure 515. (a) Open circuit voltage, (Reverse saturation current, (c) Series resistance, (d) Shunt
resistance versus thickness of CdS shell layer on PbS/CdS core/shell CQDs. 0 nm shell thickness
refers to unshelled PbS CQD and all PbS/CdS CQDs are synthesized from the same batctiléf PbS.

Figure 516. Schematic diagram showing the proposed band alignment of the heterojunction cell and the

defect mediation effectf@ CdS shell on the PbS electronic structure. Defect states promotes non
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radiative recombination when charges moves between CQDs or between PbS and ZnO interface.
Adding a CdS shell reduces recombination, thus improvisg V 116

Figure 517. (a) Photoluminescence spectra of CQD films, prepared with similar thicknesses, after halide
ligand exchange. EDT treated films are addectfesence. Films prepared with an extra layer of ZnO
deposited on top (as in test device fabrication) are labelled in darker shade of the same colour (b)
Current density versus voltage performance testing of the best PbS/CdS devices formed from
differenthalide ligand exchange treatments with EDT ligand exchange sample shown as reference.
Refer to Table & for the device performance statistics. 120

Figure 518. FTIR result showing signature peaks of bound oleic acid of (a) &@b) CGH
hydrocarbon backbone. OA refers to PbS/CdS CQD with oleic acid ligand (with no ligand exchange)
and CTAB X1 refers to PbS/CdS CQD subjected to one CTAB flooding step while CTAB X3 refers
to three consecutive flooding steps, etc. Resultsridltesthat one halide ligand flooding step is not
sufficient to remove all bound oleic acid ligands. 121

Figure 519. (a) Photluminescence spectra of CQD films, prepared with similar thicknesses, after hybrid
ligand exchange. Films prepared with an extra layer of ZnO deposited on top (as in test device
fabrication) are labelled in darker shade of the same colour. EDT treatedhfénadded for
reference. (b) Current density versus voltage performance testing of the best PbS/CdS devices formed
from different ligand exchange treatments with a PbS device performance shown as reference.
Arrows highlight the improvement of hybrid tte@ent over standalone halide treatment for ligand
exchange. Refer to Table?s for the device performance statistics. 123

Figure 520. Schematic diagram illustrating the competing effect between radiative recombination and
electronrhole pair dissociation. Dissociation is aided by a lowering of energy barrier for transport, the
reduction of intetparticle spacing and also thand bending effect resulting from a heterojunction
formation. 125

Figure 61. Device performance metric (@), Vo, (b) FF andPCE of PbS/Cd$ ZnO heterojunction
devices with different PbS/CdS layer thickness. Ligand used is kept consistent as Br + ECIR9

Figure 62. XPS data showing that the PbS/CdS CQD are more resistant to oxidation than PbS CQD.
Samples of CQD film are stored in-@mbient, kept away from illumination, for a month before XPS

measurement. XPS measuremertt analysis is done by Ms Phillipa Clark. 131
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Figure 63. GV measurements of (a) PbS and (b) PbS/CdS Schottky devices. The sheultan order of
magnitude lower dopant concentration in PbS/CdS CQD film as compared to PbS CQD filt32
Figure 64. (a)Low magnification and (b) high magnification TEM images of 1.2 eV and 1.4 eV PbS/CdS
CQD blend. 136
Figure 65. UV-Vis-NIR of (a) PbS blends and (b) PbS/CdS blends, comprising of 1.2 eV and 1.4 eV
components. 136
Figure 66. PL spectrum of (a) PbS blenalsd its components, and (b) PbS/CdS blends and its components.
Both spectra indicate quantum funnelling of excitons from the 1.4 eV component to the 1.2 eV
component as seen from the quenching of 1.4 eV peak. Graphs in (b) and (c) has been intentionally
smoothed to make the peak position more obvious. 137
Figure 67. PL decay measurements showing a longer lifetime of PbS/CdSddevmared to PbS
blend. 137
Figure 68. (a) dV performance curve of blend devices which have a 200 nm thick layer of CQD blend
films, topped with a ZnO layer. Insert depicts the device structure (b) External quantum efficiency
characterization of the devices described in (a). Arrows point to the first excitonic peak energy of 1.2
eV and 1.4 eV PbS and PbS/CdS CQD. 139
Figure 69. JV characterization of the best devices (with 200nm thick active layer) of (a) PbS blends and
its components, (b) PbS/CdS ks and its components. 139
Figure 610. (a) Operircuit voltage and (b) reverse saturation current of devices fabricated-tyite
ZnO layer on top of 200nm PbS and PbS/CdS blends respectively. Each sample statistic is built upon
18 devices, with 3 devices on each substrate. 140
Figure 611. An illustration of mini band formation of pure phase PbS, the bimodal PbS blend and the
bimodal PbS/CdS blend. The CdS shell passivates surface states that form trap level states as
compared to pure phase PbStstiwat charges funnelled into the big (smaller band gap) quantum dots
would be less likely to recombine. 142
Figure 612. Bandbending of heterostructure device (a) at short circuit current and (b) at forward bias, at
maximum power point. Band bending, at maximum power point, of a (c) bilayer device and (d) blend
device in fisandwicho configuration. 143
Figure 613. (a) Fill factor recorded for devices fabricated wittype ZnO layer on top of PbS/CdS CQDs

and blends with various architectures. The tibtiakness of the CQD film was fixed at 200 nm.
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Colours correspond to the components depicted in part (c) Best fill factors were achieved with a

100nm blend sandwiched between 1.2 eV and 1.4 eV PbS/CdS layers, each 50nm thick. (b) Device

performance of thehampion cell made with this architecture. (c) Band alignment diagram of the

champion device. 145
Figure 614. Diagramillustrating device structures, (a) PbS/CaAS0 heterojunction, (b) PbBbS/CdS

ZnO pi-n structure, (c) PbS(amPbS/CdSZnO p-i-n structure and their proposed band bending due

to equilibrating Fermi level. 150
Figure 615. (a) JV curves of the best performing device of PbS/Zu® heterojunction, PhBbS/CdS

ZnO pi-n structure and PbS(anRhS/CdSZnO pr-i-n structurecompared. (b) Dark current of the

sane devices in (a). 151
Figure 616. Diagram illustrating device structures, (a) AS; or PbS/CdSTiO, heterojunction (b) PbS

PbS/CdSTiO; p-i-n structure and their proposed band alignment due to the equilibration of Fermi

level. 155
Figure 617. (a) dV curves of the best performing device of the AbS;, PbS/CdSTiO- heterojunction

and PbSPhS/CdSTiO; p-i-n structure compared. (b) EQiEthe PbhS/CdSiO; heterojunction and

PbSPbS/CdSTiO, p-i-n structure. All devices have roughly the same overall thickness. Refer to

Table 63 for device performance statistics. 156
Figure 71. A diagram illustrating a solar cell that has poor carrier diffusion length (blue line) versus one

that has superior carrier diffusion length (green line). When the solar opbiiating at higher

forward bias, carrier extraction drops because drift transport is limited (smaller depletion width) and

with lower carrier diffusion length, carries tends to recombine before extraction, as reflected by the

lower photocurrent (positiod of blue curve) 161
Figure 72. UV-Vis spectrum of PbS CQD before and after solution phase ligand exchange. The redshift of

the excitonic peak is attributed to the delocalisation of wavefunction between quantum dotk62
Figure 73. PL quenching@xperiments with the various hole transport materials onl@tti8e film, namely

(a) PEDOT:PSS (b) SPIRO OMeTAD (c) P3HT. 165
Figure 74. (a) Schematic representation of solar cell device architecture containing P3HT as hole transport

material and (b) the corresponding proposed band alignment (values for ZrnddrRIeS and P3HT

are taken from referencé®, 78, ¥ respectively). Control samples exclude the P3HT layer. 165
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Figure 75. 3V curves of the best devices with different holeg@ort material/interfaces. Pi&lide

curve represents the sample with no hole transport material added. 167
Figure #6. Device performance comparison, with and without the untreated P3HT hole transport layer, (a)

as fabricated and (b) after 2 days of storage in air. 168
Figure 77. Energy level diagram and position of Fermi level of the PbS active layer and P3HT as measured

by scanning Kelvin probe on the day of fabrication and after 2 days of storage in air. The associated

uncertainties are quotéadl parenthesis. 169
Figure 78. (a) dV characterisation of device with P3HT layer exposed to increasipip€ma treatment

times. 3 s is found to be the optimal treatment time for PCE. (b) Scanning Kelvin probe

measurements on P3HT with increasingplasma treatment time. (c) Graph of P3HT thickness

versus length of @plasma treatment. 171
Figure 79. Device performance, with P3HT layer exposed to 3 gl@&ma treatment, when-gbricated

and then tested again after two days ofanbient storage in the dark. 171
Figure 710. (a) Graphs of P3HT thickness versus spin rate. (b) Deyead V., (c) FF and PCE with

different thicknesses of P3HT layer. Results are obtained two days after fabrication for the

el iminati eonveofo tehfef eficrto.l | 173
Figure 7#11. UV-Vis absorbance spectra of P3HT films cast on glass slides which have been exposed to

various Q plasma treatment times. 174
Figure 712. (a) FTIR spectra showing the range of wavenumbers attributed to C=0 stretching (1774 cm

1718 cmt, 1637 cnt, 1585cm?) while 1560 crmtand 1509 crmare associated with aromatic

components in P3HT, and (b}stretching (3360 crhand 3180 cm) while 3054 crttis

associated with aromatic-B bond$%. (c) The full range of the FTIR spectra. 175
Figure 713. SIMS depth profiles of (a) Pristine ZnO/Pla8ide/P3HT sample, (b) ZnO/Ph&dide/P3HT

sample that has been air aged falags and (c) ZnO/PbB®dide/P3HT sample after 3 second O

plasma treatment. The approximate zones of each components are demarcated with dotted lines. d.

Carbon content trace of each device, normalized also in the time component. The minimum of carbon

trace indicates the interface between P3HT andIBble (at time= 0.05). 177
Figure #14. Ratio of oxygen to sulphur countsdetermined by SIMS, dotted line shows the approximate

position of the end of P3HT component and the start ofIBth8e, which is determined from depth

profile analysis as shown in Figurel3(d). 177
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Figure 715. (a) Intensity dependent shaeitcuit current trace of the devices with and without P3HT and
O, treated P3HT, with proposed power law fit. Fitted power exponent with standard errors are:
a=0.77 (x 0.01) for Pb®dide, a=0.98 + 0.03 for Pb®dide/P3HT and #0.95 + 0.05 for PbS
lodide/P3HT:Q. (b) Opencircuit voltage decay of the same devices Wfdtime quoted in
parentheses. 178
Figure 716. (a) IV sweeps showing photovoltaic performance under AM1.5 illuminatiatewice with
100 nm of P3HT, without P3HT and with, @eated P3HT. Measurements were taken two weeks
after fabrication, where device performance has stabilized. (b) External quantum efficiencies of the
corresponding devices. 180
Figure 7#17. The variation of photovoltaic performance metrics of devices, with and without P3HL and O
treated P3HT, with storage time. (a) shartuit current, (b) opestircuit voltage, (c) fill factor and
(d) power conversion efficiency. The devices were unencapsulated and were stored in air between
each measurements in a dark environment without any humidity control. The standard deviation
(error bary and the average (data point) were calculated from a sample of 9 devices on 3 separate

substrates. 182
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List of Abbreviations

Ag

Al
AM
Au
BDT
BHJ
Bi>Ss
C-v
CB
Cds
CdSe
CTAB
CQD
EDT
Eg
EQE
FET
FF
FTO
HOMO
-V
ITO
Jo

JSC

J-v
LED
LUMO
MoOs3
MPA
NREL
OA
ODE
P3HT
PbS
PbSe
PCBM
PCE
PEDOT:PSS
PL
Rs
Rsh

Silver

Aluminium

Air Mass

Gold

1,4-Benzenedithiol

Bulk heterojunction

Bismuth sulphide

Capacitance voltage

Conduction band

Cadmium sulphide

Cadmium selenide
Cetyltrimethylammonium bromide
Colloidal quantum dot
1,2-Ethaneidthiol

Band gap

External quantum efficiency

Field effect transistor

Fill factor

Fluorinedoped tin oxide

Highest occupied molecular orbital
Current- voltage

Indium-doped tinoxide

Reverse saturation current

Short circuit current density
Current density voltage
Light-emitting diode

Lowest unoccupied molecular orbital
Molybdenumtrioxide
3-Mercaptopropinoic acid
NationalRenewable Energy Laboratory
Oleic acid

1-Octadecene
Poly(3-hexylthiophene2,5-diyl)
Lead sulphide

Lead selenide

PhenylC61-butyric acid methyl ester
Power conversion efficiency
poly(3,4ethylenedioxytiophene) poly(styrenesulfonate)
Photoluminescence

Series resistance

Shunt resistance
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SIMS Secondary ion mass spectrometry
Spiro OMeTAD N2 N2,N? N2 W7 N7 N7 N7 Rctakis(4methoxyphenyh9 ,-9 Nj
spirobi[9H-fluorene}2 , 2 Ngtrdming Nj

TCO Transparent conductive oxide
TEM Transmission electron microscope
TiO> Titanium dioxide

(TMS)S Bis(trimethylsilyl) sulphide

VB Valence band

Vbi Built-in potential

Voc Open circuit voltage

XRD X-raydiffraction

XPS X-ray photoelectron sp&oscopy
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Chapter 171 Introduction

1.1 Harnessing solar energy

Thesun is a constant source of blackbody radiation at 5800K: it provides about 1.¥4 x 10
W to the Eart hbwthanpvprage intensitynaf 53p6Hé&rknewn as the

solar constait(or Air mass zero (AM 0))On the terrestrial levelhis value is reduced to
around 1000 WnA by atmospheric light absorption and scattering, which is set as a
standard for solar cell performance testing (or AM 135GgeFigure 1-1). Contrary to
popular beliefascompared to many other energy sources, photovoltaics require relatively
little space to create power. To put thsngto perspective, with current technology only
about 0.4 % worth of the earthoés surface
generate all the energy (be it transportation, buildings, industry, electricity, etc.) consumed
by the whole planétDespite temporal/seasonal changes and intermittency due to
weather/cloud cover, solaadiance is a rather equally distributed energy resouié
inhabited pas of the world hae access to sunlightvhereas forfossil fuels and other

extractive energy resourcdhjs is not the case
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Figure 1-1. Sol ar spectrum irradiance as taken just
averaged terrestrial data (AM 1.5G) and abla body approxi mation of t he¢

surface temperature of about 5800 K. Raw data extracted from reférence
There are various ways of harnessing this abundant source of energy:

(i) Solar thermal colld@n. This is the most conventional way of using solar
energy. Usage can be in the form of heating water, sol@oaditioning and
even cooking, just to name a few.

(i) Photovoltaic cells or solar cells. A more recent form of solar energy collection
that inwlves conversion of radiant energy into the more distributable and
accessible electrical energy.

(i)  Concentrated solar power. Radiant energy from the sun is concentrated using
parabolic mirrors and then used as a heat source for conventional power plants.

(iv)  Photocatalytic hydrogen generation. This is a relatively new area which

involves using light energy to break down water into oxygen and hydrogen. It
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is like a norelectrical analogue to electrolysifwater. The hydrogen produced

can be then use as a cldaal.

In this thesis, the focus will be on photovoltaic cell technology.

1.2 Current status of solar cell technology

Given the ever rising energy demand of the world, coupled with a finite fossil fuel resource
and increased CQCemission (seeFigure 1-2), the pressure to shift towards green and
renewable energy is on. In recent times, there is a huge drive for lowering the cost of solar
cell modules and panels. In the United States, theageecost per installed watt of
photovoltaics has dropped from $7.50/watt in Z0@0$4.44/watt in 2012 and in 2011

alone, the cost per installed watt declined 17% %

18 000 Primary energy demand:
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C0; emissions (right axis):
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Mote: kitoe = million tonnes of oil equivalent; Gt = gigatonnes.

Figure 1-2. The global trend and projection of energy demands ange@issions. INDC &nario
represents Intended Nationally Determined Contributions (INDCs) submittgdveynments the
different countries while 450c€nario is a more optimistic estimate which is based on a prediction
consistent with around a 50 % probability of meeting the 2°C climate goal. Obtained from

referencé.
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Nevertheless, the current averaged energy cost for photovolatics is still higher than that of
fossil fuels.Figure 1-3(a) shows the case for US energy prices by sourbés might
explain why the warrent global energy production from photovoltaics is dwarfed by
conventional fossil fuel sours€seeFigure 1-3(b)). Therefore, there is still an urgent

motivation to drive prices of photovoltaics further down before it can be widely adopted.

0-30 L) T L) L] v L) v v L)

(a) Averaged levelised energy costs (2015)
0.25} O
£ o020}
S
x
3 0415} .
2 ool -
2
~ 0.10F I — — 9
[ -
o
© o.05} — 1
000ttt
» O
oofb 0’? \o‘b § 8 ééb &0 & $
> & ¢ & &S
& P & & &
e’b %o\'b 00
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Figure 1-3. (a) Averaged levelised cost estimated for the year 2015 in US%l@maNorld energy

consumption distinguiskleby source, a global estimate of the year 2013, obtained from reférence

As of today, solar cell technology can tlgssifiedinto three generains:

(i) First generation The wafer based solar cell represents the most conventional
as well as the most established class of photovoltaic. This includes crystalline

silicon solar cells and gallium arsenide solar cells.
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(i) Second generatiotiThin film solarcell represents the next wave of technology
that sesthe possibility of bringing down the cost of photovolsdiy lowering
material usage and manufacturing costs. This class includes amorphous silicon,
cadmium telluride and copper indium gallium sulpVsedenide solar cells.

(i)  Emerging thin film technologiesThe next generation (or third generation) of
solar cells. This covers a wide range of materials but the key idea surrounding
them is the ease of fabrication which makes such technologies attratigve. T
promise of cheaper material and manufacturing cost makes them the predicted
highest efficiency to cost ratio group of solar cells @Ggare 1-4(a)). Many of
them can be solutieprocessed and can be fabricated on curved or flexible
substrate$ their versatility leads to a spectrum of applications, right from very
specialised usagéke in the military, where portability is a key factor, to house
hold/personal usage. Most of these technelgre still not available in the
market but huge focus is placed on its research for device improvement, stability

and scalability. PbS CQD soleells fall under this category.

(a) (b)

Global Market Share by PV Technology
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Figure 1-4. (a) Relationship between power conversion efficiency, module areal costs and cost per

peak watt (in $/Wp). A given $/Wp (dashed black lines) can be achiexd¢alar efficiency if the
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module costs also decrease, and higher module costs can be tolerated if the module PCE also
increases. For nexgeneration technologies the goal is to reach D0D35%/kWh, denoted by the

blue shaded region. Graph obtained froefarencé. (b) The market share of the various PV
technologes. Mono, multi andibbon-Si can be classified as the first generation solar cell and thin

film as the second generation. Data adapted from refeténce

The current market sharedominated by the first generation solar cells @Ggeare 1-4(b)).

As of today, silicon ad commercial thin film technologies far outperform the next
generation technologies. However, with-going research for better device performance
and stability, and the promise of lower manufacturing costs, the next generation solar cell

technology is poised to take over the first generation solar cells in market share.

1.3 PbS CQD technology as a candidate fdhe next generation solar

cell

For the next generation of solar cell to become commercially available, cost effectiveness
or high performance to cost ratio is key. PbS CQD solar cell technology is one such hopeful
candidateLow temperature and easy fadation procedures drive the manufacturing costs
down, and solution processing offers easy mass production approaches like ink jet printing,
spray coating and roll to roll fabricatiof?, which allows high throughput production of
solar cells. Moreover, it is particularly promising as an emerging thin film because PbS
offers the possibility of band gap tuning, just by changing the size of the quantum dot, so
as to better match the solar spectifimliso, there are many other quantum mechanical
phenomena, like multiple excitgeneration and hot electron collection, which present the

possibility of breaking theShockley Queisser limit with a single junction solar ¢éle

Rapid advances in materials processing and device physics have driven impressive

performance progresSince PbS CQDs were first integrated into solar cell de¥ictsey
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have made remarkable improvements from a modest%ttb 1he current record of 9.9 %
power conversion efficienéy in a span of 10 yearddowever, thepotential of this
technologyis still masked by the difficulty of controlling surface defects and the lack of
complete understanding of charge transport within a system of colloidal qualots™.

To elucidate the issue, a careful study of the intricate nature of charge transport processes
and a deeper understandinglug intimate link between the chemistry of the quantum dots

and their optoelectronic properties is required.

1.4 Aim of the thesis

The performance of PbS CQD solar cells is currently limited by low-openit voltages

(Voc) and fill factors EF). The gal of this thesis is to tackle these issues by focusing on
two aspects of materials chemistthe surface passivation of CQDs and the interface

material between the CQD film and the electrodes. The following questions will be

addressed:

(i) WhetherVoc could be improved by better surface passivation and defect mediation
of PbS because of lower traplated non radiative recombination and whether this
passivation can be conferred by using a core/shell CQD stPategy

(i) Can overall device performance be further riayed with device architectural
modifications so as to circumvent the innate poor charge transport properties of
guantum dots?

(i)  Canthefill factor of CQD solar cell devices be improved by shifting away from
relying too much on the depletion width atiterdore, looking intoenhancing
diffusive transport? Is it possible ad diffusive transport by incorporating a hole

transport material in a heterojunction device?
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1.5 Structure of thesis

Chapter 2 provides the reader with the theoretical backgroundlancsdls as well as
guantum dots. Then chapter 3 is a literature survey of PbS CQD technology in photovoltaic
application and their recent progress in photovoltaic devices. Chapter 4 describes the
experimental methodology of materials synthesis, chaisat®em and device fabrication
asappliedin the next few chapters. Chapteréscompasseshe experimental results of
synthesising and characterising PbS/CdS core/shell CQDs and evenheaéyportof the
performance of PbS/CdS core/shell devices with an inverted heterojunction structure of
ITO-PEDOT:PSSCQD-ZnO-Al device structure with the focus on optimising the shell
thickness and ligand treatment. Chapter 6 explores utilising PbS/CdS core/sloall in n
conventional device architectures so as to extend the active layer thickness and to also
improve overall device performance. Chapter 7 discusses about utilizing P3HT as a hole
transport layer, sandwiched between PbS film and the top electrode, f@ramachdevice

FF, overall performance as well as device stability. Chapter 8 finally concludes the main

thesis findings and suggests future work to be carried out.
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Chapter 21 Solar cells and the colloidal quantum dot

2.1 The colloidal quantum dot

A quantum dot is a nanocrystah material that has a physical dimension so small that it
displays quantum confinement effect in all three dimensions, which results in an increase
in band gap and discretisation of energy levels. The band gap is detebyitiedenergy
difference between the highest occupied molecular orbital (HOMO) level and the lowest
unoccupied molecular orbital (LUMO) level. The threshold size for which quantum
confinement takes place is given by the exciton Bohr radius, which vatvesdredifferent
materials. At such small dimensions, the ratio of surface atoms toabuisbecomes
significant. Due to the abrupt termination to the crystal structure, the surface atoms are
associated with dangling bonds which results in defect sfdiese defects are detrimental

to the optoelectronic properties of quantum dots and thus, the surface must be properly

terminated or passivated.
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Figure 2-1. A schematic representation showing tliéerence between a bulk semiconductor, a

nanocrystal (or quantum dot) and a colloidal quantum dot.

CQDs are quantum dots terminated by passivating species, known as ligands as illustrated
in Figure 2-1. Passivation is essentially tying down dangling bonds, by chemical bond
formation, which then reorganizes the energy states of the surface atoms. Since a CQD has
high percentage of surface atoms, thei@of ligand would ultimately affect its electronic
properties. Passivation is crucial even in the synthesis step as it serves as an impediment to
further atomic accumulation beyond a certain size, stabilizing the CQDs by steric hindrance

and rendering #m soluble in the medium of synthesis.

High quality CQDsareoften produced by the hdtjection method, whickvas pioneered
by Murray et al??, and CQDs obtained from this methack capable of reaching near
monodispersity (size variation as small as 5 Phe importance of a small size variation

for optimum electronic propertiesill be explained in a later sectioifthe hotinjection
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method relies on the rapid introduction of the amgrecursor into a hot mixture of the
metal precursor and surfactant. A typical setup for thestabe synthesis of CQDs by the
hot-injection approach is shown fRigure 2-2(a). The mechanism of the hotjection
approach can be described as follows. Right after the injection, the precursor species
rapidly decompose to give free reactive species, which react with the metal precursors. The
high degreef saturation of reactants provides the driving force to create numerous nuclei
of the nanocrystal. Nuclei that have sizes beyond the critical size continue to grow while
those that are smaller shrink and disappear. During the synthesis, the surfeyaad) (|
molecules play an important role in tuning the reactivity between the precursors and also
regulate the growth of the nanocrystal size over time. This is because they are constantly
adsorbing and desorbing from the surface of the nanocrystals athgramwies on, thus
allowing the addition or removal of chemical species at the surface of the nanocrystals.
When the synthesis is halted by lowering the reaction temperature, a coating of ligands
around the nanocrystals remaiasablingtheir solubilityin a variety of solvents. The size

and size distribution of CQDs can be very easily estimated by taking the absorption
spectrum of an aliquot of the CQD solution. With reference to an example on a PbS CQD
sample inFigure 2-2(b) and (c), the background absorption is first removed frahe
experimentally obtained absorption cubyecomparing it with the absorption curve of the
sample holder containingdlsolvent but without the CQRndnext, the curve isonverted

to an energy axis instead of wavelengths. A Gaussian peak fit is then apgiedsultant

peak, also known as the exciton peak, where the peak position is the mean band gap (and
can be caverted toCQD size) and standamkvia t i o n a, gives us inf
size dispersity in the CQD populatiofo calculate the diameter of PbS CQD gampirical

relationformulatedoy Moreelset al.is used>:
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% T8 p T@IC Wg T Y oA Equation2-1

whereEg is the bandyap of the PbS CQIh eV as determined by the exciton paakhe

absorption spectrum amtis the diameter of particle in nm.

(a) (b)
0.4
Air tight 0s
connection 2
to vacuum Kl
. 2 0.2
or inert gas 3
5
§ 0.14
Condenser
column ool S,
700 800 900 1000 1100 1200
Wavelength (nm)
()
For the
.. . Thermocouple «= Gaussian fit
injection of - FWHM=0.183 eV
=]
precursors < o=0.0776 oV
@
2 1340V
©
]
2
Hotplate 3 neck- <
with stirrer flask
capability 11 12 13 14 15 16 17 18

Energy (eV)

Figure 2-2. (a) A typical Schlenk line set up used for the synthesis of CQD by hot injection approach.
(b) Absorbance curve obtained from Wi&-NIR absorptiorspectroscopy on a particular batch of
PbS CQD sample. (¢) The same curve with baseline subtracted, axis converted and peak fitted to a

Gaussian distribution.

At the synthesis stage, lompain, bulky, ligands are usually used to ensure maximum
colloidal skbility. However, when they are dispedsmnto a surface, the evaporation of
solvent results in a solid film of CQD and in this state, the film can be thought of as a
composite of dispersed crystalline semiconductor in a matrix of insulating ligands.
Therdore, in device applications, where effective transport of charge carriers is required,
the long insulating ligands are swapped with shorter ones via ligand exchange, so as to

increase the proximity between quantum dots. The effect of increased proxithibew
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discussed in a later section but in the next section, the basics of photovoltaic action will be

explained.

2.2 The physics of solar cell

2.2.1 Capturing light energy

The amount of sunlight available on the surface of the earth can be repréxsettted\M

1.5G and this is discussed in section 1.1. Much of this energy is concentrated in the visible
range with a long tail extending into the infraredion of thespectrum. The composition

of the solar radiation consists of approximately 50% iefitard0% visible, and 10% in the
ultraviolet portions of the electromagnetic specftufor asemiconductqronly photons

of energy equalrogreater than the band gap will be absorbed and also, the extra amount of
energy of the photon beyond that of the band gap would be lost as heat. Therefore, for a
device that has only a singlenction, the size of the band gap determines how effigient

the solar spectrum is utilised. If the band gap is lower than optimal, more photons can be
absorbed but the amount of energy wasted as heat would be larger and this will also
translate to a lowemaximum possible devic&,.. Conversely, if the band gap is larger
than optimal, less photons of the solar spectrum will be absorbed, leading to a lower device
Jse. The best efficiency obtainable with that optimal band gap size (of 1.1 eV) is calculated
to be 33% and is termed as the ShodkRyeisser limit* (seeFigure 2-3(a)). Nevetheless,

there are ways to overcome this limit and one of which involves utilising more than one
separate junction in a solar cell device, each with a different band gap to collectively

capture a larger portion of the solar spectriigure 2-3(b) illustrates this point.
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Figure 2-3. (a) The solar spectrumshowing the effect of Shocki€ueisser limiton a solar cell

with a single semiconductor active material of band gap 1.1eV. Only a maximum of 33% efficiency
can be attained. Figure adapted from referéfi¢p) A similar diagram showing the benefit of
having a multiple band gap device. By using quantum dot of different fixed sizes, a greater part of

the solar spectrum could be harnessed. Figurained from referenéé

2.2.2 Operational principle of solar cells

The electronic nature of a CQD solid film is different from a bulk semiconductor, where a
spatial continuum of the conduction and valence energy bands exists. For CQD solids, the
energy band concept can be approximated, with the idea that individuahexcito
wavefunctions associated with each dot <cou
allows us to simplify our understanding and serves as a basis from which electronic
properties o CQD solid could be examined and correlate to device performance.

Further, using this approach allowtse emulation oéxisting technologies of silicon and

other bulk material solar cells and to adopt similar architectures, for examrie a

junction solar cell and Schottky solar cell, but with the bulk materials replackd wit

guantum dot films (seEigure 2-4(a)) . With a sequential reference to a simple

junction presented iRigure 2-4(b), the photovoltaic action could be briefly described as

follows:
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(1) Upon absorption of incident photons with energy larger than the drmaf the

active material, electrehole pairs are created.

(2) These photogenerated charges will be transported by drift in the depletion region
which is a result of a buiih electric field across a junction, or by diffusion in quasi

neutral regions.

(3) The depletion region is a result ofacge and Fernenergy equilibrium betweenma
andn type semiconductor, leading to babeinding and giving rise to the buiift

potential and electric field.

(4) The photovoltaic action is completed when photogenerated charges get collected at

their respetive electrode

(5) Alternatively, carriers can be slowed by shallow trap states or completely lost at
deeper traps known as recombination centres, where an electron and hole recombine via

nonradiative processes before they can be successfully extracted.

(a) Quantum junction device (b)
P-type  N-type P-type Quasi- De[?letion EN-type Quasi-
RN Neutral section | region {Neutral section
000 000 00 |
light © 0 0 0000 @ | e = - |
L, 00 00000 ol Metal e : Built-in E-Field §
000 000 89 ‘ I R
TCO 7 Mid-gap trap omw
e = i < | To electrode
Schottky junction device Shallow trap _ . - ‘
F, = = ==\ \"'\-zé I —
- — @ A F
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To electrode i i potential
‘ Depletion width

Figure 2-4. (a) Top: A diagram depicting ap junction solar cell made up oftgpe and rype

CQD films sandwiched between a metal electrode and a transparent conducting oxide (TCO).
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Bottom: Acrosssection scanning electron microscopy image of actual CQD Schottky device,
wherein the metal acts as both the junction and an electrode. (b) The corresponding band diagram
and the illustration of the photovoltaic effect. &hd F, refers to the quadrermi energy level of

the ptype and rype semiconductor material respectively.

The depletion widthyV, of ap-n junction is dependent primarily on the doping densities of

thep andn type material and is given by:

W —_— 0 W Equation2-2

whereNa andNp are the doping densities of thendn type material respectively,is the
elementary chargé) is the dielectric constant andlis the permittivity of free spac®bi
is the built in potential, determined by the Fermi level positions qf #mein type material,

Fp andF, by:

0w — Equation2-3

2.2.3 Characterisations of solar cells

2.2.3.1Current-voltage analysis
The power conversioreeciency,—, of a photovoltaic device is determined by the ratio of
maximum areanormalized electrical output power over the intensity of incident light. This

is given by:

— Equation2-4

whereVm andJnare the voltage and current density at the maximum power paintis
the incident light intensityVoc is the opertircuit voltage,Jsc is the shorcircuit current

densityandFFi s t he yl I factor.
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Figure 2-5. A typical experimental result showing current dersdltage response of a solar cell

in darkand illuminated conditions.

These performance indices that determine the overall device efficiency can be collated via
a simple current densityoltage trace as shown kigure 2-5. Jscis the maximum number

of photogenerated carriers per unit area that are extracted from the solar cell and depends
on the incident light intensity, the togahotonabsorption by the aste regions of the solar

cell and any recombination losses prior to extraction. ges the maximum potential
difference that a solar cell can generate which results from the difference between the
guasiFermi level of then-type andp-type material. Té band gap of the active material

and trap states which result in radiative recombination affect.. FF indicates the

quality of curremvoltage characteristics and it depends on the ability of charges to reach
the electrodes which is governed byaebination processes. The maximum power point,

Pmax and thesquarenessof theJ-V graph determineBF and it is given by:

00 — —— Equation2-5
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The concept ofill factor will be reinforced in chapter 7.

2.2.3.2External quantum efficienc{EQE)
EQE is another measure of photovoltaic device performance. It allows one to determine
how exactly efficient is one photon of a particular wavelength in generatingetnos
hole pair and then successfully collecting them at their respective electrodes, thereby
registering a photogenerated current. Examining this one photon to one electron (and hole
pair) quantum process at disi@@/avelengths against the absorptioaffe provides more
details on charge collection efficacy across the deWGE takes into account the effect
of optical loss processes such as transmission and reflection. Thecistwttcurrent
density generated by the solar cell can also be cédelilssing EQE I3:

Equation2-6
O B ®O0O0LWQO

wherebs(E) is the number of photons incident, per unit area and per unit time, of energy in

the range oE to E + dE andq s the elementary charge.

Figure 2-6 shows an annotated EQE data plot that is characteristic of PbS CQD solar cell.
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Figure 2-6. An annotated EQE data plot of a typical PbS CQD solar cell. The mean band gap of
PbS CQD filmis 1.33 eV (930 nm in wavelengthbg higher wavelength peak corresponds to the
exciton peak absorption of the PbS and the shorter wavelength is the sedenéxaiton peak,
which is higher because the higher energy excitiivad result from the absorption of high energy

photons, have longer diffusion length and thus have a greater collection efficiency.

2.2.4 Operational characteristics of solar cells

Thecharacteristic operation of a solar cell can be approximataduarent source working
against a diode. Under illumination, the overall current can be thought of as the
superposition of the short circuit current generated by photon absorption and s rever
current caused by the potential bwifh under load. This reverse current is also known as

the dark current and it is given by:

0 w 0VaQ  p Equation2-7

whereJo is the reverse saturation current density and it a measure of carrier recombination
in the diodeg is the elementary chargé is the voltage between the cell termin&ls the

Boltzmann constant anflis temperaturen is the diode ideality factor wth is dependent
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on recombination mechanisg. p if recombination is band to band and only limited by
the minority carriers, whilé ¢ if it occurs in the depletion region and both carriers limit
recombinatiofr. The siperposition princig then gives the total current density from a

solar cell device under illumination to be:

LW U LQ p Equation2-8

At opencircuits conditionsY= Voc andJ = 0. Rearranging the equation gives:

w —a&E— —0& Equation2-9

This highlights the relationship between ofmnrtuit voltage and reverse saturation current
densityJo. To improveVo, carrier recombination in the quasutral region should be kept
low and this corresponds to a highly rectifying didile characteristic in the dark.
However, one must proceed with caution when applying theske dnodels to colloidal
guantum dots solacells because tse are developed based on conventipsrajunction

solar cells.

Nevertheless, for real solar cell devices, considerations must be given to parasitic series
resistanc&sand shunt resistané®n The following equation shows theodification made

when parasitic resistances have been taken into account:

Lw U L Q p — Equation2-10

The series resistané® reduceslsc and overall output currg, while the shunt resistance
Rsh reduces th&/c. Rsis closely related to carrier transport resistance, wWhilés linked

to shunt paths and carrier recombination loss. More importdffelys also related td&s
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andRsh. A lower Rsand a largeRsh leads to a largdfF, with a concomitant improvement
to Voc andJse, and hence better power conversion efficiermgysor PbS CQD solar cells,

devices are often limited by low¥s. andFF values.

2.3 Electronic transport in CQD solids

2.3.1 Mobility and lifetime

Optimization of CQD device performance involves meeting the antagonistic demands of
effective light absorption versus efficient charge extraction. As an illustration, in a device
with active mat e,amn absorptoh caciant at kerbans gapnlthe € m
order of 10* cm* (more exactly: 2.3 X0* cm?) is required to absorb 90% of incident
photons at the band gap o f! OQ®tickness svereni n g
increased for greater optical depth so as to ensure complete photon absorption, there could
be a drop in charge collectiogeeiency because charge carriers are prone to be lost through
recombination if the lifetime is shorter than their tratisie. Lifetime refers to the average

time a photogenerated carrier is free to move before recombination occurs.

The speed at which a carrier moves by drift is described by the drift mahiitkich can
be thought of as the velocity of the charge eaminder the influence of an electric field.

Together, mobilitye, electric fieldEand | i feti me U arlLerasie:l at ed
0 ‘Ot Equation2-11
Diffusion, on the other hand, is characterised by the diffusion lebgthas in

0 Mot Equation2-12

whereD is the diffusivity and is governed by the Einstein relation:
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- — Equation2-13

The sum of drift and diffusion lengths gives an approximation as to how thicctive

layer should be designed in a solar cell device. Drift transport is much more efficient and
covers a longer range before charge recombination sets in. Therefore, one would typically
want to maximise the depletion width in a device and this reqooesolled doping of
materials that form the junction. However, maximising depletion width is not the only facet
to improving charge transport: reducing the density of trap states, which are abundant in

CQD solids, is another important aspect.

Traps thatare deep and lie near the middle of the band gap act as recombination centres,
resulting in the loss of charge carriers before they can be extracted at the electrodes.
Shallow traps are less detrimentalthoughthey lower the mobility of carrierson-
radiative recombinations are less likely to happen as trapped carriers can acquire energy
easily again to be frexcited into conduction/valence barh example pertaining to PbS

CQD is described by Tanet al?® Hence, the implication for CQD films in solar cell
devices is that the charge carrier transport characteristics should be improved so as to be
able to make thicker active layers to enhance absorption writ@mmpromising charge
collection efficacy. Still, charge transport is not straightforward in nanostructured systems
and to make improvements requires knowledge on the transport mechanism in CQD solids.
Attempts have been made to formalise the transperigrnena into theories and these will

be discussed in the next section.

2.3.2 CQD Transport theories
A few theories have been proposed to describe charge separation and charge conduction in

CQD based devices. The foundations were laid by¥)d&fros, Shklovsk#?°and others,
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but these early theories have only been experimentally verified on CQD films avatlable
those timesthat are hahly disordered by todd@y standards gue to large variance in
particle size. The recent developments in the synthesis of monodisperse CQDs, together
with the capability to change bulky ligands for more compact ones, has led to the expansion

of transportheories.

Broadly, there are two major proposed mechanisms. The Figtre 2-7(a)) is termed
hopping, by which the charge conductivity derivedoiws an Arrhenius type dependency.
Mott introduced @Var i-WRB) o dRailveg dow tdperptpré n g 0
regime of conduction in strongly disordered systems with localized ¥tatésarest
neighbour hops are ideal but hops to a further site with less energy difference may be more
favourable and this long range transport also contributes significantly to cond &ftes.
Shklovskii varidle range hopping (EBRH) was later developé®land takes into account

the Coulomb gap and charging energy.

(a) Variable range hopping
Energy.
1st jo (c)
= = B Tunneling barrier
Initial . dictated by ligand
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(b) AE energy level \
Tunnelin \
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Figure 2-7. (a) Diagram showing nearest neighbour hop and a long range fuher distance

but with a similar energy level. (b) Tunnelling in the direction favoured by the direction of internal
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electric field. (c) The ideaf coupling between neighbouring CQDs. The extent of wavefunction

overlap is dependent on barrier height and interparticle spacing.

The second mechanism is tunnelliiggure 2-7(b)) and unlike hopping, it is temperature
independent. The concept of tunnelling for quantum transport requires the understanding
of coupling energyp, between two neighbouring CQDSidure 2-7(c)). Coupling energy
describes the extent to which wave functions of neighbouring states overlaps and hence,
the extent of exciton delocalisatidi?3, It is given by:

bad/ h Equation2-14

wherehi s Pl anc k 6 $iis the tanmdlliagrrdte, vehicldcan be approximated as

in34

0 e&p{-20 2 m* PP Dpx } Equation2-15

wherem?* is the carrier effective mass, agoEandgxare the height anthicknessof the
tunnelling barrier. It is apparent that coupling and eventually tunnelling rate, decreases

exponentially with nearest neighbour distagee

2.3.3 Factors affectingtransport

From the transport mechanisms, it igident that interparticle spacing and energetic
coupling greatly affect the ease of conduction of charge carriers and hence their mobility.
These factors can be altered by changing the surface ligands of. @@@ber crucial

element is energy disordesd(). Absolute monodispersity in nanocrystal size is virtually
impossible to achieve. Even with current synthesis techniques which allow for dispersion

to within a single atomic lay&; this amounts to a standard deviatioa ééwpercent. Size
distribution results in the Uydud to guantbinsper s
confinementthat, scaks approximately withl/r?, with r as the radius of partid® This

leads to a finite disorder @) / U & in 8iteeenkrgies. The smaller the disatdhe
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more efficient the processes of charge transfer amongst CQDs due to better alignment of
neighbouring energy states and hence, a more effective energetic coupling amongst an
array of CQDs. This highlights the significance of a narrow size distwibwat individual

CQDs.

The last factor is charging enerBy, which isalso referred to as the selipacitanc¥. In
its simplest form for spherical particles, charging energy is inversely related to therradius
and the permittivityJof the surrounding medium, and proporial to the square of charge

e, as given by:

o — Equation2-16

Photo-excitation Overcoming Charge Transfer

Coulomb Gap

light >
13
A=2E,
Dot 1 Dot 2 Dot1 Dot 2

Figure 2-8. A schematic diagram explaining the CouloBlbckade effect. Coupling energy must

be sufficient to overcome charging energy to enable facile charge transfer.

Ec is an energetic penalty for removing or adding a charge on a system and for a CQD
where size is smalkzc becomes significant. In an array of weakly coupled CQDs, the
charging energy creates the Coulomb energy gap & ., hiEh quashes conduction
unden low-bias . This effect is known as the Coulomb blocR&dEigure 2-8). For

effective charge delocalisation to occur, the coupling enbrgwst be greater thaf.
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Using Equation 215, keeping the size of quantum dot fixed, the only way to improve

charge deloalization is to alter the permittivity or dielectric constant of the surrounding

medium. In a CQD solid, the surrounding medium refers to the ligands which could be

altered by ligand exchangEigure 2-9 shows the relationship between factors that affect

effective charge delocalisation and hence the ease of charge transport in a CQD solid.
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Figure 2-9. A conceptualised electronic transport phase diagram based on the factors of energy

disorder, coupling strength, charging energy as well as interparticle spacing. Adapted from

referencé®

2.4 Using CQD in solar cells

2.4.1 PbS as a material of choice for CQD solar cell

Lead chalcogenides (PbS, PbSe and PbTe) have a narrow bulk band gap, which absorbs

infrared wavelengtl as long as 3000 nm. However, they have a large Bohr radius, for

example PbS is 18nm, which makes it possible to tune the band gap absorption wavelength

from 3000 nm to about 600 nm, by simply controlling the size of quantum confined PbS

CQDs. This makeshem a group of very versatile matesiahd their band gap tunability
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provides opportunity for creating mujtinction/tandem solar with other materials or even

with itself. The focus of this thesis is placed on PbS, primarily because it is more air stable
than PbSe and PbTe, and it is the most-estiiblished quantum dot material in terms of
device performance as processing technologies. PbS CQDs prepared by the hot injection
route hae been shown to possess a ldegm photophysical stability of overdo months

of storage in a freezer20 °C) without any inert gas protectitfnin the next section, the

various ways in which PbS CQD could be incorporated into solar cell devices are discussed.

2.4.2 The evolution of PbS CQD employment irsolar cells
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Figure 2-10. (a) PbS:polymer blend solar cell and (b) PbS sensitised solar cell. Both (a) and (b)
makes use of increased interfacial area between PbS CQD and another material to improve charge

extraction. (c) PbS CQD used as both the light absorber and charge transporter.

In the initial stages of CQD technology, the knowled@digand chemistry and surface
treatment of quantum dotgslimited. As such, the transport properties of PbS G@8e

limited and therefore early efforts of utilizing PbS CQD in solar eedi® restricted tohe

role of light absorber, producing photogenerated charges that are then passelyriter

matrix in the case of PbS:polymer blends or acting as a sensitizer on a mesoporous wide
band oxide like titanigFigure 2-10(a) and (b)). In both cases, PbS CQWere exploited

for light harvesting properties while the device architecture aids in accommodating its poor

charge transport properties. However, in the last 10 years or sdhaisdyee tremendous
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improvement in quantum dot film peessing, device physics and material chemistry such
that PbS CQD film could be utilised as both the main light absorber and charge transport

material(Figure 2-10(c)). In this thesis, the emphasis is placed on this particular approach.

2.5 Conclusion

For a functioning solar cell, two fundamental proesssave to take place: Charge
generation from light absorption and the process of separating, transporting and extracting
photogenerated electrdmle pairs. From a device standpoint, higher power conversion
efficiencies impy a need for improvedF and improvedVoc (from lowering carrier
recombination), especially for PbS CQD devices. Then from the CQD perspective,
performance improvement could be warranted from improving charge transport in PbS
CQD film. In the next chapter, a review will be given on fregres of PbS solar cell

technology in the aspects of synthesis, surface chemistry and device making.
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Chapter 31 Literature review

3.1 Developments in PbS CQD synthetic chemistry

3.1.1 Monodispersity

Below 18 nm, the diameter of a PbS quantum dot influences its band gap and it was
discussed in section 2.3.3 that the smaller the size distribution of CQD packed in a solid
film, the larger the extent of coupling that would aid charge transport from diot &nd
eventually across the film. Furthermore, different size PbS CQD would encourage
recombination due to differing energy levels below the mean band gap acting as trap sites.
Zhitomirsky et al. showed by simulation and by fabricating actual desibat a standard
deviation of 150 meV or less is optimal for device performénaghich is very much

achievable by current synthetpproaches.

The most common method to produce photovoltaic quality PbS @Qiate is the het

injection protocol developed by Hines and ScHBleShis method is very precise and
reproducible, as shown by Zhaegal®. Although PbS CQD synthesis protocol is confined

to thelaboratory scale, Pagt al. have recently demonstratéuhtit is possible tanodify

this procedure to a dual stage batch process which accommodates a large scale PbS CQD
production without any compromise to qudlityOther research efforts have begared
towardsavoidng the highly reactive and potentially dangerous sulphur precursor, -bis(tri

methylsilyl) sulphide ((TMS)S), and instead relied on elemental sulpht:

Nevertheless, despite the high level of monodispersity achievethite, theVoc of PbS
CQD devices is limited to below half its band gap v#lughitomirskyet al. argued that

Voc improvement from monodispersity would only be significant if PbS surface defect/trap
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densiy is reducetf. This highlights the importance of surface passivation for better device

performances.

3.1.2 Size control and size effect

Onanother front, there was a better understanding of the size effect on PbS CQD chemical
stability. I ntrigufP¥fhpsbeen fourdtSvarC\@ib isssizest a b i |
While often portrayed as solid spheres,o@gstals actually have a highly faceted structure,
inherently owing taheir crystallography. Small PbS CQDs have been reported to have

a higher Pb:S ratio compared with the more faceted large PbS CQDs. In contrast,
large PbS CQDs ammore faceted and they include exposed {111} facets consisting of
sulphur anions not protected by common ligands like thiol and carbexyinated ligands

(Figure 3-1(a)). Therefore, oxygen and other reactive species can easily attack these

vulnerable {111} surfaces.

The study of such a surface reaction is made possibleray Rhotoelectron Spectroscopy
(XPS), which shows the distinction betwdarge and small PbS CQDs: Ph8€the main
oxidation product for small PbS C@Dwhich gives a shallow trap state of 0.1 &3

while that of large PbS CQDs is Ph$@onstituting a deeper midgap state, responsible
for performance degradatin These observations were further corroborated by &tai

as he synthesised batches of PbS CQD with diameters ranging from 1.5 nmto 7.5 nm and
studied their composition, stability againekidation, and shape evolution as size
decreasé$ (Figure 3-1(b)). Furthermore, the stability of CQDs were characterized by the
extent of blueshiftsof the PbS excitonic absorption peaks, which was attributed to surface
oxidatior?>®® and this was shown to increase with decreasing PbS CQD Fiperg

3-1(c)).
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Figure 3-1. (a) Nanocrystal models created, using crystal maker software, depicting that larger
PbS nanocrystals having more (111) facets which contain unterminated sulphur atoms, as
compared to smaller nanocrystals. (b) Graph showimg relationship between the size of PbS
CQD, its crystalline shape and cation to anion ratio, both simulated and backed by experimental
data. (c) Plot revealing the sizkependent stability of PbS CQD to oxidation. The extent of the peak
shift representshe amount of oxide shell formed on the PbS CQDs. (b) arat€cyeproduced

from referenc#.

Therefore, the implication is thain principle, the stability ofa CQD and its surface
passivation could be managed with materials engineering. Vulnerabial dagets could
potentially be avoided by synthesising smaller PbS CQD, or even by developing a
passivating strategy that binds to both cations and anions on the surface of CQD. However,

the route of using smaller PbS CQD was shown to be counterprod{setefdgure 3-2).
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Choiet al.and Yooret al.both independently showed that Schottky solar cell dswié

smaller PbS dgive higheNoc due to the increasing band §a, however, with increasing

band gap (or decreasing PbS CQD sizeJitaecreases due to (i) less light being absorbed
and (ii) higher series resistandee to greater number of int&D hops that carrier has to
make to travel across the same QD film thickness. €hal evaluated that the stability
towards oxidation only becomes apparent when PbS CQD size is of 3 nm (which equate to
about 1.3 eV) or dew®*. Therefore, PbS CQD should optimally be around this size to reap
the benefit of both oxidative stability and a band gap size to capture a reasonable portion

of the sunlight.
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Figure 3-2. (a) Device performance metrics of Schottky solar cells against the size of the PbS CQDs

used.

In this study the optimal band gap is found to be about 1.3 eV. Figure reproduced from

reference’ . (b) Generalised relationship between band gap and experimeptah®bretical .

(limited by maximum of;g and thermodynamicaloy Graph and insert shows that ituswise to

gain Vs by increasing band gap for the gain ig:\6 limited while the higher band gap suffers a

loss in d. Figure reproduced from refereriée
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3.1.3 In-situ surface treatment

Yet another less common PbS C@inthesis method is one that utilises a lead chloride
source and this technique was first developed by Cademartiri antf.Qdioreelset al.

later showed that this method could be adapted to produce PbS size ranges that the Hines
and Schol esd pt. &fudherstep wiastakendypZhdedalevhoosfudied

the effect of using different lead halides for synthass they showed that the halide atoms

are incorporated onto the synthesised PbS €@3pecially for the case of chlorides, the

PbS product gave higher PL yield. They further report incorporating ignéisesised PbS

CQDs into devices, which gave better device performances and higher stability as
comparedo controls. This was understood as a way to treat and protect the surface of PbS
CQD during the synthesis stage. Another unique approach is the use of metal chloride
treatment during synthesis. First reported byetpal, where cadmium chloride was
introduced during the growth stage of the synthesis process, it was shown as a method to
ensure extensive trap mitigation as the small size of the halide atom is able reactstrap site
that are not easily reached by bulkier organic ligafdgufe 3-3(a), (b)®. It was later
generalised as a metal chloride treatment where this time, different metal cations have been
studied Figure 3-3) and it was found that the metal cation is important in influencing the
final energy states of PbS CQD and therefore influences trap passivétidtecent works

from Zhanget al. followed by Crispet al. showed the benefit of using both cation and
anionic passivation by using lead chloride for a cadmium sulphide to lead sulphide (and
also cadmium selenide tead selenide) cation exchange synthesis proc&firét was

argued that the cation exchange process leaves behind a certain amount of cadmium and
chloride left in the resultant PbS (and PbSe) CQD and devices madé&éamtynthesised

CQD showed better device performance and stabiitgufe 3-3). In the following section,

passivation is discussed at the devicacpssing level.
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Figure 3-3. (a) Pictorial representation of the hybrid passivation. Chlorine atoms were intrdduce
at the synthesis stage while oleic acid is replaced by MPA at the film fabrication stage. Chlorine
atoms are able to passivate fitrencheso that
passivation by using a hybrid ligand exchange strategyl lfe)effect of different metal cations of
metal chloride used in synthesis as a treatment procedure. Better PLQE is an indicator of better
trap passivation. (d) Catieexchanged PbSe (from CdSe) showing remarkable performance and
stability and this same sitegy was used for PbS solar c&liga) and (b) are obtained from

referencé€® while (c) is fronfi* and (d) is frorff.
3.2 Progress in surface ligand chemistry and CQD film processing
3.2.1 Theligand exchange process

CQD surfaces have to be well passivated and protected from oxidative attacks and colloidal
aggregation. Yet, in order for PbS CQDs to be useful as a photovoltaic active material, long

ligands attached to the CQD after synthesisds to be replaced by smaller ®se as to

57



improve the conductivity of CQD film. There are two general approaches in which ligands
can be substituted and they are pictorially illustrate&igure 3-4. The first approach
(Figure 3-4(a)) is termed solidstate ligand exchangend involves replacinghe native
ligands only after casting the CQD film. The second appro@icjule 3-4(b)) is termed
solutionphase ligand exchanged itinvolves swappig the long native ligands for shorter

ones while the CQDs are still suspended in a solution.

(a) Solid-state ligand exchange,
Layer-by layer process
C Tl Hs
/ WP Yhon-chainligand
Long- B
chain \ I WS
ligand . .‘:3:.%:,‘ ':’!}“{
WREeRE
(b) Solution phases ligand
exchange
Y
i 3 —
it —> -'z-{;‘. — -t.v‘s..‘*s‘&* —
2 't 3 e et gt .

Figure 3-4. Pictorial representation of the ligand exchange approaches: (a) solid state ligand

exchange (b}olution phase ligand exchange.

Solid-state ligand exchange is a more established method and is usually integrated into the
device fabrication process, for example with spin coating or dip coating. The crux of the
method is the formation of a thin film &€QD on a substrate, followed by the introduction

of the replacement ligands and the washing away of excess and exchanged ligands.
However, due to the fact that the replacement ligand is much shorter than the native one,
the entire film would experience sificant volume shrinkage, resulting in macro defects
such as cracks and voids. This is remedied by using aliggleray er appr oach 1
of film deposition and ligand exchange is repeated several times until the desired thickness

is achieved, witleach new layer filling in the voids of the previous layers. This {dyer
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layer casting and ligand exchange approach is still the most established method and it is

used to make the best devices reported in recent®fifies

While this technique seems attractive, it is dependemxchange kinetics and in certain
casesthe exchange rate is slow. As an example from Taigal., the ligand
cetyltrimethylammonium bromide (CTAB) exchanges slowly with oleic acid. By putting
copious amount of ligand solution over the film and allowing the solution to stand for a
minute before washing it off, and then by repeating the procedure twice more)akeads

that this would ensure complete exchange before the next layer of CQD is déposited
While this technique is relatively reproducible in laboratory conditions, its scalability is
guestionable. For example, in a fwtroll production line, a layeby-layer approach

would be time consuming and costhigure 3-5(a)).

The second approach is conceptually more ideal as a solution phase exchange ensures
adequate time for complete and thorough ligand exchange. The number of deposition
cycles of CQD layes could be reduced as voids would less likely be formed and this would
lead to lesser material wastage compared to a-lay&yer procedur@rigure 3-5(a), (b)).
Unfortunately, this procedure has fair share of limitations when forming solar cell
devices. First, the replacement ligands are smaller and so do not stabilize the colloidal state
of the solution very well. Extra care must be taken walution purity, inertness of the
environment and temperature, especially with long exchange times, to avoid unwanted
oxidation or contamination. Also, these small ligands are ladidmight be los during

the coating process, forming new defects andrgetic disorder. One of the first few
example of using this approach is a work done by Johnstaal.,in which oleic acid was
swapped for butylamine in PbS C&DThe exchanged PbS CQD isdispersed in toluene,

which is used to fabricate a Schottky junction sael. The device gave an AM1.5

efficiency of 1.8 % and a monochromatic efficiency on 4.2 % at 975 nm with a 12 W/cm
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intensity However, it was reported that the devices were stable for only 4 hours and were
completely degradkwhen left out in ambient air for a day. Thdrave beervarious

solution phase ligand exchange procedures reported since then, with metal chalcogenide
complexes, chalcogenides, metal halides and even psuedohalides as the exchanging ligands
but these studshave no reports of usirtpe exchanged PbS CQD for solar cell devices.

A significant milestone was reached when Fis@tal. reported the use of thioglycerol as

a ligand®. PbS CQD was successfully transferred from thereetphase to dimethyl
sulphoxide (DMSO) phase and then was separated and used for solar cell device fabrication.
However, due the low volatility of DMSO, a na@wonventional CQD film casting method

was used and it requires mild heating under low pressumdit@m for hours. Furthermore,

device efficiency is at best 2.1 %. Even though the results are not remarkable, this work
serves as a proof of concept that a directsiep deposited PbS could result in a working
solar cell device.

(a) Solid state ligand exchange: (b) Solution phase ligand exchange:
Layer-by-layer film formation Single layer drop cast film formation

One drop of solution
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Figure 3-5. (a) , (b) Schematic diagrams showing the difference between the two film fabrication
processes and the possible benefits of using solution phase ligand exel@@@esolution. (c) A

PbS CQD model depicting iodidggands passivating the Pb rich PbS CQD surface and the
methylammonium counterion balances the overall charge. (d) Absorption curve showing the
presence of PbS CQD exciton peak before and after ligand exchange, which exclude any possibility
of CQD aggregabn during the process of ligand exchange. The slight redshift however, is due to
stronger coupling between CQD due to closer proximity between CQD with the smaller sized iodide
ligands. (e) The device architecture which incorporates the iodide exchabgE€®D. (a), (b)

are figures adapted from referefiéhile (c)(e) are obtained from reference

A huge progress was made recently, where iodine was usadpassivating ligand.
Introduced as methylammonium iodide, PbS CQD was transferred into dimethylformamide
(DMF) solvent as stabilized by iodide ligdAdThis exchange®bS was cleaneahd then
re-dissolved in butylamine to give a highly concentrated volatile colloid which could be
deposited by spin coating. Device fabricaticaswot only simplified but devices were air
stable and the best devices were reported gave a moweersion #Hiciency of 6.1 %

(Figure 3-5(c)-(e)).

3.2.2 Types of ligand

The most obvious intention for employing ligand exchange is to dedteasnter CQD
distances, thereby improving charge mobility. Talaginal. investigated the effect of
swapping oleic acid ligands for hydrazine on PbSe CQD film, showing experimental
evidence of the reduction of interparticle spacing and-fotlincreag in conductance,
measured from FET experimefits Similarly, GuyotSionnestet al. showed that by
replacing trioctylphosphine oxide ligands with -pHenylenediamine, cadmium selenide

CQD6s conduct i vimagnitudéy Furthemere, Liet al.shewed alirect
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experimental observation of ligand length to carrier mobility in lead selenide (PbSe)

nanocrystal solid$ and this is illustrated ifigure 3-6.
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Figure 3-6. Carrier mobility showing an exponential dependence on ligand length. Mobility is

extracted from Field Effect Transistor studies of PbSe CQD Films. Reproduced from réference

Bi-functional ligands are onef the top choices for ligand replacement when it comes to
device fabrication. These organic molecules could bind to one CQD and also a
neighbouring CQD, which effectively reduces interparticle spacing, making a very
compact CQD film. The downside is thaey could only be used in a solid state exchange
procesdecause applying them in solution causes the CQDs to aggregatéhéfsocess
generats voids inthe film as the exchange of long ligands for shorter ones creates huge
volume shrinkage thus neessitating a layeby-layer film formation approach.

Nevertheless, their usage is quintessential for most of the current best performing PbS CQD

solar cell devices©
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Table3-1. Classification of ligands used for the stabilization and passivation of CQDs as reported

in the literatue.

Ligand Example Characteristics/Function | Best efficiencies Refere
type nces
Long chain | Oleicacid, -Carbon chain length > 8 | None
organic Trioctyl -Stabilizes CQD via steric| (CQD films are too

phosphine repulsion insulatingwith long

-Used as a surfactant in | chain organic ligands)
CQD synthesis

Short chain | Pyridine, -Reduces inter CQD 1.8 % with butylamine | %7
organic butylamine, distances (AM1.5)

Hexanethiol 2.6 % with ethanthiol (

76 mWi/cnfat 1 pm)

Bi- 1,2-ethandithiol -Reduces inter CQD 9.2 % with MPA 66
functional (EDT), 3 distances to a greater
organic mercaptopropioni | extent with inter CQD

c acid (MPA) attachment
Metal -Metal -Reduces inter CQD 8.95 % with &
complexes | chalcogenide distances Methylammonium lead

complexes like -Creates a composite of | tri-iodide (MAPDbE)

(SnSe)* CQDs in a matrix of a

-Halometalate second metal

complexes like halide/chalcogenide phase

Pbk and CdBg
Small -Psuedohalides | -Reduces inter CQD 8.9 % with 6s
molecules, | like SCN distances tetrabutylammonium
atomic -Halides like 1 -Small size allows iodide (TBAI)
ligands extensive passivation

Ligand length is not the only consideratifom ligand choicebut also the passivating role

of ligands and in this case, the chemical structure of the ligand (especially the attachment
group) is crucial.Table 3-1 gives a summary and classification of the types of ligands
discussed in the literature. Although organic ligands afford tunability due to the wide
variety of structures available, anotheredtion of development that is on the rise is the

use of metal complexes as ligands. The methodology for incorporating them in CQD films
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was developed by Talapin and-sworkerg® 8. These inorganic ligands are small in nature
and they are electrically charged. While traditional bulky organic digands render
colloidal stability to CQDs in solutions via steric hindrance, metal complexes, being
electrically charged, conf€&QD stability through electrostatic repulsion. This is a distinct
advantage over other small inorganic ligands which do not provide the same stability in
solution. After ligand exchange, CQDs are very densely packed and FET measurements
show that high caier mobilities can be achieved. Perhaps the most fascinating feature is
that when the CQD films with metal complex ligands are annealed, a unique heterostructure
of a continuous metal chalcogenide matrix with CQDs embedded is f6xBedpite their
promising attributes, metal compleapped PbS CQDsere notused as active materials

of solar cell devices until only very recently, where the first such PbS solar cell is reported,

and it is fabricated with a lead iodide perovskite comflex

The last class of ligand studied comprises of small molecules nagéyms. Before halide
ligands became popular, there was very little mentioned on the use of other small molecule
ligands in PbS solar cell device fabrication apart fronT,@dministered as tetramethyl
ammonium hydroxide, which was found to incredise p-type’® character of PbS but
notably increas trap densif}f. Recent work has shown the usetibtyanate ligand but it

does not show any improvement over conventional cross linking ligands like MPA or
EDT®2 The advent of using halides as ligamdsne towards the end of 2011amotable

work published by Tangt al.,which involves using bromine atoms as surfacarids on

PbS’. The bromine ligand exchange not only improves mobility but was also shown to
provide better passivation than organic ligands. Then, solar cells made from PbS CQD with
bromine ligand exchange gave the highest efficyerecorded for CQD solar cells at the
time of publication. Attention then spread across the other halogens and most notably the

use of iodine. l odine | i gandnteyxpcehba nRybeS hfaisl
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impartedremarkable air stability and i®sponsible for some of the highest efficiesc
recorded for PbS solar cells at the time of publictiéth Due to increased attention on
halogen ligands, there was an increased effort towards understanding the effect of

passivating ligands on the properties of PbS CQD films.

3.2.3 Effect of ligands

As a ligand binds to the nanocrystal, surface energy states are altered and the aim is to
ensure that migjap states are eliminated. Other than passivating the suiti@dgand

alters the optoelectronic properties of a quantum dot. Even with sindleflesgth,
different atoms/molecular group may induce different propertigands affect the charge
transport properties of the CQD film in two important aspects: mobility and lifetime. It was
discussed in section 3.2.2 that improved CQD coupling worddtly improve mobility.

As for lifetime, it is correlated to trap states/ recombination rate and the extent of

passivation offered by the ligand affects this.

Other than charge transport, ligands change the overall composition of the quarffum dot
and thereforetheywould affect the resultamtistribution ofenergy levels and might affect

the doping levels of the quantum dt Other tharthe suphur and lead composition in
PbS, incorporating other elemental species, for example, different halides (Cl, Br, 1) as
ligands, gavea different extent of doping, as reflected by the PbS CQD film carrier
concentratiof®% The notion that PbS CQD film ip-type has always been widely
accepted till rports of the use of halide ligands on PbS CQD were made. Field effect
transistor (FET) measurement of halide excharigle8 CQD film&*® and successful
fabricat ipemih jou n cPtbiS34ifibothegave evielence of PbS CQD films

displayingn-type characteristics.
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To date two major hypotheses have been proposed to explain such a phenomenon. The
first is a simple argument ostoichiometrybalancein a quantum dofi for exact
stoichiometry, omplete filling of the valence orbitatesembles closed electronic shell
configuration and results in an intrinsic materkadr the offstoichiometry case neexcess

of electrons populates tlewnduction band and results irtype doping, while dack of
electrons and incomplete filling of the valence band resultdypg@doping Asan example,

for PbS,when instad iodine substitutes for gilur, to maintain charge neutralityhis
correspond to an extra electrom the conduction bandhat is, rtype doping This
framework waglubbeda s i cohrabrigtea | andveas farmalised by Voznyat al.

as a method to predict doping in colloidal quantum&otéie second hypothesis involves
surfaceinduced dipoles of the ligand species on quantum dot and therefore, invoking a
change in absolute energy levels of the quantum dot. Bebvahused a range of ligands

with different dipole moments and then showed using ultraviolet photoelectron
spectroscopy (UPS) a systematic shift of PbS valence, conduction bands and Fermi levels
with ligands of increasing dipole momefitsThis set of eperimensis crucial in showing

that PbS energy levels are easily modifiegither by size, which influences the band gap,

or by ligands, which influences the position of band and Fermi levels. Also, the tweaking

of Fermi level with respect to valenceammduction band implies a change in doping levels.

While it is still inconclusive as to which hypothesis is more appropriate to describe the
action of ligands on PbS CQD doping and energy levels, it is fair to say that there is a huge
improvement in the wterstanding of the surface chemistry of PbS CQD since the advent
of CQD film processing. In the next part of this chapter, the improvement and the variety

of device architectures would be discussed.
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3.3 Advances in device architecture

In the earlier two ections, a review was given on how PbS CQD solar cells have been
improved from a fundamental level, which is by augmenting the active materialiitself
PbS CQD. The surface chemistry and CQD©OG6s
optoelectronic propéesof a CQD film and that, in princip) is a good vantage point to
improve the photovoltaic performance of a CQD solar cell. This section takes the reader
away from a micro perspective of the quantum dots to the matite device structure

itself. Improvements made to CQD solar cell performance via a device architectural change
arereviewed, along with a focus on material choices and interfaces. Some of the device

architectures illustrated iigure 3-7 would be discussed in this section.

Schottky Depleted Bulk depleted Quantum
junction heterojunction heterojunction junction
[
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Figure 3-7. A summary of the major PbS CQD architectures described in literatures.

3.3.1 Schottky junction solar cell

The first PbS CQD solar cells using PbS CQD layers as the main photoactive layer was
that of a Schottky junction solar cell architecture. Amongst all the various architgtiatre

will be discussedthe Schottky junction solar cell hdke simplest structure: It conssif

a PbS CQD film sandwich between a metal electrode and a transparent conductor. The

choice of a low work function metal (like aluminium or magnesium) forms a rectifying
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Schottky junction with the-type PbS CQD film \ile the transparent conductor (like
indium doped tin oxide (ITO)), having a deeper work function, forms an ohmic contact
with PbS CQD film (Seé-igure 3-8). Band bending occurs at the interface between the
metal and the semiconductor, setting up a Schottky bafiigr) and a buiklin potential
(Gpuiin) With height of magnitude determined by the difference betweep-tiyge PbS

and metal workunction. Thisbuilt-in potentialsets an upper limit to thé, of the device.

Fermi level

-—>
hv ¢ Interface
\, states
p-type PbS
ITO CQD film Metal

_|_
<h q(Pbuilt-inT dPparrier

Figure 3-8. Band diagram of a Schottky junction solar cell formed by PbS CQD film and a low

work function metal likaluminium.

The efficiency of the Schottky junction solar cell is limited by a few factors. Firstly, the
metalsemiconductor interface generates interface states which in many instances, pin the
Fermi level of the devices to these interface states. This lie actual barrier height and
hence, the eventudl,. of the device®®. Furthermoresince carrier extraction is most
efficient when active layer thickness is the sum of the depletion width and carrier diffusion
lengt?°, the limited depletion width as a result of limiteehding at the Satttky junction

limits the optimal thickness of PbS film and restrictsik®f the deviceBend bending is
limited because of Ferabevel pinning effect induced bythe presence of
metal/semiconductor interface stat®econdly depending on the reagitly and how labile

are the ligands of PbS CQD, they might be prone to react with electrode’matailslly,
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the PbS CQD Schottky junction devices usually suffers from a low fill fa&fey (40 %
or even lower) since the only material that lies betwhe two electrodes is the PbS CQD
film, which makes it is possible that any voids present in the CQD film would create shunt

paths for charges and this lowers the shunt resistandéraotithe solar cell.

Nevertheless, there are several notable noifest achieved for this architecture of which
two, that are in line to the main theme of this thesis, are to be discussed as important
learning points for PbS CQD solar cell device technology. The first involves inserting an
ultrathin (0.8 nm to 1 nm) int&xce layer of lithium fluoride (LiF) between the CQD film

and the metal electrotf®X This was shown to improwé,. andFF of devices, as well as

the shbility of the device. It was hypothesized that the thin layer of LiF (an insulator)
energetically separates the metal from the PbS CQD film, removing interface states and
therefore redung theFermi level pinning effect. Also, the addition arf interface layer
serves as a barrier towards CQD6s Il igands
prolonging the stability of the device. The second is an inversion of the device structure,
making the transparent conductor/PbS junction the Schottky junction. ake mhat
possible, the work function of fluorirgoped tin oxide (FTO) is modified using a thin layer

of polyethylenimine (PEIxnd a high work function metal was chosen as the top eletrode
This work was done by Magt al and they showed that the inverted device out performs
their control regular Schottky device as improvements was gained from gtéerd Jsc

of the devicelnverting the structure places the Schottky junction closer to the illumination
side therefore @timizing charge extraction from higher energy photons (whisie lnaver

penetration depth).

3.3.2 Depleted heterojunction solar cell
To overcome thelisadvantagef a limited depletion width in a Schottky junction device,

the next evolution is to includesecondri{-type) semiconductor material. Although devices
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with cadmium sulphide layer or the polymer PCBM forming the heterojunction with PbS

have beemealised t he focus in todayob6s research wor
are highy n-type doped, like Ti@and ZnOas they are low cost, offer higher transparency

and can be deposited by solution processing techniqineg.ehsure that the depletion

width is very muchextended into main absorber of the device, which igthge PbS

CQD film. Therefore, this particular device structure relies heavily on drift transport as the

main carrier extraction mode. Again, the option of having an inverted or an upright
structure is available and currently, the upright depleted heterojunctioce dgwcture

serves as the platform for some of the most efficient PbS CQD solar cells till date.

3.3.3 Bulk heterojunction solar cells

A proposed step ahead of the depleted heterojunction architecture is one that modifies the
morphology of then-type maerial. Nanowire¥, nanopillaré* and even grooves tailored

to match tie length scale of the usual device depletion Widtlare just some examples on

how such a structure can be built upon. Another notable example would be to blend the
nanoparticles of the-type material together with PbS CQD to form a@ifensional
interpenetrating and percolating network of the two mal€?®’, a strategy familiar to
polymer solar cell technolo@y Ultimately, the bulk heterojunction architecture seeks to

improve device performance via:

(i) An increased surface area of contact between PbS CQD to-tyee
semiconductor and therefore effectively allows an increase in PbS CQD loading
and total film thickness for increased light absorption.

(i) Inducing light scattering and increasing path lengths aftqrh within the

device, therefore increasing the extent of light absorption.
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3.3.4 Other strategic device structural improvements

There are two other notable studies on device structure/interface engineering. The first
involves putting down a thin layef molybdenum trioxide (Mog) betweerthe PbS CQD

film and the top gold electroéfe Gold should form an ohmic junction with PbS CQD when
corsidering work functions. Howevett, was discovered that this tends to deviate with
smaller sized PbS CQD and there also exist interface states between gold and PbS CQD
film1%. The adlition of MoQOs; was found taalleviate this problemtherebyimprovesVoc

and FF of devices.Additionally, this also allows the use of cheaper low work function
metals (like aluminium) in place of gold with almost the same performance. The second
deals withmodifying then-type wideband semiconductor. Ti@as doped with zirconium

to shift its conduction band to better align with the conduction band of PbS CQD of a
particular siz&*while in another work, a thin layer of (6;henyt61-butyric acidmethyl

ester (PCBM), that is deposited on Fj®elps to reduce interfacial recombinafits

Similar studies have also been repomgith ZnO'3104

3.4 Conclusionand prospects

In summay, this chapter reviewed the reseapcbgresof PbSCQD photovoltaicswhich
take into accounthe understanding dfow the material chemistryf PbS CQDandthe
engineering of device architecture/material interfaces aftteetperformance of CQD

devices. The major findingaclude

(i) Having verymonodispers®bS CQD is important but its further improvement
would not lead to further device improvements unless surface defect density has

been very much improved first.
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(i) Passivation of PbS CQD surface is thus an important task. Attempts have been
madeat the synthesis stage, at the fabrication step or using a combination of
both, like in the case of hybrid passivation.

(i)  Passivation cannot be done at the expense of sacrificing the electronic
properties of PbS CQD. As such, a better understanding anachpheviement
to ligand exchange, surface chemistry and CQD film processing has been made
throughout the years to ensure that PbS CQDs are both well passivated and
possess better charge transport properties.

(iv)  Device architecture is also an important considematzhen seeking to improve
overall device performance. Altering device architecture could supplement the
low diffusion lengths of PbS CQD films and interface engineering would play
a role in reducing interfacial states and interfacial recombinatizerdore

improving charge extraction

PbS CQDiechnology holds great promise for a new generation of solptiocessed solar
cellswith high performance to cost rati/ith the recent news of air stable, high efficiency
PbS CQD solar cells without encapswdatiand now with reported efficiencies that are
almost breaking 10 %, this make PbS CQD an exciting technology. Despite the vast
improvements to device physics and materials chemistry of PbS CQD there is still much
room for improvements, in particulan the Voc andFF. Improving defect mediation and

charge extraction are therefore urgent tasks for this technology.
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Chapter 41 Experimental Methods

4.1 Introduction

In the previous chapter, a review was given on the various efficiency milestones in the
history of CQD solar cells and the various improvements that has provided the impetus for
progress. In this chapter, an account of the experimental details of how ®@bS C
photovoltaic devices described in the ensuing chapters were fabricated and tested. These
include the synthesis of PbS CQDs, surface modification, ligand exchange, materials
characterization, film fabrication, metal contact evaporation, and devicegteBlia aim

of this chapter is to provide sufficient information such that any interested reader can have

the basis to reproduce the results presented in this thesis.

4.2 Synthesis

4.2.1 Colloidal synthesis of PbS CQDs and purification

The synthesis proderre described in this section was adapted from Hinak'? Quantities
andinjection temperatures were varied to achieve the mean PbS CQD size that is required.
In a typical synthesis of PbS CQD with a mean bgag of 1.3 eV, 0.46 g (2 mmol) of

PbO, 2 g of oleic acid (OA) and 10 g of octadecene (ODE) were added into a 25 enL thre
neck flask and the mixture was heated and stirred continuously under vacuum at 90 °C for
at least 2 hours, yielding a clear lealéate solution. The Schlenk line was then switched

to Argon flow from vacuum and the temperature of {eémhte solution wasaised to

105A C. 210 ¢&4S (larimol)vas Maefully diluted with 5 g ODE within the
fumehood and quickly loaded into a syringe. Care must be taken because$TiBIS)
extremely reactive and it reacts with moisture in air rapidly to produSe Hhan (TMS)S

was rapidly injected into the flask and the solution turned dark within 3 s, indicating a
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nucleation burst. After injection, the heating mantle was switched off immediately (but
leaving the stirring on) and after 30 s, the three neck flask \@asgIn a roortemperature

water bath to aid cooling. The modifications required for the synthesis of other mean band
gap PbS CQDs described in this thesis are laid oliabie 4-1 and with the rest of the

conditions kept constant.

Table4-1. Conditions required for the synthesis of PbS CQDs with different mean band gaps

Mean band gap Amount of oleic acid Injection temperaturel Cooling procedure
used

1.2eV 25¢g 120 °C Air cooled

1.3eV 29 105 °C Cooled with room
temperature wate
bath

1.4eV 15¢g 90 °C Cooled with iced
water bath

Next, the CQDs h&to be collected and cleaned to remove unreacted reagents and excess

surfactant. This step was carried out inainbient. The CQDs product was first separated

into two batches and 30 ml of acetone added to each batch to precipitate out the PbS CQDs.
The sispension was then centrifuged at 6000 rpm for 10 minutes and the supernatant was
discarded. 5 mL of hexane was subsequently added to individual batchekssniee the

CQDs and 25 mL of methanol was added to precipitate the CQDs again. The resultant

suspension was then centrifuged at 4000 rpm for 4 min. The hexane/methanol washing step
was repeated once more and the PbS CQD precipitate was left to dry overnight in the

glovebox. The PbS CQDs were finally dissolved in octane, made up to a concentration of

50 mg/mL and stored in a-Nilled glovebox until further use.
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4.2.2 Cation exchange for CdS shell formation

The production of PbS/CdS core/shell CQD utilizes the PbS cores, which were synthesized
using the procedure as described in the previous seé&ssentially, the formation of a

CdS shell is based upon a catiexchange method, whereby in this casé& Rations are

being replaced by C¢ starting from the outermost surface. The synthetic protocol was
adapted from Neet all%, with quantities adjusted to be made applicable tosthe of

PbS CQDs that were used and the thickness of CdS shell to form. Also, further refinement
to the reaction temperature and time was made. The first step is to calculate the approximate

diameter of PbS CQD hysing the empirical formula as describadsection 2.1.

Cationexchange is a substitution reaction and therefore the thickness of the resultant CdS
shell could be estimated by the molar quantity of*Qarecursor used and with this
knowledge, theshell thickness could be varied while the totalBC€adius remains the
same. Having CQD with different shell thickness would provide the opportunity to
investigate on the extent of surface passivation and its optoelectronic properties. The

guantity of Cd(Ac) used is determined by:

Equation4-1

wherer is the radius of the core PbS CQD in n@ysand) casare the density of bulk PbS
and CdS respectively (g ¢f), MrppsandMrcgsare the molecular weights of PbS and CdS
respectively (g mof), R is the radius of the CQD (nm), and malémolecq is the
experimental atomic ratio of Pb to Cd. As an illustration for 3.2 nm PbS and a final shell
thickness of 0.1 nirusing 2 ml of 50 mg/mL of PbS CQD, the number of moles of PbS
can be calculated to be 4.2 mmols and from the mole ratio calculatedtfoation4-2,

the quantiy of Cd(Ack needed is evaluated to be 1.0 mmols. The mole ratio of oleic acid

to Cd(Ac) used is kept at 2.5:1 and the amount of octadecene used is kept at 3.95 times
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the volume of oleic acid. It must be noted that the calculation is based on the assumption

that theCQD is perfectly spherical.

To prepare 0.1 nm CdS shdtick PbS/CdS core/shell CQD, 0.395 mL of ODE, 0.115mL

of OA and 0.030 g of Cd(Ag) were mixed in a 25 mL threseck flask, connected to a
Schlenk line assembly. The mixture was heated and stiomthaously under vacuum at

100°C for at least hour, forming a clear cadmiwwieate solution. The temperature was

then reduced to 80°C and the vacuum environment was swapped to an argon atmosphere.
2 mL of the prepared 50 mg/mL PbS CQD solution was lgwifjected into the flask and
allowed to react under stirring for 10 minutes. The heating was then turned off and the
reaction was quenched by adding 5ml of cold hexane and the resultant solution was then
added to 30 mL of acetone to precipitate out tEDS. The same washing step for PbS
CQDs was applied and the prepared CQDs werhssolved in octane to a concentration

of 50 mg/mL.

Table 4-2 gives asummary of the reaction quantities used and reaction times (with the
reaction kept at 80 °C). For the 3.2 nm batch of PbS CQD (averagiey In3band gap),
for example, if we want 0.1 nm shell, the radius of resultant PbS core is 3 nm. Putting these

parameters intdequation G2 yields an atomic/molar ratio of 4.04 Pb:1 Cd.
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Table4-2 Reagent quantities and parameters for different CdS shell thickness based on original

3.2nm PbS CQD.

CdS shellthickness (nm)
0.1 0.2 0.3
ODE (ml) 0.295 0.681| 11.950
OA (ml) 0.075/ 0.172] 3.025
Cd(Ac)2 (9) 0.0253| 0.0582| 0.1022
Reaction time afte
injection (min) 7 10 15

4.2.3 Synthesis of ZnO CQD solution

ZnO nanocrystals were synthesized by using the method adapted from PasthalSRi

with the final solvent compd#on tuned in accordance to let al for better colloidal
stability'®”. 2.95 g of zinc acetate dihydrate was dissolved in 125 ml of methanol and kept,
under stirring, at 61C. 148 g of potassium hydroxide was dissolved in 65 ml of methanol.
Then, potassium hydroxide solution was added dropwise to the zinc acetate solution and
the reaction mixture was kept, under stirring, &i@r 2.5 h. ZnO nanocrystals were
extracted by cenfugation at 6000 rpm and then washed twice by methanol followed by
centrifugation. Finally, a mixture of 5 ml of chloroform and 5 ml of methanol was added
to dissolve the precipitates and the solution was finally filtered with a 0.45 pm

polyvinylidene fuoride (PVDF) filter.

4.2.4 Preparation of TiO2 solgel
This procedure is reported in the work of Docangp@f°®. The TiQ sokgel is prepared

by first mixing of 2.53 mL of isopropanol and 35 pL of 2 M HCI and then the resulting
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solution is slowly added dropwise to a 0.43 M titanium isopropoxide solution in
isopropanol (typically 369 pL titanium isopropoxide in 2.53 mL of isopropanol) under

vigorousstirring. This yields a clear liquid and the -g@l is ready for use.

4.2.5 lodide solution-phase ligand exchange

This procedure was developed by Nitgal’®. PbS CQDs were diluted tbconcentration

of 10 mg/mL and 4 mL of this solution was added to 3 mL of methylammonium iodide in
dimethylformamide (DMF) solution with a concentration of 80 mg/mL. The immiscible
phases were vortexed vigorously and PbS CQDs were transferred into Ehptiakkt. The

DMF phase was carefully separated and toluene is added to precipitate the CQDs. The
precipitates were finally dispersed in butylamine at 200 mg/mL concentration for film
fabrication. It must be noted that the final solution in butylamine & tprepared fresh

prior to film fabrication.

4.3 Characterisation of CQDs

4.3.1 Transmission electron microscopy(TEM)

A morphological study of CQDs was perfor me
capability, operating at DO0OBAb&NVNrandonhh€oOK!]
MonochromdEdMdopEGati ng at 80 kV. The JEOL

the help of Dr Judy S. Kim. TEM samples we
CQD, then briefly dipping thengTHiNMegT iddsy iim
ambient <condi t3i osnso.f Aadrdgiotni opnlaals Mla tr eat ment
organic ligands so as to achieve higher qu.
enables the measurement of dtlce ypamtdildcinetyi
reported mean particle sizes were obtained

the experimental size histogram.
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4.3.2 UV-Vis-NIR absorbance spectrometry

All optical absorption spectroscopy of the CQDs was measuredQaryaVarian 4000
UV-VIS-NIR spectrophotometer. For solution measurements, diluted CQD solution (5
mg/ml in octane) was loaded in a quartz cuvette. For solid films, CQD solutions were spin
coated onto a clean glass substrate. Before each measurementjne Ipaseedure is
performed, which sets the 100% transmission (no sample) and 0% transmission (block the
light completely). Measurements are always taken against a reference sample which is the
pure solvent in the case of solution measurement and a giesao glass for the case of

solid film measurement.

4.3.3 X-ray diffraction (XRD)
XRD is a crystallographic characterization
of atoms within -maysyastalcolDliddtradeleylstXhe ¢

t hrough a range of angle and then measurin

rayhe diffractogram of intensity versus an
sample such as the identity of atphpe opxh arsad se
size of the crystals. Our XRD data are obt

samples were prepared by drop casting CQD

4.3.4 Energy dispersive xXRay (EDX) spectroscopy

EDX provides information on the identibnd the composition of elements in a sample.

High energy electrons bombard the sample, c
to be excited to a higher energy level and upon relaxation, they releayeadiation that

has a specificenergy,achaa ct er i sti ¢ to that of the el eme

performed in conjunction with JEOL 2010 TEM characterisation, at 200kV, and INCA
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analysis software was used for identification and quantification. The electron beam spot is
adjusted such #t several CQDs are exposed at a time so that the collected EDX spectrum

gives a statistical average.

4.3.5 Raman ectroscopy

Raman spectroscopy detects the presence of specific bonds that vibrate or rotate at a
particular frequency. This relies on timelastic scattering of incident light. Some photons
from the incident light interacts with phonons (quantized molecular vibrations), resulting

in the scattered photons having more or less energy. This shift in energy gives us the
identity of a certain bah Scattered photons are detected and collected to form the Raman
spectrum. Raman spectroscopy analysis was carried out using a JY Horiba LabRAM
ARAMIS imaging confocal Raman microscope. A 532 nm laser is used and its intensity is
controlled to minimise saple damage. Each scan is averaged upon-&ans. Raman
spectra for CQD samples were prepared by -dagiing CQD solutions onto silicon

substrates, allowing them to dry and thereby forming a solid film.

4.3.6 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy identifies a particular bond based on the vibration characteristics of
chemical functional groups (mostly organic functional groups) in a sample, by measuring
the molecular absorption in the infrared. Information obtained from FEbiRplements
Raman spectroscopy. The FTIR spectra presented in this work were obtained by using a
Varian Excalibur FTS 3500 spectrometer. Samples were prepared by drop casting
solutions on glass. The final spectrum of a sample is an average of 64 sdaihe an

background is taken into account and deducted by the software.
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4.3.7 X-ray photoelectron spectroscopy (XPS)

XPS is a surfacsensitive chemical analysis tool. It not only identifies the presenae of
particular element but also its bonding statel(exidation state) and it is algpiantitative

in nature. TheXPSspectrum isobtained by irradiating aamplewith X-rays and then
detecting and measuring the number and the kinetiggrmeé photoelectron ejected from

the sample due to-¥ay excitation. These electrons are core electrons that have energies
that are element specific, which enables elemental identification. The limitation of this
technique ighatit is surface specifit ejected photelectrors only escape from the top 0

to 10nm of thesamplebeing analysedAlso, thedetection limit is irthe parts per thousand

to parts per million range and hydrogen and helium cannot be detected. CQD samples were
mounted with conducte& carbon tape on the sample holder. The machine used is a near
ambient pressure XPS (NARPS) kit used in UHV mode and the pressure during the
measurements was belowlibar.Eachsample was scanned 5 tina®.1 eV resolution

over the bindingenergy range of-900 eV.Also, the sample was charge compensated with

an electron flood gun. An Aluminium-Klpha Xray source with an excitation energy of
1486.6 eV is used. The detector/analyser is a PHOIBOS 150 NAP (a differentially pumped
and a 150mnmean radius hemispherical analys€asa XPS version 2.3.16 and Igor Pro
6.36 were used to analyse XPS results. All XPS measurements were carried out by
Dr Christopher Muryn, Ms Philippa C. J. Clark and Ms Hanna Radtke in the Photon

Science Institute, Umersity of Manchester.

4.3.8 Photoluminescence (PL) spectroscopy

PL is a nordestructive, contactless tool for studying the electronic structure of a sample.
It allows the determination of band to band optical transitions and the presence of any
defect levels. Furthermore, quantification of PL yields measures the extent of radiative

recombination over neradiative loss channels. When PL is taken in a-ies®lved mode,
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the PLlifetime gives an indication ondw fast recombination process are occurring to
charge in the excited stat&he lifetimeis the inverse of the sum of both the radiative and
nonradiative recombination raté&Steadystate PL measurementgere taken using an
automated spectrofluorometer (Fluorolog, Horiba Johion), with a 450 W Xenon lamp
excitation source and an InGaAs NIR detector. The excitation wavelength was 500 nm. All
spectra were corrected for instrumental response using aat®@lib lamp of known
emissivity. Timeresolved PL measurements were acquired using adamelated single
photon counting (TCSPC) apparatus (FluoTime 300, PicoQuant GmbH). Film samples
were photeexcited using a 507 nm laser head (LIPHC-510, PicoQuanGmbH) pulsed

at 300 kHz (for Pb$DA and PbS/Cd®A samples), with a pulse duration of 117 ps and
fluence of ~0.5 p/ci The PL at the peak emission (~1100 nm) was collected using a high
resolution monochromator and NFRMT detector assembly (H10338¥%, Hanamatsu).
Monoexponential fits to the data were carried out using commercial fitting software
(FluoFit v4.5.3, PicoQuant GmbH). CQD films 50 £ 4 nm thick were prepared by spin
coating CQD solutions on microscope glass slides. All PL measurements weretedndu

in the physics department with the help of either Dr Samuel D. Strank or Mr Giles E.
Eperon. Additional results were obtained from photoluminescence quantum yield (PLQY)
experimentswhich feature an integrating sphere to capture all emitted phimoa given
excitation beam fluence. This gives a very clear indication and a fair comparison on the
nonradiative defect densities between samples. CQD solution (in octasdpaded into
cuvettes for PLQY measurements A continuaase 532 nm green diodaser with a
beam spot of 0.3 mhwas used to photexcite the samples. Emission was measured using
an Andor iDus DU490A InGaAs detector. For each PLQE value, PL spectra from this setup
were taken with no sample inside the sphere, then with the santble sphere but the

laser excitation not directly incident on it, and then when the sample was directly excited.
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These three measurements enable the absorption of the sample to be accounted for, thus
giving a percentage of photons emitted for a given nurabghotons absorbed. PLQY
measurements were done by Mr Tom Jellicoe fronOhteelectronicGroup of Cavendish

Laboratory in the University of Cambridge as part of an external collaborative work.

4.3.9 Scanning Kelvin probe (SKP)

Kelvin probe is a techgue which relies on measuring a potential gradient between a
sample and the probe that is used to contact the material. To measure the potential gradient
(or difference) between the sample and probe, an applied voli®ges varied till flat
bandpotential is achievé& which is identified by no current flow, thempd is the work
function difference between the probe and the sample, veherthe elementary charge.

To gettheabsolutevalug the probe has to be calibrated first with a materi&ghofvn work
function. Work function data were taken by the KP Technology Scanning Kelvin Probe
System 2001. For each sample, 25 data were measured for each of 3 arbitrarily chosen
scanning points (75 data in total). At the beginning and the end of anahgsisurements

of reference samples (Al: work function of 4.1 eV, and Au: work function of 5.1 eV) were
used to generate a calibration curve. This calibration curve converts raw data, which are
relative work function values with respect to the work functid the scanning probe, to
absolute work function data. All SKP measurements were made by Mr Yujiro Tazawa, a

fellow PhD candidate in the same group.

4.3.10 Secondary ion masspectrometry (SIMS)

SIMS is atechnique suited for the analysis of the elemental composition of solid
surfacedy sputteringthe surface of the sample with a focused beamoresfand then
collecting and analysing the ejected secondary ions. The mass/charge ratios of thd detec
secondary ions are measured withass spectrometer determine the elemental, isotopic,

or molecular composition of the surface, up to a depth of Intn.SIMS is very sensitive
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as it has a low elemental detection limits ranging from parts peomtib parts per billion.
However, due to a huge variation in ionization probabilities among different species, SIMS
is generally considered to be a qualitative rather than a quantitative technique. Another
drawback is that it is a destructive techniddi¢he sputtering of the surface and detection

of secondary ions goes on continuously, a compositional depth profile of the sample could
be built. NanoSIMS50 (CAMECA, France) was used to obtain compositional depth
profiles of devices made without the topld) contact. The Cssource in the NanoSIMS

was used, antfC' 10", 325 | #4zn'®O" and??’|' signals were detected to measure the O/S
count ratio and to identify layers in the solar cell. A probe current of ~6.9 pA was used for
depth profiling. TheNanoSIMS was set up to sputter an area of 20 um by 20 pum, and
signals from the central 10 um by 10 pm area were counted to avoid artefacts from crater

edges. All SIMS measurements were carried out by Dr. Haibo Jiang.

4.4 Device fabrication

There are five ifferent structures presented in this thesis. Therefore, only the generic
device fabrication steps are outlined here with the details discussed in their associated

chapters.
4.4.1 Substrate and transparent electrode preparation

4.4.1.1Indium tin oxide (ITO) etching

Commerci al | TO coated glass substrates (De
mm by 14 mm by 1.1 mm pieces. They were then patterned by masking the central portion

of ITO with a polyvinylchloride adhesive tape for protection and thgoging the rest of

the ITO surface to an etchant. The etchant was made up of deionised water, concentrated
hydrochloric acid, and concentrated nitric acid in the volume ratio of 50:45:5. The etchant

was held at 65 °C and the masked ITO substrates werergethin it for 5 minutes. The
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substrates were then immersed into cool deionised water, stripped of their adhesive masks
and then washed with deionised water again. The resultant ITO electrode pattern is

illustrated inFigure 4-1.

4.4.1.2 Fluorine doped tin oxide (FTO) etching

Commercial FTO coated glass substrates (PilkingtondN&G A7) with 2.2mm thickness

and sheet resi st amdiroldmm iy l4mmbized pieees.Fhebame st ¢
masking procedure as ITO was applied. The etching process involves covering the entire
surface of the masked substrate with zinc
hydrochloric acid. The FTO is reducedtbg nascent hydrogen produced by the-ao#dal

reaction and could be removed by rubbing the surface gently with a cotton swab. An

electrode pattern identical to that on the ITO was produced.

Figure 4-1. ITO-glass electrode pattern. FTO substrates have the same pattern.

4.4.1.3Cleaning
To clean the surface of the transparent electrode, the substrates were immersed in a beaker
of laboratory detergent solution (Decon), and then sonicated for 5 minutesufigteates

were then transferred and sonicated in a beaker-mfrdged water for a further 5 minutes
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to remove any traces of detergent. Next, the substrates were sonicated in acetone and then
in isopropanol at 50°C for a further 5 minutes each. Theaeavashes away any organic
matter on the substrate while the isopropanol aids in removing the traces of acetone left

over from the previous cleaning step.

Finally, the substrates were dried naturally in a clean environment and then subjected to an
oxygenplasma treatment for 1 minute, by using Nanotech PLASMOD plasma chamber, so
as to remove any remaining organic material that had bonded to the substrate surface. The
O, plasma treatment also make the substrate surface smooth and hydrophilic, which is
critical in improving the uniformity of the first subsequent layer of solution processed thin

film formed by spin coating.

4.4.2 Spin coating process

Spin coating is a fast and simple technique to form a uniform thin film on a smooth
substrate. The final thickess of tk film depends on the spin rate and the concentration of
the solution. The ability to form a uniform thin film depends very much on the wettability
of the solution on the substrate surface. In this thesis, the first layer of thin film formed on
the transparent electrode substrate is eplody(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), zinc oxide (ZnO) and titanium dioxide TiiGll of which are
dissolved in polar solvents, which would be compatible with the preparedatebsifter

O- plasma treatment.

Spin coating of CQD solution mainly involves a layer by layer build up process, with the
exception of the iodide ligand exchange PbS that is discussed in chapter 7. Each layer
comprises a film formation step, a ligand exaipa step that renders the CQDs insoluble in

their original solvent, and then a washing step to remove the unbound original ligands. The
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ability to form layers of CQD thin films comes from chemical bonding between the CQD

to the first layer of material fored on the substrate.

4.4.3 Top contact deposition

All top metal contacts are formed by thermal evaporation, which is a physical vapour
deposition technique. It involves in heating up a metal source at very low pressure. The
advantage of using such a systsnthat deposition rate can be controlled to a very fine
level and slow, controlled evaporation minimizes impact on the sample surfaces, as
opposed to techniques like sputter coating. Thermal evaporation is carried out with an
Edwards 306 evaporator wighpressure of at least 1.0 x°IDorr. The deposition rate was

kept fixed at 0.1 nm/s, measured by a quartz crystal thickness monitor, and the thickness
were kept at 120 nm for Al and 100 nm Au evaporation. A shadow mask was applied to
define the metal ettrode pattern and therefore, the final solar cell sample area. A generic
device structure is shown igure 4-2. The test sample has a device area of 0.2 Tine

actual test area is reduced by the limppion of a 0.01 cm shadow maskduring

performance characterisation

(a) (b)
Metal electrode Test Metal
ctive material sample
« ) area ITO
1% layer film Active
Transparent layers

electrode

Figure 4-2. (a) A schematic showing a generic device structure and (b) the top view of the device.
The area shaded in red (0.029ris that of an actual test samplehere are 3 samples per device

substrate.
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4.5 Device characterisaton

4.5.1 Current-voltage characteristic

The power conversion efficiency, fill factove,, Jcand the parasitic resistances of the
device are determined with this measurement. In the absence of light, dark current
measurements could be carried out, wigeres information about the reverse saturation
current and general diode characteristics. A cwveitage sweep is performed using a
Keithley 2400 sourceneter with voltage swept fror®.5 to 1.0 V at a step size of 0.025

V, with a time delay of 100 msebwveen each step. The sample is contacted and housed in
a homemade sealed testing rig with continuouspgurge.The actual test pixel is reduced

by the application of a 0.01 énshadow masklllumination was provided by Newport
96000 150 W solar simulator fitted with an AM1.5 filter and the intensity is adjusted to
100 mW cn¥ as calibrated using ABETechnologiedodel 15151 reference ce8pectral

mismatchfactor was not calculated.

4.5.2 External quantum efficiency (EQE)

EQE is another way to quantify the efficiency of a device. In this case, it mediseres

amount of the incident photons supplied, at each wavelength, onto the sample and
simultaneously measures the amount of exttaekectrons (reported as current). Therefore,

it reports the deviceds electrical respons:
which provides useful information about device light absorption and the ability to extract
photogenerated carriersuOEQE spectrum is recordedhile illuminating the devices by

a halogen lamp ytted with an NOwhitedightbi@sor ner s
is applied and illumination spot size is focused such that it isentb#in the actual device

area.Light intensity at dierent wavelengths was calibrated using a Newport 818 UV

enhanced silicon photodetector and a Newport 918 IR germanium photodetector. For this
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work, no external bias was applied during measurement and the current signal was

measured with a &thley 6845 picoammeter.

4.5.3 Capacitancevoltage (C-V) measurement

C-V is a measurement carried out on ms&hiconductor junction (Schottky junction) or
ap-njunction. In these junctions, a depletion region is present and behaves like a capacitor.
The depletion width is dependent on the application of external bias and this enables the
modulation of the capacitance. Plotting capacitance against voltage and followirg Mott
Schottky analysis gives information on the semiconductor such as its dopingedearsd
electrically active defect densities. GtV measurements are performed using an Agilent
E4980A option 001 precision LCR meter, with a 25 mV probe signal modulated at 1000
Hz. The sweeps are performed betwek® and 1.0 V. All measurements gerformed

with sample housed in a dark, electrically shielded test rig but with no air or moisture

control.

4.5.4 Open circuit (Voc) decay measurement

Voc decay measures the minority carrier lifetime in a photovoltaic device. Lifetime is
dependent omecombination kinetics and lifetime can be obtained by monitoring the
exponential decay ofVoc from the illuminated quagquilibrium state (maximum
photogenerated carriers) to the dark equilibrium (no photogenerated carriersjec Our
decay measurements are carried out by illuminating devices WittodabsMWWHL3

white LED fitted with a DC2100 LED driver with PWM modd&ll measurements are
performed with the sample mounted on a test rig with connection to the oscilloscope.
Keeping tke device to LED distance fixed, the white light intensity was adjusted to reach
device V¢ as recorded in théV measurementand light pulses were adjusted to 100 Hz
with a 30% duty cycleThe light pulse duration is chosen such that the devices reached

their Voc value during the first 10% of the light pulse to ensure the steady state has
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been reached before the pulse is switched T¢fé photovoltage decay was captured
on a Teledyne LeCroy WAVEJET 354 oscilloscope across th hi g h I mpedanc

port.

4.5.5 Light dependent shortcircuit current ( Js¢) measurement

Light dependentlsc measurement is a technique that investig#te balance of charge
extraction at opposite electrodes. Photocurrent should vary lineahlyig¥it intensity but

a deviation from that signifies thaate ofelectron and holextractionis unbalanced,
resulting in the formation of space charge (space charge limited current). The same setup
for J-V measurement is used here. lllumination was provided by a Newport 96000 150 W
solar simulator fitted with an AM1.5 filter and the intensity is adjusted to 100 m¥asm
calibrated using ABETTechnologiesModel 15151 reference celNeutral density filters

were used to achieve fractions of 1 sun light intensity.
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Chapter 51 PbS/CdS CQD solar cell

Part of this thesis chapter was publishecChem. Mater.2014 26 (13), pp 40044013

and presents the synthetic chemistry and the material characterisatiBhS6TdS
core/shell nanocrystals. The synthetic method was developed by Darren C. J. Neo, who
also prepared the manuscript with the help of Dr Cheng Cltargamuel D. Stranks, Dr
Simon M. Fairclough, Dr Judy S. Kim, Prof. Angus I. Kirkland, Prof. Jaso&mith, Prof.

Henry J. Snaith, Prof. Hazel E. Assender and Prof. Andrew A. R. Watt. Dr Samuel D.
Stranks provided assistance with photoluminescence measurement and fittings. Mr Tom
Jellicoe from the Cavendish Laboratory of the University of Cambridge ctediuhe
photoluminescence quantum yield (PLQY) measurements. Dr Simon M. Fairclough
performed the Xay diffraction simulations and Dr Judy S. Kim helped with high

resolution imaging of PbS/CdS CQD using JOEL 2200 transmission electron microscope.

5.1 Introduction

The effects of CQD surface defects were discussed in chapter 2 and the various techniques
that have been developed to mitigate this were reviewed in chapter 3. This chapter is
dedicated to explaining how CdS shell passivation is utilized on RpB é&nd then

optimized for photovoltaic performance.

The limiting factor for the current gener a
openrcuitVo)oaltage, (which are attributed to
st @dtdns t he CQDs. EIl ect rfdnincsalalrye agctoidwec eQlQb
t he -cchoanigh | i gands used to synthesize and st
which allows electronic coupling between n
podeposition solidospabduteetfisldbdHotwedeyed

despite the iIimprovements made, this exchan
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causing surface defects whiaadh aitn owree d e sreec

direct | VYitledheisreg defects are causldd byeinc

inherent instability &4 tt hneu smo rbee |naobtiel de hsehr

recombi nat i onb-neovleenctusl airn-iwabdiude €éesMuegne rt)r |
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Iti-depo piotsiton exepamgenits omi @plty mi zi ng

concentration, solvation, impurfri®typeel amina;

recently investigateddtemonsdlratefd Itih@and «

shorfftunkxit i onal organic and atomic halide

surface passivation. Using transient photo

reduction in defect diem sliotmylayadt rtoatimasaad rt o

this strategy is still dependent on the
search forpassmbvatrobuséechnique.

Shell passivation involves using another material that has a higher band gap to coat the
surface of the original CQD, thereby formiagore/shell CQD. Shell passivation is used

in photoluminescent applications of CQD such asl&ielling'*®. This shell passation
method has been shown to be effective in eliminating defect $tdfds®, giving rise to

higher photoluminescence quantum yields, longer decay lifetimes and even greater
chemical and environmental stabilit{*?®?! This provides the impetus temploy a
similar strategy for PbS CQD in solar cell applicasiowhile employing an overcoat of a
wider bandgap material on a nanocrystal sensitizer is a-estblished procedure in
quantum dosensitized solar celt&, reports of using core/shell quantum dots as both the
light absorber and the active transpmdterial are scarce. This is possibly because a thick
shell layer of a type | heterostructure impedes exciton dissociation, charge extraction and

transport?®, Via heat treatment and thermally decomposable ligafds)kov and ce
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workersbuild a thin film of PbS CQD in CdS matrix usii®pSCdS core/shells with
relatively thicker shells. They showed thaispivationmprovedand the distance between

PbS quantum dotsind hence the thickness of CdS layefluencescarrier mobility and
device performandé* 12> At the time of writing, to the best of my knowledge, there is no
report on a synthesis procedure that allows a fine control over CdS shell thickness
producing PbS/CdS CQDs ready for solution processing. Also, a PbS/CdS CQD solar cell
based on layer by layer spin coating technique without the need for heat treatment is

virtually unheard of.

In this chapter, a core/shell passivation strateglybe studed. This entails lookingnto

the balance between shell passivation and charge extraction, thereby making PbS/CdS
CQD film a viable active layer in a solar cell device with improved performance over
reference PbS devices. The developed strategy come® ipass: (i) Shell passivation,
thereby forming PbS/CdS CQD and the optimisation of shell thickness. (ii) Lower the
energetic barrier imposed by the shell by using a combination of organic and halide ligand
to improve device performance. The chapter walttsoff with results on characterizing the
presence and the thickness of the CdS stiedh initial experiments done to incorporate
PbS/CdS core/shell CQD into solar cell devices and the direct observation of the
passivation effect on device performanedl be examined The effect of shell thickness

on device performance will be discussed and finally, core/shell devices are optimised by
using a combination of organic and halide ligands to modify the surface of PbS/CdS CQD

S0 as to improve charge trangfeocess.

5.2 Synthesis and characterisation of PbS/CdS core shell CQD

5.2.1 Rationale for the choice of CdS as shell material

The choice of CdS as the shell material is that:
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(i) It has a higher band gap than PbS, which aids in preserving quantum
confinement.

(i) CdS has a similar lattice constant to PbS and is able to form-adatered
cubic (FCC) structure and thus, using CdS as a shell layer via cation exchange
reduces stratnelated defects that negate the benefits of a passivating shell

layer.

5.2.2 Rationale for cation exchange procedure
The rationale of using a cati@xchange approach to produce core/shell nanocrystals is as

follows:

(i) As opposed to conventional repeatedihjgction methods, it requires a
relatively low temperature and thus minimizes the effect of Ostwald ripening,
which would otherwise increase the size distribdibn

(i) A key feature of the catieexchange method is that taeionic framework of
the CQD is preserved and the incoming cation is incorporated into a similar
crystal structur&’. This again minimizes severe lattice distortions which
would then introduce mormefect states.

(i) Another feature of this technique is that the overall diameter of the synthesised
PbS/CdS core/shell colloidal quantum dot remains the same as the initial
diameter of the original PbS CQD, while the PbS core decreases in size and
CdS shelthickens during the shell formation. Therefore, monitoring the size
of the PbS core gives a way to track the extent of cagchange that take

place.
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5.2.3 Characterisation of PbS/CdS CQD

Using TEM, the mean particleis$hzas Gaessi @ma.
di stribut iFdmbd)wer viehe Spereeser vation of the oV
and af teexrc hcaantgied nsas p@®icih@amge mec hawme stmo tHloeve
similarity in crystal structure and | attic:
the thin layer of CdS eveéidiHewnhceen uisnidnig ehcitg hn

to measure the core size and shell t hickne

PbS

Total count=516
Mean=3.11nm
Std Dev=0.26nm

0
2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
diameter (nm)

)
' PbS/CdS

Total count=471
Mean=3.07nm

2.42.6283.0323.43.63840
diameter (nm)

Figure 5-1. TEM images of PbS and PbS&dore/shell CQDs. (a, d) Low magnification images

of 1.26eV PbS CQD and 1.34eV PbS/CdS CQD, respectively. PbS/CdS CQDs have a calculated
0.1nm CdS shell and are synthesized from the same batch as the PbS CQDs. (b, e) Histograms of
the size distribution, ith a Gaussian fit, of 1.26eV PbS CQDs and 1.34eV PbS/CdS CQDs,
respectively. (c, f) High magnification images of 1.26eV PbS CQD and 1.34eV PbS/CdS CQD
respectively. High resolution and high magnification images obtained with JOEL 2200 with the

help of DrJudy S. Kim.
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Since PbS core size decreases wttie CdS shell thickens and the overall diameter
remains the same, by tracking the PbS core size usingVisWIR absorbance
spectrometry Kigure 5-2), the shell thickness could be calculated. According to the
empirical formula developed yloreelset al?3, that was introduced in sectiéhl, the
original and the final PbS core diameter can be calculated. Henced&shell thickness

can by calculated by:

YD o0t 0 Qe O Equation5-1

Py
= PbS

= PbS/CdS (0.1 nm CdS)
= PbS/CdS (0.2 nm CdS)
= PbS/CdS (0.3 nm CdS)

Shell Core
(hnm)  (nm)

0.295 @ 2.67

0.195 ® 2.87

0.09 ® 3.08

Normalized Absorbance

1.26 eV

0 ®3.26

600 700

800 900 1000 1100 1200

Wavelength (nm)

Figure 5-2. Normalized absorbance curve of PbS CQDs and PbS/CdS CQDs with increasing shell
thickness, synthesized from the same PbS batch. Absorption was carried out with CQDs dissolved
in hexane with oleic acid as ligands. The schémiatet serves as a visual aid, displaying the

calculated shell thickness and core diameter displayed.
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From the crystal structure of CdS (zinc blende), a good gauge of the thickness of a
monolayer of CdS would be the nearest cadmium to sulphur atomagistahich is about

0.25 nm?°. The thinnest CdS shell thickness for the core/shell CQmigmwork was
calculated to be 0.1 nm, using the bayagh approach. Similar subonolayer CdS has been
deduced in other work using this approd€hThis apparent discrepancy migle tue to

the fact that the thickness of shell layer is determined by subtracting the total CQD diameter
from the diameter of the PbS core, which is only an estimation using the excitonic peak
feature on the absorption curve, &glation 21 and4-1 assume sphericakhaped CQD.
Furthermore, the PbS core has a common shared outer layer of sulphur atoms with the CdS
layer. Thus, a simple subtraction of diameters may result in an apparemosolayer

value of CdSLastly, it is worth noting thaEquation 21 was formulated using PbS CQD

with oleic acid as ligandJ herefore, when usirfgquation 21to determined PbS cosge,

CdS shell having less confiment potential compared to purely a shell of oleic acid ligand
suggests thathe etent of blueshift was overestimatednd thereforeleading to an
underestimatin of the actual CdS shell thicknestlsing UV-Vis-NIR absorption
spectroscopy coupled with TEM measurements, core sizes and shell thickness could be
determined but not the chemical compositidnhe CQDs. Hence, XRD was employed to

confirm the presence of a CdS phase.

The obtained XRDFidg&3 ea citnodgircaanise (tsheee pr es en
increasing CdS phase composition for PbS/ C
thickness. This implies that the CdS only
and, eliminating the poatsebCdstyhadeds healnsic
with TEM) and homogeno&s$ g&8(loytimeg.r elsatiil Ve :
heights of theC@®DhSI LBl e oared sphedilti ons ar e

shell on the PbS core. Taking the most obvi
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Figure 5-3. (a) Experimental Xay diffraction patterns of PbS and PbS/CdS CQDs drop cast on

glasssubstrates. PbS and CdS peaks are referenced from JCPDS file@78Q0D57 and #0@01-

0647 respectively. Main peaks of both PbS and CdS phases are labelled and guidelines to peaks

are drawn to highlight the subtle shifts in peak position and relativasittefrom PbS to CdS with

increasing CdS shell thickness. (b) Simulateddiffraction pattern of PbS and PbS/CdS CQD

with varying shell thicknesses with an overall diameter of 3.2 nm.
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Figure 5-4. Atomistic model built up using CrystaMaker software, of (a) PbS and (b) PbS/CdS
(0.1 nm CdS) CQD. CQD models has a fixedrditer of 3.2 nmAtomic coordinates of the models

are imported into the XRD simulation program 6
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Table5-1. Parameters used for XRD simulation.

PbS (rock salt) CdS (zinc blende)

Lattice Constant®® | 5.936A 5.832A

Young's Modulus™* | 70.20 GPa 42.00 GPa

Poisson's Ratid** | 0.28 0.38

Shear Modulus™* | 27.42 GPa 15.22 GPa

Bulk Modulus®* | 53.18 GPa 58.33 GPa

The observed XRD result is supported by XRD simulations as illustratgdune 5-3(b).

Also, the transition of peak heights from PbS to CdS reveals the close proximity of the core
and shell atoms, causing the scatterechy$ to constructively interfere between the two
mateials giving rise to a perceived average of the two diffraction patterns. XRD simulation

of PbS/CdS core/shell CQD was constructed with the help of Dr Simon M. Fairclough.

5.2.4 Additional characterisation results for the presence of CdS shell

EDX maps outlemental composition, and examination of EDX resultEiuire 5-5) not
only shows that core/shell PbS/CdS CQDs (with 0.1nm CdS shell) does dodtainms
but also show that the ratio of Cd to Pb present is approximately 1:4 (as shoalien

5-2.), which agrees with the theoretical calculatiaspresented in section 4.2.2.
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Figure 5-5. EDX map of (a) PbS CQDs (b) PbS/CdS (with 0.1nm CdS shell) CQDs

Table5-2. Composition of elements in PbS/CdS CQD with 0.1nm CdS shell thickness, as shown in
Figure 5-5 (b).

Element

Weight % Atomic %
CdL 13 23
PbL 89 88
Atomic Ratio
Totals 100.00 Cd:Pb=38:1

Raman studies were also performed on PbS/CdS core/shell CQDs (with 0.1nm CdS shell).
The results irFigure 5-6 show that the spectrum recorded for PbS/CdS core/shell CQD

film contains peaks that could be assigned to both PbS and CdS. Furthermore, the CdS
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peaks are slightly redhifted and this is consistent with the effect of a material under tensile

strain, whichis expected for CdS epitaxially grown on the surface of PbS

—cds®
= — PbS/CdS
= _—PbS
° Si substrate
E)
g *\/’"\
2
< f o
g
£
C e
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o
e

100 200 300 400 500 600 700 800 900 1000
Raman shift (cm _1)

Figure 5-7. Raman spectrum of PbS/CdS versus PbS and CdS references. Peaks af atéOcm
not PbS but signatures of oxidised BB®/hen exposed to the intense energy of teerlaeam.
#CdSformed from fine precipitates from the reaction between Cd@ha) NaS. Signatures of CdS

are ~300 cr (1LO) and ~600 cm(2LO). The PbS/CdS samples have a 0.1nm CdS shell thickness.

So far, techniques to probe the size and chemical asitign of PbS/CdS CQD has been
discussed. Absorption spectra provide an estimation to the PbS core size, and with the
overall CQD diameter staying constant after caggohange as verified by TEM, this
indirectly measures the resultant shell thicknes&enTXRD with simulations, EDX and
Raman spectroscopy show the presence of CdS phase and are indicative of it being an
epitaxially grown shell layer. Next, to understand the effect of CdS layer on surface

passivation, photoluminescence studies were caotied
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5.3.5 Photoluminescence (PL) studies

The PL spectrum as shownkigure 5-8(a) supports the data from UVis-NIR absorption
(refer toFigure 5-2), which indicatea shrinkingof the PbS core diameter, and therefore
smaller peak emission wavelength, as shell thickness incréatsgestingly,PL peaksof
core/shell CQDseemed to be composed of multiple peaksgch could represergxtra
opticaltransitiors due to thantroduction of energy states corresponding to the CdS. shell
Additionally, thegraphs inFigure 5-8(b) together withTable5-3 show that thd°L decay
lifetime is longer for increasing shell thickness, whichagasistenwith that ofincreasing
defect passivatioand therefore reducing neadiative recombination raté prolonged
excitonic lifetime is an indicator that the faster, iadiative, recombination channels are
suppressedt should be pointed out theéte data preserddor PbS/CdS with shell thicker
than 0.1 nm seemedore linear than aexponential decay’L decay ilumination source
wavelength was chosen based on the PL peaks gathereBiffjora5-8(a). Since multiple
peaks are presentehapsthere are more than one proassshat are occurringnd more

investigation is needddr a conclusive understanding on this anomaly.

(a) (b)
= 1o} ' —rbs ) 10 —bs |
2 ——PbSICdS 0.1 nm —_ ——PbS/CAS 0.1 nm
= ——PbS/CdS 0.2 nm 3 ——PbS/CdS 0.2 nm
2 08} e PbS/CAS 0.3 nm < os) ——PbS/CAS 0.3 nm
.g “?
[
@ | 2 ]
.E 0.6 g 0.6
E 04} § 0.4
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Figure5-8. (a) Photoluminescence spectra of core/shell CQD with various CdS shell thickness
versus bare PbS CQD. The samples were prepared as films on glass with no ligand treatment. (b)

Corresponding photominescence decay graphs. Refefable5-3 for fitting results.
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Table5-3. Decay time constant andepexponent constant from monoexponential fits

Lifeti me, ¢” (reduced)
PbS 320 1.06
PbS/CdS (0.1nm shell) 1000 1.07
PbS/CdS (0.2nm shell) 1970 1.1
PbS/CdS (0.3nm shell) 2700 1.00
"Based on monoexponentidit: Y=Aexp (+ / U) +

To further explore the shell passivation effect, PL studies were also carried on PbS and
PbS/CdS (0.1nm CdS shell) CQD films before and afterethanedithiol (EDT) ligand
exchange. Oleic acid (OA) is the native ligand whicti8scarbons long while EDT is a
short (2 carbon) bifunctional ligand which is known to draw PbS CQD closer together,
resulting in an increase in electronic coupling but also a slight loss in quantum confinement.

The effect of shell passivation is evidentwo ways:

0] Results (sed-igure 5-9(a)) show that with the same film thickness, before
ligand exchange, PbS/Cd3A produces a higher PL intensity than FD&.
The same can be said after ligand exchange (EDT). This impligbéhatis an
effective defect density reduction conferred by CdS shell because an
enhancement of radiative recombination would mean that there is a
corresponding decrease in A@diative recombination. Furthermore, for both
OA and EDT as ligands, core/shebS/CdS CQDs display much longer decay
lifetimes, typically 3 to 4 times longer than camely PbS (see

(i) Figure5-10). A prolongedifetime is an indicator that the faster, noadiative,

recombination channels are suppressed.
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(i) Upon closer inspection on the peak emission wavelengthsigee 5-9(b)),
it is evident that PbS CQD film shows a redshift in emission after ligand
exchange, which could be attributed to a loss in quantum confinement when
CQDs are drawn closer to together by EDT ligands. However, when the same
ligand exchange process is damePbS/CdS CQD film, there is no appreciable
redshift in emission, suggesting that passivating with CdS shell (that has a

higher band gap) aids in preserving quantum confinement.

(a) (b) No redshift / Redshift 40nm
70000 peymmrmegeree ey — —
_ = 10} — PbS-
60000 PbS- OA =) PbS- OA
——PbS-EDT < ——Pbs-EDT
5 50000 ——PbS/CdS- OA > 08} ——PbS/CdS- 0A
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Figure 5-9. (a) Photolumiescence spectra of CQD films, showing significantly higher
photoluminescence intensity of core/shell CQDs and the quenching effects of ligand exchange from

OA to EDT. (b) The normalized intensity of the curves as in (a), illustrating the extent of r@dshift

the photoluminescence peaks.
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Figure 5-10. (a) Photoluminescence decay curves of the same samples described in (a). Detection
wavelength for each decay curve is based on the peak emission shéigareé5-9. The curve
fitting are based on morexponential decay for OA samples anetkponential decay for EDT

samples. Refer to Tabledfor the values of decay time constants.

Table5-4.Fitting and PL decay time constants for the curves displayEdjure 5-10.

Lifetii(me Lifetsi I 6 (reduced)

(ns)

PbS-OA Mono-exponential
PbS/CdS-OA 902 nil 110
PbSEDT Bi-exponential 0.63 7.45 1.04
PbS/CdSEDT 2.09 16.0 1.07
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To accurately confirm that the thghelled PbS/CdS does have an increased level of defect
passivation, PLQY measurements were done, which were carried out by Mr Tom Jellicoe
(seeFigure 5-11). Comparing the absolute number of photons collected from sample
emission, it is evident that PbS/CdS core/shell CQD displays more radiative recombination
than PbS CQD, which in turn shows that wradiative, defectnediated recombination is
reduced in the case of core/shell CQD. However, at this stage, it is not confirmed that with
the presence of CdS shell, the PbS/CdS CQD could still effectively transport charges. To
directly observe the effect of shell passivatan the device performance, PbS/CdS CQD
are integrated as an active layer in a solar cell device and this will be discussed in the

following section.

8.00E+011 b PbS ]
- —— PhS/CdS (0.1 nm CdS)
[
=)
3 6.00E+011 F 45% PLOE 1
c
g 4.00E+011 } .
e
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2.00E+011 22% PLQE

0.00E+000
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Figure 5-11. Photoluminescence quantum yield resultsPb and PbS/CdS CQD in hexane
solution, showing higher absolute radiative emission of PbS/CdS compared to PbS. The blueshift
in the emission peak is due to the slightly smaller core PbS size (2.9 nm) of PbS/CdS CQD compare

to the PbS CQD (3.1 nm).
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5.3 Incorporation of PbS/CdS CQD into solar cell devices

In this section, devices are constructed based on PbS/CdS (with 0.1nm CdS shell) as the
active layer, and with PbS devices as the reference. The main results are focussed on CQD
ZnO heterojunction devices but to show that the PbS/CdS CQD works regafdlesike
configuration, the simplest photovoltaic device architeciuhe Schottky junction device,

is also fabricated.
5.3.1 Device fabrication

5.3.1.1Schottky devices

PbS and PbS/ CdS CQD yl| msbyweawyerdeapgdmigt @d ows
with-samnuisrsat edligand exchange process, car
Substrates wepatpremamgd | Y pPpmegl ass, spin
PEDOT: PSS at 5000 rpm for 30 s and then an
bef ore use. Febr COBcbBolayeon (60 mg/ ml i n oc

the spinning substrate, withLaospl®W vaAv eED"

met hanol . Whil eofs pmentnh anmgag | 6wWe r eL aodfdesodt I eon | o
wash off unbound | igands and CQDs. This cy
thickness. All samples were standardized t

a thicknesSB8l1®mm abomeasfpbedibpymateunrfdaop pt
contacts (120nm) were deposited by ther mal

device structhirgbl@a)i.ll ustrated in

5.3.1.2Heterojunction devices
The exact same spin coating process for Schottky devices is repeated here but samples were
standardized to have 5 layers of CQD deposited instead of 4, measuring abhb a7 160

thick. This is beause the limitations of a Schottky junction, which includes Fermi level
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pinning effect and thus a limited depletion witfh are overcome by agting a
heterojunction structure. Thetype material also acts as a hole blocking area, reducing
recombination. These afford the CQD active layer to be thicker than that of Schottky cells.
Then before the deposition of the metal contactn-&iype layer (of 1074 19 nm) was
deposited by spin coating ZnO CQD solution on top of therepared film at 2000 rpm

for 30 s. Similarly, top aluminium contacts were deposited by thermal evaporation. The
device structure is illustrated kigure 5-12(b).

(a) (b)

Aluminium

Zinc Oxide

150 nm CQD film
PEDOT:PSS

ITO

Figure 5-12. (a) Schottky junction solar cell and (b) heterojunction solar celicgestructure

5.3.2 Results and analysis

PbS and iZm®/ @jéwdrecrtoi on sol ar cell devices we
The curreotl tldgeslayacteFi ght®@evenlves han al
t he -sihmecdi tls}cursr sutbs¢ antially IVoanweacedds t h
t hat okshtehéedo®PbS device bygampreh@h@@®d O6f 2
eV froew 1t.a261. 34 eV (as would be p¥edimcted

this work moving from a PbS to a PbS/ CdS C

result in onlyVoda fO.i@44eV ecldaregenilry t o an i
Hence, the gNembdhssar vend rmuaste bd due to addit
and il lWwWomunatedto eshi matent hal bavikdt compar

is clear dtevatceshs uPlb®r a greater voltage |
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et '3 lave reported a ¥oignmes ualrt iinngu req wosninean toroi snt

annemg treat ment of a PbS CQD fil m, which f
of PbS. However, the thickness of the oxid:
further oxidation if the film isihe€CtdSto b
shell |l ayer would effectively passtvate su
exchange relies on the replacement of the

complete bonding of every PbS tsuagsactehatt om
promotreadnocarnt i ve recombination a¥e3%minimized
To confirm thatVoohegi mptegemeotm tme corel/ s
strategy, a set of CQD devices fabricated

instead of ZnO were tested. Repmmpunstioom t

shell passivaWwd ae aise dfrfoenc t0(.53E® gMsItko 0. 54 V
15}
10f
o 5k
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Figure 5-13. Current density versus voltage perforroanesting of best performing devices under

dark and AM1.5 illumination conditions. Both devices have the same structure, with similar
thickness and underwent the same solid state ligand exchange process using EDT. Arrows indicate
the voltage points whellg@ght generated current equals the dark current and gives an estimate of
the built in potential of the device. ReferBoor! Reference source not foundor a summary of

the average performance statistics.
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Figure 5-14. Current density versus voltage performance testing of best performing Schottky
devices under dark and AML1.5 illumination conditions. Both devices have the same structure, with
similar thickness and underwent the same solid state ligand exchange preicgsEDT. Arrows

indicate the voltage points where light generated current equals the dark current and gives an

estimate of the built in potential of the device. Refefable5-6 for a summary of the average

performance statistics.
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Table5-5. Performance data for heterojunction CQD solar c@llSO/PEDOT:PSS/CQDs/ZnO/Al) under AM 1.5 spectral illumination (100 m&//cm

Sample Js{mA/cnY) Voc (V) FF PCE (%) Jo(mA/cn) Rs( 0 &M |[Ren( q &m
PbS 17N®. 5 (0. H10. (0. ©I50. 03. BI0OO. 22
(1.2+0.7) 10% |6.52+0.93 |55.5+14.2
(19.8) (0.42) (0.44) (3.66)
PbS/CdS (0.1 nm |5 .NaL . 4 0. B850. (0. B20. 0d1. BI70. 28
(1.3£0.3) 10° [23.9+4.3 |324%14
CdS shel) 6.2) (0.65) (0.42) (1.69)

Results are averaged with standard deviation across 9 samples on 3 different substrdge¥,d k- andPCE of champion devices are

guoted in brackets.

Table5-6. Performance data for Schottky CQD solar cells (ITO/PEDOT:PSS/CQDs/Al) under AM 1.5 Spectral illumination (108 mW/cm

Sample JsdmA/lcn?)  |Voc (V) FF PCE (%) Jo(mA/cn?) Rs( q &m |Ran( q &m

PbS 10.2+ 2.6 0.33+0.04 35+3 1.22+0.11 (6.2+0.3) 10%(14.5+0.7 62.5+17.3
(12.1) (0.33) (0.34) (1.36)

PbS/CdS (0.1 nm |2.9+0.8 0.51+0.03 40+ 3 0.71+0.14 (2.0+0.4) 10%|59.7+2.5 473+ 18

Cds shell) (3.3) (0.54) (0.41) (0.73)

Results are averaged with standard deviation across 9 samples on 3 different substrdged/d k- andPCE of champion devices are

guoted in brackets.
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5.4 Effect of shell thickness

To maximize the benefit of shell passivati:
thickness has to be optimized such that it
yet sufficiently thint ftoo dhtar gesi n@ thlee t ge
PbS CQD, a series of core/shell CQDs with
using the sRhimeblpghociedurees with respect to

thickness and UJk@Weclrearsleys svhdws incateasi ng s

device active | ayer is kept to around the
Jar ifsreosm t he thicker CdS shell i mpeding che
chargeedwxeéemawitt h the same amount of il 1l umir

are derived framcuohees i gmd theyFdgb&@&s ummar i
which also demonstrate the effect of shell
paragraphs.

Results indicadviet mani m o cteha sciskengeisssh,e Iwi t h t he
substantial change bet weeetn' '&lmo weérck Itl hatnda a

reduction of surface¥ydeyl aaxepdl otrrianpg -gtehpes i & fyf e

trap states using density functional theor
shell thicknesdy LoBffadacde Tieanss itvha tikontesrsa lo f
Cd8o not | eadntco eas®ub Nt pratsisalvait i sand t h

smalflgoing from 0.1 nm to OamRd nins tmo Dt. I3y nant t
to the ineragaseiei t obarhde decté@wvasbd refBEbS8Snce
Figb2,e PbS/ CdS CQD with 0.1 nm shell as <con
increment o0MNdOn Or8e esv&/ whlny eds2%i t h PbS/ CdS

nm shell, band gap Vomomrlegmda mtcriesas®.s2 b ye \0 .86
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uni form when thicker shells are for med, i

cystal facet, giving 'tdiss eo btsoBiay Biffreommde rt leixs
could be detriment’3dl Cooedeheté EL£ODBowmahc €
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si ze.
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Figure 5-15. Current density versus voltage performance testing of best performing devices under

AM1.5 illumination conditions. All devices have the same structure, with similar éiskand

underwent the same solid state ligand exchange process using EDT.

(a) , , , — ®) 001 : . '
0.3 5 8] . 1E-3 ;—& -!
— 0.7 = i — NE 3 3
=N i 1 5 =4y I I 1
Q Of 1 < 1E5 ]
o5} ]l E ; !
> | ] L 1E-6 r 1
0.3 (] L 1 (] [ 1 " (] " 1 L]
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3

(c) Shell thickness (nm) (d) Shell thickness (nm)
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Shell thickness (nm) Shell thickness (nm)

Figure 5-16. (a) Open circuit voltage, (b) Reverse saturation current, (c) Series resistance, (d)
Shunt resistance versus thickne$sCdS shell layer on PbS/CdS core/shell CQDs. 0 nm shell
thickness refers to unshelled PbS CQD and all PbS/CdS CQDs are synthesized from the same batch

of PbS.

5.5 Relaxation of charge transport barrier

The benefits of having a passivating CdS shellustrated on the band diagramdHigure

5-17. The alignment and the subsequent band bending promotes electron injection from
PbS CQD into the ZnO conduction band. Charge carriers might be lost through non

radiative recombination via fpa caused by surface defects, which occurs between the
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guantum dots as well as across an interface. Therefore, employing core/shell PbS/CdS
CQDs may well be an important step forward in addressing the issues with solid state ligand
exchanges as mentionead the introduction, like incomplete passivation. However, it is

also apparent (from the figure) that the CdS shell forms an energy barrier which slows

charge transport between CQDs.

Energy
(Vacuum scale)
4 700 PEDOT 7n0 PbS/Cds
Al :PSS Al ,:373eV  PEDOT
e -4.2eV,
m Defect
— states
-4.26eV -5.0eV
h+
-5.1eV|
_7.5eV -7.5eV
Unshelled Shelled

Figure 5-17. Schematic diagram showing the proposed band alignment of the heterojunction cell
and the defect mediation effect of a CdS shell on the PbS electronic structure. Defect states
promotes nofradiative recombination when charges moves between CQDs or betlv8eand

ZnO interface. Adding a CdS shell reduces recombination, thus imprayxing V

Our preliminary results confirm that shell passivation comes at the price of lowering charge
transport efficacy as shown by the lower overall photocurrent harnessed ajreater

series resistance. Charges now have to tunnel through both the shell and the ligand matrix
to neighbarring CQDs to make their way to the respective electrodes. EDT, beirg a bi
functional linker, draws the CQDs closer together and enhances cobplwgen the
quantum dot$* However, even with EDT ligands, our observations from

photoluminescence studies imply that energetic coupling amongst core/shell CQDs is less
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significant compared to their nehelled counterparess shown by the minimal redshift of
the photoluminescence emission peak. Therefore, to improve charge transport in an array
of core/shell CQDs it is necessary to further decrease-datedistance or to relax the

confinement potential of CdS shell by clgang its surface chemistry.

5.5.1 Halide ligand exchange

Two classes of inorganic ligands have been reported to produce CQD films with high
carrier mobility, namely metal chalcogenide complé%€&sand small moleculd?®*1*°or
atomic ligand®141-142 |n this work, halide atomic ligands are investigatiede they have

been shown to increase the efficiency of PbS CQD déVitesAccording to the
methodology developed by Taatal®’, the use of these halide ligands requires a cadmium
cation and a long chain phosphonic acid molecule conjugation to deliver the halide ligand
to the PbS surface. It was noted through absorption studies that a carapieiam shell

is not formed as cadmium binds only to expos@@huratoms and the rest of the exposed

lead atoms are bonded to the halide atoms.

Tanget al. have also shown that different halide ligands gave different mobility results
with the trend beig that mobility increases from chlorine, through bromine to iodine.
Interestingly, studies have also shown that when halide treatment was performed on PbS
without cadmium, PbS with-type character is produceé With cadmium incqsoration,

the formation of donor states seems to be suppressed while carrier mobility is improved, in
similar fashion to atomic ligand passivafiarFrom this, it could be hypothesized that with

a cadmium syhide layer on PbS foour core/shell CQD, there could be a similar effect of
improving carrier mobility while reducing the influence on PbS core electronic structure.
A more recent work suggests that the thicker the CdS shell, the less influence the ligand
has on electron wafunctiort*3 showing that the presence of a CdS shell will change how

|l igands affect the corebés electronic strucl
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studies were conducted and PbS/CdS devices were fabricated based on halide ligand

exchanges.

5.5.1.1Alterations to spin coating procedure

To maximize device performance,®’alltuasliindge s
cadmium chihoribeckel rCidicé (Cl ) source and cet)
bromide (CTAB) for the bromine (Br) source.
fil ms. I n the halide treatment approach, a
coateée, substrate was stespgmadc flrigmandpiexrcihramn
performed by covering the sur fianc emeafh amboS/ G
Cl exchange and 10 mg/ ml CTAB in methanol
mi nut eamphe was then spuneLdry ante aZ@@@ ldr pvra
to wash ofifore xXcTABs s©d @Qlt i on. For each | ayer
this procedure was repeated three times be
ensurehewmmpve | igand exchange. A total of ¢
amounts to a CQD film t htindechk®ebayeoef whoutef:

The devices have t heFispbhtebhs)t ructure as sho

5.5.1.2Results and analysis

Before devices were fabricated, a series of PbS/CdS CQD films of similar thickness were
formed with different ligand treatments by spin coating REEDOT:PSS coated glass
substrates. Sam@evere prepared with and withoaZnO top layer and were studied using

PL measurements. PL data ($égure 5-18(a)) show that, without the ZnO layer, halide
ligands provide approximately the same level of surface passivation as EDT on the surface
of PbS/CdS CQD. This isoncludedbecause they have similar PL intensity with similar

film thickness (i.e., no extraonradiative recombination channels). However, when the
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ZnO layer was added, halide ligands show a drop in luminescence intensity, with Br

showing a more drastic drop than CI, while EDT ligand shows the converse.

Photoluminescence quenching is a uksafaasure to show that charge separation is
occurring at an interfaé#. In this case, it could be said that halide ligands promote electron
transfer from PbS/Cd#ito ZnO, thereby reducing the number of free electole pairs

in the PbS/CdS CQD layer to radiatively recombine. Also, it is clear that Br enables a more
efficient charge transport than Cl as can be inferred from the larger exteagjaenching

effect. The anomaly of an increase in PL intensity is explained by the work oERalh

They have shown the high electron concentration of ZnO results in active movement of
electrons into PbS to fill up trap states, thereby reducisgel® due to neradiative
recombination. Hence, it could be said that halide ligands help to delocalise electron
wavefunction effectively, even at the PbS/CdS and ZnO interface, while EDT might

reinforce the confinement effect.

The effect of halide ligands echoed in PbS/CdS device performai®eeFigure 5-18(b)).

In fact, the delocalization effect rendered by Br ligaisdso great that the sheligsivation
effect isovercome Recent studies by Browat al show the effect of different ligands on
the Fermi level of P58, It was concluded that the ligands assedlipole effect on PbS,
thereby shiftinghe Fermienergy level. Halide ligands caubeFermi level in PbS to shift
closer to the conduction band and the trend is thlalattyer the halide sizéhe larger the
dipole moment (due to larger inteuclear distances)he closer the Fermi level is to the
conduction band. Even more recently, it was shownahatide (iodide) ligand introduces
defect states, thereby limitingoc but improving charge transpdit There could be a
similar effect when halide ligands bind the surface of PbSAS CQD. Thus, in summary
it can be said that the greater the charge delocalization from EDT to Cl to Br, more charges

are being extracted and therefore the highedéhelues whileVo values decrease due to
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a loss in confinement potentidlo further mprove charge transport without losing much
of the passivation effect of the shell, a balance is sought between the barrier reinforcement

effects of EDT and the barrier relaxation effects of halide treatment.

(a) (b)
2000 T T T T T T T T T T T T
cl 15 ——EDT )
Br 10} Cl
_ 1500 EDT L 5 Br
= T 3 -
: —ome |
—br L 0
-‘E 1000 — _EDT/ZnO - T . =
g 5
= 10}
500
5%
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Figure 5-18. (a) Photoluminescence spectra of CQD films, prepared with similar thicknesses, after
halide ligand exchange. EDT treated films are added as reference. Films prepared with an extra
layer of ZnO deposited on top (as in tdswice fabrication) are labelled in darker shade of the
same colour (bCurrent density versus voltage performance testing of the best PbS/CdS devices
formed from different halide ligand exchange treatments with EDT ligand exchange sample shown

as referene. Refer tal'able5-7 for the device performance statistics.

5.5.2 Hybrid ligand exchange

Ip et al. have reported a passivation technique that relieshe use of both organic-bi
functional linkers and inorganic halide ligands on PbS CQD for solar cell fabrit&tion

a similar spirit, EDT and halide ligands could be used synerglistito promote charge
transport between PbS/CdS CQDs while at the same time preserving the effect of CdS shell
passivation. Furthermore, & al. also noticed that the average spacing between quantum

dots is much smaller when organicfbictional linkes are used as compared to purely
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inorganic halide ligand$’, suggesting that the use of EDT may enhance the wavefunction
delocalisation effect of halide ligds by increasing the proximity between quantum dots.

To test this, the spin coating process was adjusted to incorporate dual ligand exchanges. It
was observed using FTIR that a single halide flooding step is not sufficient to replace all
of the oleic acidhative ligand (Se€igure 5-19). With that knowledge, the remaining oleic

acid ligand could be replaced with EDT.

(a) L] h L] h L] (b) L] L] L
—_CTABX3 —CTABX3

- ) - —CTABX1
5 —CTABX1 g —CTABXI
2 —CdCl,X3 & \
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=) —OA =Y —OA
< | <
3 -‘-f/-‘: 3 :—-__—'_”__,—F’-ﬂ\'\"h——'
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Figure 5-19. FTIR result showing signature peaks of bound oleic acid of (a)"@@®(b) CH
hydrocarbon backbone. OA refers to PbS/CdS CQD with oleic acid ligand (with no ligand exchange)
and CTAB X1 refers to PbS/CdS CQD subjectathtoCTAB flooding step while CTAB X3 refers

to three consecutive flooding steps, etc. Results illustrate that one halide ligand flooding step is not

sufficient to remove all bound oleic acid ligands.

5.5.2.1Alterations to spin coating procedure

| n tbhrei dhyl i gand exchange approach, the same
section 5.5.1.2 but was carried out once i
avoid complete IFigaaik. eAthangené Smenute of
treat ment, the sanmpdm ashd oGP mat dayoht weeé 0:
While spinning, this grodedtr &« / wak Da&To d Ino vie

t herlL 6@®f met haln olf aomcd anCe. This compl etes o
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film for the hybrid | i ganda edgecphoasnigtee da ptphriosa
and the total CQD film thickness pwas teldout

Devices have the s&mgb$sebucture as shown i

5.5.2.2Results and analysis

Li kewi se, PL studies weQDe scaompd vecst eooh (PvEIDIONT @
coated glass substrate) to study the effec:
even before the ZnO | ayer was deposited, C
PL quenching. This mightofb&Ddudriogtihg $Whe
closer together and Br relaxing the barrie
underlying PEDOT: PSS | ayer. Cl + EDT treat |
completely different behavti oiug . hiTdhileeP Lt han
treatment alone. To understand this, the EI
|l igand exchange was examined. It was noted
exchange, whiconome amd yt satapCd e€lgacds aboimsco
increase the CdS shell thickness slightly,
hence the higher PL intensity. No quenching
signifying the effectilyemassiofatBEDTh.in pr e
Devildmer for mance r eFsiugbt29 bagnmThbleS-h o Wrs iing a
combination of both halideoandmEDanti gande
botslanwi t h respeacrnl yt ot rae ehtamthemdte. Even t houg
gave th%,bhwghelsiimited and series resistance
attributed to the effect of increased pass
gave the opti mal result of both a suitable

Vo anelr bethdarge transgpg@miEfpr ome wthiiedh (¢ihiegbhe
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Figure 5-20. (a) Photoluminescence spectra of CQD films, prepared with similar thicknesses, after

hybrid ligand exchange. Films prepared with an extra layer of ZnO deposited on top (as in test

device fabrication) are labelled in darker shade of the same colour. ERTettéilms are added

for reference. (biCurrent density versus voltage performance testing of the best PbS/CdS devices

formed from different ligand exchange treatments with a PbS device performance shown as

reference. Arrows highlight the improvement diiii treatment over standalone halide treatment

for ligand exchange. Refer Table5-7 for the device performance statistics.
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Table5-7. A summary of performance data for heterojunction CQD solar cells (ITO/PEDOT:PSS/CQDs/ZnO/Al) under AM 1.5 Spectrdioiiuibdta

mW/cm).
Ligan|dd mA/dcmMd{ V) |FF PCE %) |Jb( mA/Ac m|[Rs( g 1) R q 1)
17N3®. 5 0. H10.0. ©IG0.[3. KOO. . . .
PbS EDT (1N®. 72 66. BIR. 93 [55NB4. 2
(19.8) (0.42)(0.44)(3.66)
5.8 . 4 0. 850./0. &I20.[1. BI70. . . .
EDT ( 1N®B. 32623 N9. 3 (3214
(6.2) (0.65)(0.42)(1.69)
11N2. 3 0. 830./0. BI30.[2. N60. . . .
o ( 6N®B. 4)623N%. 5 |69N®. 3
(11.8) (0.61)(0.33)(2.38)
17N8. 2 0.B840.0. B®. 0[3. BI30. . . N
Br ( 5N®. 49d(10Na. 4 (61 N4®. 8
(19. 4) (0.55)(0.39)(4.16)
PbS/ CdicTeDT [13NB. 9 [0. 8l60J0. BI40.|3. N20.|( 9NOG4. 5)8]24KND. 3 |76 N2. 4
(14.8) (0.68)(0.34)(3.42)
BrEDT [21ND. 4 0.Bl30.0. BI80.[5. Bl10.{( 2N®. 42311 N3. 6 [58N3. 9
(23.9) (0.65)(0.39)(6.05)
PbS/ CdS CQD is with 0.1 nm CdS shell. Results are awer dIghea &RRICHE
of champion devices are quoted in brackets.
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Shell and ligand
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Figure5-21. Schematic diagram illustrating the competing effect between radiative recombination
and electrorhole pair dissociation. Dissociation is aided by a lowering of energy barrier for
transport, the eduction of intetparticle spacing and also the band bending effect resulting from a

heterojunction formation.

5.6 Conclusion

In conclusion, a caticexchange method has been developed to produce PbS/CdS
core/shell CQD with a thin shell. By controlling the precursor concentration and reaction
times, it is possible to have very fine control of CdS shell thickness. TEM reveals no
separate CdS phase formation and no obvious size difference statistically, which supports
the catiorexchange mechanism. The shell thickness has been probed indirectly by utilizing
absorption spectroscopy and XRD coupled with simulation, while its conposgi
ascertained by EDX analysis and Raman studies. Additionally, the effectiveness of PbS
surface passivation by the CdS shell can be shown by increased PL decay lifetime, which

indicates a reduction in the concentration of defect states.
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The core/shellPbS/CdS CQD was then incorporated into devices and the effect of
passivation on device performance is elucidated in terriscainprovements. The effect

of shell thickness on device performance was then studied and it was determined that 0.1nm
of CdS shé thickness is optimal. Lastly, to overcome the charge extraction barrier as
imposed by the CdS shell, different ligand exchanges were carried out. It was shown that
a combination of EDT and Br ligand helps to both draw the CQDs closer and preserve the
shell passivation effect to improve charge extraction. This novel work presents a method
to obtain a balance between preservihg passivation effect and improving charge
transport. With this, PbS/CdS devicegrging 5.6 0.4 % efficiency were obtained,
presenting a significant improvement when compared with 3.4 £ 0.4 % efficiency of the

reference PbS devices.
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Chapter 67 Novel device architecture with PbS/CdS

core/shell CQD

This chapter presents the use of PbS/CdS core/shell nanocrystats different and novel
device structures. Part of this thesis chapter was publishetiR# Proceedings (2014),
Volume 1748, Symposium dk a contribution to Material Research Society Fall 2014
conference and examines the use of PbS/CdS$inmstrudure The manuscript for the
proceeding was prepared DBarren C. J. Neo with the help of Prof. Hazel E. Assender and
Prof. Andrew A. R. WattAnother part of this chapter wasiblishedin Applied Physics
Letters (2015) and it presents the concept of quantum funnellingdim@nsios used in
CQD solar cells. Darren C. J. Neo prepared the manuscript with the hBlpGifes E.
Eperon Dr. Samuel D. Strank®rof. Henry J. Snaith, Prof. Hazel E. Assended Prof
Andrew A. R. Watt. DrGiles E. Eperonprovided assistance in PL measurements. Ms
Philippa C. J. Clark from the Photon Science Institute, University of Manchester,

conducted all XPS measurements and analytical fitting.

6.1 Introduction

The first set of riatively efficient solar cells made with PbS/CdS CQDs was presented in
chapter 5. However, there could be substantial room for improvement, especially in terms
of fill factor, and if the device active layer could be made thicker it could capture more
photans to boostlse In this chapter, as a first step, the limitations of PbS/CdS core/shell
CQDs is first examined. Then using the knowledge and understanding from additional
characterisation techniques, novel concepts and device architectures were erpéored |

attempt to overcome or to circumvent the limitations. Ultimately, the aim is to see whether
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device performance of PbS/CdS CQD solar cells could be further improved. This chapter

has two main parts.

The first deals with the idea of quantum funnelling fast, norradiative exciton transfer
process between two proximal energy states with similar energy févdlsis charge
transfer process does not rely on an electric field abensficial to move excitons rapidly
before other competing processes like -nadiative recombination takes precedéffte

The funnelling process is tailored so as to aid charge extraction even with a thicker device

active layer.

The second part describes the use i-an device structure, a concept brought forth from
amorphous silicon solar cell technoldtfy The low carrier density and intrinsic nature of
PbS/CdS CQD could be overcome by applying layers with higher carrier densitiep (both
andn) at opposite ends, thereby creating an internal electric field capable of sweeping
charges across the wie intrinsic layer. This therefore helps to mitigate the poorer

transport properties of PbS/CdS CQD.

Before the new architectures are introduced, additional characterisation results carried out
on PbS/CdS films and devices will be examined so a®mdirm the intrinsic nature of

PbS/CdS. All PbS/CdS CQD mentioned in this chapter are with 0.1 nm CdS shell thickness.

6.2 Limitations of PbS/CdS

6.2.1 Poor transport properties

The PbS/CdS devices presented in chapter 5 have low fill faéiBysd(ie tohigh series
resistance, which in turn is a result of the extra energetic barrier imposed by the presence
of the CdS shell. Therefore, the optimum device thickness is lirhitedhicker device

active layer would allow more light to be absorbed but a thiak&ve layer that has poor
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transport properties which translate to a higher probability of charge recombination would
contribute to less efficient charge extraction. This is especially so when a device is
operating at high forward bias, which results inarrow depletion width, making diffusion

the dominant transport mechanism through the active layer. Since the diffusion length in
the CQD film is short, there is always a limit as to how thick a device active layer could be

if charges were to bextracted effectively.

A series of PbS/Cd$ ZnO heterojunction devices, as presented in section 5.5.2, are
fabricated with a range of different PbS/CdS layer thickness. 1.3 eV PbS/CdS (0.1nm CdS)
and the best combination of ligands, Br + EDT, are usedistently for all devices. With
reference toFigure 6-1, the device performance is optimal at 150nm of PbS/CdS and
beyond that, it decreases duethe limited diffusion length of carriers in CQD film,
resulting in more charge recombination.
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Figure 6-1. Device performance metric (akcJ Vo, (b) FF and PCE of PbS/CdB zZnO
heterojunction devices with different PbS/CdS layer thickriesspresentative devices for each

PbS/CdS layer thicknessesre evaluated and thighnd used is kept consistent as Br + EDT.

6.2.2 Intrinsic nature of PbS/CdS CQD film
Besides having low conductivity, another limitation of better surface passivation is the loss

in effective carrier concentration. As seen in section 5.3.6, effective surface passivation is
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manifested as an increase in photoluminescence (Pk) wieh respect to the reference

PbS quantum dot, which is indicative of a rise in radiative recombination and conversely a
drop in number of nomadiative recombination centfé$ These nowmadiative
recombination sites are usually attributed to the surface defect states and these defect states
may also serve as donor/acceptor sites, which contribute to the total carrier density. It is
known that mild oxidation of PbS intrades shallow trap states which increasepitype
character of the CQ. With shell passivation, it could be surmised that such oxidation is
less likely, thus resulting in a PbS/CdS film with a lower dopant concentration which is
termed-i Aiguassi co. XPS r es ullmssaredes$silidely tmbet h at
oxidised (Sed-igure 6-2). For a more definite measurement, capacitandiage C-V)
characterisation was performed to glieloping density, which relates to certain defect
levels in PbYdue to oxidatio™). Figure 6-3 depicts the MotSchottky plots of PbS and
PbS/CdS Schottky devices from the data gathered @sivigneasurements. These were

the same (best performing) Schottky devices as mentioned in section 5.3. Using the Mott

Schottky equation for Schottky junctions (€eguation6-1),

P CO

5 B8n-0

Equation6-1

where Vi is the builtin potential, A is the active area (0.020 énq is the elementary
chargeNaisthedopingiensi t vy, U is the diel ecoisthec con:
permittivity of free space, the doping density and Huilpotentials can be found. The

dielectric constant for PbS was estimated to be 20 by &aab, using MaxweHGarnett

effedive medium theoryand it is also assumed that the dielectric constant of PbS/CdS
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with 0.1 nm CdS shell is simif Thecalculated resultie Figure 6-3 show that the doping

density in PbS/CdS CQD is an order of magnitude lower than PbS CQD.
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Figure 6-2. XPS data showing that the PbS/CdS CQD are more resistant to oxidation than PbS

CQD. Samples of CQD film are stored in-aimbient, kept away from illumination, for a month

before XPS measurement. XPS measurement andganialgone by Ms Phillipa Clark.
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Figure 6-3. C-V measurements of (a) PbS and (b) PbS/CdS Schottky devices. The results show an
order of magnitude lower dopant concentration in PbS/CdS CQD film as conpakéxs CQD

film.

Now that the evidence of PbS/CdS film as being less conductive and having a lower carrier
concentration is presented, two different ways of applying PbS/CdS as an active layer via
unique device architecture will be discussed separatslyation 6.3 and 6.4. The strategy

for devices with thicker active layer is to exploit the intrinsic nature of PbS$/@d&wver

defect concentration reduces the probability of-rextiative recombination.

6.3 3D quantum funnelling

The concept of quantumtuaelling is not newEarly works focused nialy on resonance
energy transfer betwe&@dSe quantum dsandfluorescence dye acceptor, whistbound

to a biological molecule like a DNA or a protein for labelling or assay purp§sé&st>°

One of the first attempts to couple different layers of CQD with different band gaps was
by Klar et al.in 2005 who fabricated a cascaded band gap multilayer structure using light
emitting CQD and demonstrated efficient futiing of excitons from large to small band
gap®L A similar study was done by Xet al.and showed that efficiency enhancement of
charge transfer between small and large band gap PbS CQD couldibee@ddiy using

chemical crosdinking ligands$“%. Krameret al.reported the first muktband gap cascaded
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CQD solar cell and showed that it outperformed a single band gap reference device with
similar thickness. The improvement was attributed to better charge extraction as the
depletion region wascreated by a graded bandjap structure which chansel
photogenerated charges into the depletiegion Efficiency enhancement was largely
gained through improved fill fact&¥. Even more recently, Kiret al.fabricated a quantum
funnel PbS CQD solar cell via @nestep centrifugal colloidal casting technique and
showed an improvement d3c and FF over ungraded control devices. Using the concepts

of funnelling and resonant energy transfer, similar strategies have been exploited in organic

photovolatics (OPV) to increase absorption without compromising charge extt2ittion

Another strategy of OPV is to improve charge extraction through the formation of bulk
heteojunctions where short diffusion lengths are mitigated by increasing the
heterojunct i orP% Recently, tRathef @ cdenmhstratad @ QD bulk
heterojunction betweep- type PbS CQD and-type bismuth sulphide (B$s)®” CQD

which consists of a blend of these two types of quantum dots sandwiched between a layer
of pure PbS and B$s. The performance of the bulk heterojunction device triumphed over

a reference bilayer heterojunction device, and this was attribateshdroved carrier
lifetimes”’. This provides the motivation to extend the quantum funnel process into 3
dimensions by blending different sized CQDs to increase interfacial area in which
funnelling can occur. To date, blending different sized CQEotm a multiband gap
heterojunction device has largely been unexplored due to the smaller band gap CQDs acting
as recombination centf@$ and interfacial trap stat®8 which limit performance.
Zhitomirsky et al. showed that beyond 10% inclusion of larger sized PbS in a population
of smaller PbS, the device opeincuit voltage Yoc) would drop significantl§* and thus,
blending PbS populations of different sizes beyond that blend ratio proved to be ineffective

in the case of signifant charge recombination.
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To reduce nomadiative carrier recombination resulting from a bimodal CQD population,

a core/shell PbS/CdS blend is used instead of PbS blend. Results from Chapter 5 show the
effectiveness of CdS shell passivationadPbS corgreducing surface related defects and
charge recombination. Studies from Sptral1*®and Laiet al'®’ independently showed,

via spectroscopic techniques, that the presence of a CdS shell acts to passivate trap states
and reduces trap density, thereby improving carrier lifetime, while Whetedémwereable

to show the reduced trap densities in PbS/Gut®/shell quantum dots as compared to PbS
cores®® via a combination of ultréast absorpbn spectroscopy and photoluminescence.
Therefore, it could be surmised that blends of CQD could still work if the charge transport
afterthequantum funnelling process is not heavily affected by charge recombination. This
might be possible by using a btenf PbS/CdS CQD of different sizes where trajated
recombination processare reduced due to effective shell passivation. In this section, the
use of a blend of 1.2 eV and 1.4 eV core/shell PbS/CdS CQDs for the fabrication of a
cascaded heterojunctigmotovoltaic device with an optimized thin film layer composition

is described.

6.3.1 Properties of CQD blend films

The same concentration (4t/ml) of 1.2 eV and 1.4 eV PbS/CdS CQD solution is mixed

in a 1:1 volume ratio. Devices were also made withgame procedure with each of 1.2

eV and 1.4 eV PbS CQD for reference. Under TEM (Sgare 6-4), it can be observed

that the CQD blends are well percolated and do not form separate phases when cast as
films. UV-Vis-NIR measurements (seEigure 6-5) confirm the presence of both
components even after ligand exchange. A photoluminescence (PL) study is also performed
on films formed from CQD blends to understand energy tréisférThe PL spectra of

the core and core/shell blends show only the emission from the larger quantum dots with
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peaks around 1140 nm and 1150 nm for Br + EDT ligand exchanged PbS/CdS and PbS
CQD, respectively, as shown kigure 6-6. This quenching effect of the larger band gap

PL is not due to exciton dissociation but rather an energy transfer of the exciton from the
larger to smaller band gap CQDxcause there is a rise in PL of the smaller band gap
CQD, which is due to increased exciton population as a result from the transfer. The same

phenomenon is also observed in other reprté1°°

The PL intensity of the core/shell blend emission is much greatettthiaof the corenly

blend (sedigure 6-6), implying that the shell reduces nroadiative recombinatidt’. The
PbS/CdS blends have a longer PL decay lifetime for both compofieraadtz, (Figure

6-7), compared to PbS blends, which again serves as an indicator of reduced carrier
recombination through neradiative process&$. The rate of the PL process is a sum of
both radiative and nonradiative recombinatioriesa and PL lifetime is inversely
proportional to this ratehence any decrease in nadiative recombination component

would result in an increased PL lifetifi@

W 5B, Equation6-2
wheret is the PL lifetime andQ and™Q are the radiative and nonradiative recombination

rates, respectivelyfzurther, increased PL lifetime has been shown to correlate with better

material quality andlevice performance in other material syst&hs,
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Figure 6-4. (a) Low magnification and (b) high magnification TEM images of 1.2 eV and 1.4 eV

PbS/CdSCQD blend.
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Figure 6-5. UV-Vis-NIR of (a) PbS blends and (b) PbS/CdS blends, comprising of 1.2 eV and 1.4

eV components.
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Figure 6-6. PL spectrum ofd) PbS lends and its components, ari PbS/CdS blends and its
components. Both spectra indicate quantum funnelling of excitons from the 1.4 eV component to
the 1.2 eV component as seen from the quenching of 1.4 eNGuapks in (b) and (c) has been

intentiondly smoothed to make the peak position more obvious.
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Figure 6-7. PL decay measurements showing a longer lifetime of PbS/CdS blend compared to PbS

blend.
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6.3.2 First trial of CQD blend devices

The currentvoltage and external quantum efficiency of both blends forming
heterojunctions with ZnO are shownhkigure 6-8. Devices have a similar sitture to the
heterojunction devices presented in section 5.5 and likewise the active layers are formed
by a layer by layer spin coating process, where the ligand used here is fixed as Br + EDT
(see Section 5.5.2). A 40 mg/ml CQD blend solution, spin @a000rpm and then
subjected to ligand exchange, yields a film thickness of 25 + 3 nm as measured using a
profiiometer. A total of 8 layers of CQD blends were deposited and then finally topped
with ZnO solution spin cast at 200@m. The device structeris also illustrated in the insert

of Figure 6-8(a). The power conversion efficiency of both devices is poor, reachirg 2.4

for the core blend arl 1% for the core/shell blend. For the purpose of this study, an active
layer thickness of about 200 nm was fixed and devices were intentionally made much
thicker than the optimal (of 150 nm) afforded by the heterojunction so as to demonstrate
that quantm funnelling does occur to alleviate the problems of a limited depletion width
and contributes to charge extraction. Photogenerated charges outside of the depletion width
may be funnelled into it, thereby increasing the probability that they would betextra

The external quantum efficiency (EQE) of the PbS/CdS device is worse than toal?bS
blend due to the lowek. However, the PbS/CdS device has a more distinct excitonic band
edge which could indicate improved preservation of quantum confinement.
Photogenerated charges in PbS/CdS layer experience higher resiétance lower
mobility and with a 200 nm thick active layer, this impedes charge extraction, resulting in
lower quantum efficiencies. Be device performances with a 200 nm thick active layer
comprising individual component CQD and CQD blends are illustratédyure 6-9. At

this juncture, it might seem that blending CQD might not be beneficial and may even

deteriorate device performance. Nevertheless, an investigation was done on the open
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circuit voltage and reverse saturation current of devices to examine the extent of carrier

recombination (which is affected by trap densities).
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Figure 6-8. (a) JV performance curve of blend devices which have a 200 nm thick layer of CQD
blend films, topped with a ZnO layer. Insert depicts thacdestructure (b) External quantum

efficiency characterization of the devices described in (a). Arrows point to the first excitonic peak

energy of 1.2 eV and 1.4 eV PbS and PbS/CdS CQD.
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Figure 6-9. JV chaacterization of the best devices (with 20@ thick active layer) of (a) PbS

blends andheir components, (b) PbS/CdS blends #radr components.
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Figure 6-10. (a) Openrcircuit voltage and (b) reverssaturation current of devices fabricated with
n-type ZnO layer on top of 200n PbS and PbS/CdS blends respectively. Each sample statistic is

built upon 18 devices, with 3 devices on each substrate.

Figure 6-10 compares the open circuit voltagéd) and reverse saturation curredy) (for

single CQD materials and blends with and without shells. It is hypothesised that quantum
funnelling is efficient from large to small band gap CQDs but the subsequent extraction of
charges is dependent on the electric field created by the ZnO hatgimjuor charge
diffusion to an electrode. The success of charge extraction is reliant on charge transport
efficiency which is in turn dependent on carrier recombination raigste 6-10(b) shows

that reverse saturation current, which is a good metric for recombination, is much lower in
the PbS/CdS blend compared to the PbS blends, and that for both materials the reverse
saturation current is greatierthe case of the blend, compared to the corresponding single
bandgap materials. Charge transport is impeded by trap states which can be thought of as
1) crystallographic defects on the surface of the CQD and 2) in a blend the small band gap
CQD acts as trap for the large band gap CQD, creating energy disdrdenus, devices
comprising of blends, as compared to sirggenponent systems, show a higher trap

density (and higher recombination current). However, if a comparison is made solely on
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the devices comprising of CQD blends, PbS/CdS core/shell blends baxer |
recombination current compared to PbS blends as CdS presents itself as an epitaxial shell
of larger band gap semiconductor material around the PbS cores, mitigating surface trap

states. This idea is illustratedfigure 6-11.

Therefore, quantum funnelling is happening in the blends and recombination is supressed
in PbS/CdS blends as compared to PbS blends but PbS/CdS blend devices are not
performng well simply because funnelled charges (from 1.4 eV to 1.2 eV CQD) still have

to make their way to the electrode to be extracted and 200 nm is too thick for most charges
to be transported to the electroédso, resonancenergy transfer processes tagksce at

short range distances (~ 10namdthe contribution towards extra charge extraction might

not be significant for the case @200 nm thick active layeAs discussed above, the trap
density of CQD blend films is higher than single compotfiéms and thus, there is need

to combine the benefit of quantum funnelling from PbS/CdS blend and necessity to extract

funnelled charges successfully.
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Figure6-11. Anillustration of mini band formation pfire phase PbS, the bimodal PbS blend and
the bimodal PbS/CdS blend. The CdS shell passivates surface states that form trap level states as
compared to pure phase PbS such that charges funnelled into the big (smaller band gap) quantum

dots would be lesskkely to recombine.
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Figure 6-12. Band bending of heterostructure device (a) at short circuit current and (b) at forward
bias, at maximum power point. Band bending, at maximum power pointadfi@yer device and

(dabl end device in Asandwicho configuration.

6.3.3 CQD blends in a sandwich structure

The next challenge is to further improve the core/shell blend device performance by
modifying the device architecture. CQD solar cells rely hgawil the depletion zone to
separate charges by drift because the innate disorder in nanocrystalline systems results in
short carrier diffusion length®. Therefore, at high forward bias (for example at the
maximum power point), the depletion width is very much reduced and diffusive transport
dominates, resulting in fewer charges being successfully extracted at the electrodes (refer

to Figure 6-12(a) and (b). This is reflected in the low fill factors observed for CQD solar
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cellst®”. A bilayer structureRigure 6-12(c)) would fare better than the usual heterostructure
due to a potential difference that serassan electron blocking layer and also some amount
of charge funnelling athe interfacial region between the 1.2 eV and 1.4 eV layers. To
maximize the effect of funnelling, a blend layer could be incorporated to improve the
interfacial area so that chagyean be cascaded very quickly from any 1.4 eV CQD to a
neighbouring 1.2 eV CQD, even without the presence of band bending or internal electric
field from the depletion widthRigure 6-12(d)). Improving charge transport at near flatband

potential situations would help to improve device fill factor.

Assuming that the 1.2 eV CQD is well percolated throughout the blend as shown on TEM
samples (se€igure 6-4), funnelled charges could follow a continuous pathway towards
their respective electrodes. However, the charge transport of charges after tlss pfoce
funnelling is problematic. Based on the energy levels measured and calculétyanst

al.®3 energybarriers will be formed between small bagap CQD in the vicinity of large
bandgap CQD, both at the HOMO and LUMO energy level stafggufe 6-11). These

could be overcome by the internal electric field provided by the-banding effect of the
heterojunction but the depletion width is limited, which calls for the need to optimize the
thickness of the blend region. To harness the advantage ofrifielling mechanism and

not to be restricted by charge transport issues, layers of pure 1.2 eV and 1.4 eV PbS/CdS
are used to act as electron collecting and electron blocking layers respectively, in an effort
to also reduce the blend layer thickndsgire 6-12(d)). By keeping the entire CQD layer
thickness constant, the composition of layers was varied from a completely blended film
to a blend layer bag sandwiched between 1.2 eV and 1.4 eV CQD films and finally to a
1.2 eV and 1.4 eV bilayer, as illustrated Rigure 6-13(a). It was observed that ¢h
sandwich configurations gave better fill factors and with that, the optimum dé&uwiped

6-13) gave an efficiency of 4.62 %, almost a threefoldrompment over devices made of
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only 1.2 eV or 1.4 eV PbS/CdS CQD of the same thickness. Therefore, even though an
active layer consisting of PbS/CdS CQD blends alone performs poorly, using the blend
region as part of a sandwich structure allows both a teedus recombination and a

thicker active layer thickness with less loss in photocurrent. The device performances of

various device architectures are summarizebhible6-1.
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Figure6-13. (a) Fill factor recorded for devices fabricated witliype ZnO layer on top of PbS/CdS

CQDs and blends with various architerds. The total thickness of the CQD film was fixed at 200

nm. Colours correspond to the components depicted in part (c) Best fill factors were achieved with

a 100nm blend sandwiched between 1.2 eV and 1.4 eV PbS/CdS layers, each 50nm thick. (b) Device

performance of the champion cell made with this architecture. (c) Band alignment diagram of the

champion device.
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Table6-1. Data statistics for heterojunction, full blend, sandwich configuration and bilayer structures. Data is averaged ovére36atevss 12 separate
substrates, with standard deviation reported. Refdfiguire 6-13(a) for the schematics of the individual structures. 1 blend 6L 1 refers to 25 nm of 1.2 eV

PbS/CdS layer, 150 nm of blend layer and 25 nm of 1.4 eV PbS/CdS layer, etc.

Struct |PbS/ €Cd8ePbS/ CdS|PbS/ CdS|1 bl e|{2 blen|3 blen|PbS/ CdS
JsgmA/-Z)Cs.Rm.s 5.\ . 8 6.\ . 7 12 N5 14NB. 3|13NB. 2 |11NB. 9
V,{ V) 0. 68B.02 [(0.68@B.02|0. 8G. 02 |0. BI®. 0]0. BIB. 0{0. BIB. 0]0. Bl@. 02
FF 0. B8BB.02 |0.B8B@.03|0.80a.04|0.8®.040. H®. 0J0. H@. 010. BCO. 01
PCE ( %/1.\ND. 4 1.ND. 6 1.ND. 3 3.ND. 3 |[4.ND. 3 |[3.ND.5 [2.\®. 5
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In all, a multiband gap quantum cascgu®tovoltaic device has been demonstrated using

a blend of PbS/CdS core/shell CQD with 1.2 eV and 1.4 eV band gap. The inclusion of a
semiconductor shell around the core allows the formation of blended multi gap structures
with subtle device performance pmovements associated with a reduction in-rexhative
recombination. The idea of charge funnelling from large to small band gap CQD was
hypothesised to alleviatthe problem of short carrier diffusion lengtfio test this
hypothesis, a blended active layer is included as part of a sandwich structure of dow gap
blendwide gap CQDs in a bid to improve device performances. The quantum funnel effect
acts in tandem with the depletion width to extract chargeth the aid of a bW
heterojunctiordike sandwich structureEven with an active layer thickness of 200,nm
power conversion of up to 4.6 % was achieved primarily by improvements to fill factor.
Although PbS/CdS device performance was unable tonbaneed beyond what was
established in chapter 5, this section illustrates a novel concept which minimizes
deterioration in device performance with thicker lay€santum funnellingorovides an
alternative pathway textract chargewhich are otherwiséost by recombination due to

the limited carrier diffusion lengththerefore preserving/oc and FF. However, the
performance of the devisavith a PbS/CdS blend exhilsifimited current extractionlue

to its fundamental intrinsic character @smpared tahinnernonblend devices150 nm,

as described in chaptey. Bs such,the drop in overallsc due to limited charge extraction
outweighed the benefit of the funnelling effect. In the next sectiatifferent device

architecture will be presented.
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6.4 p-i-n devices

It was showrin section 6.2.1hat thicker PbS/CdS layers hamper device performance, in
particular, the fill factor is low and series resistargchigher, consistent with the studies

of Kim et all®’. Although a low defect concentration is favoured, the direct corsequ

is lower carrier concentration and lower conductivity. It is likely that this is responsible for
the deteriorated performance of the device when the active layer (PbS/CdS) is made thicker.
Another technique to afford a thicker PbS/CdS layign a wide region promotinglrift of

chargess adopting g-i-n device structure.

The notion of g-i-n junction is common in amorphous silicon photovolatics and has only
recently been implemented in colloidal quantum dot solar cells bgtKb'8 Copper (1)

iodide and ZnO were used as faype andn-type material respectively, sandwiching a
lead selenide CQD layer in between them. Ko showed an improvement of device
performanceas compared to heterojunction dms and suggested that thpei-n
architecture helps to extend the depletion width, aiding current extraction. Therefore,
photogenerated charges that are created further away from the ZnO/CQD junction can still
be swept away by the extended potential grad@eated by thig-i-n architecture,

reducing recombination that lowers bath and fill factor.

In this section, devices made using phien architecture will be explored. 1.3 eV PbS/CdS

and 1.3 eV PbS CQD are used in this section. Till now, Zn@lnas/s been deposited as

the top layer, just before the metal electr
the other variant of switching thetype material from top to bottom is also presented,
which is termed anrpprsigdhtonstfouct heedupTh

difference in device performance will also be discussed in this section.
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6.4.1 Inverted structure

From theC-V results, it can be concluded that PbS CQD film is rpetygoe (higher doping/
acceptor concentration) than the PbS/CdS CQD film. Therefore, having gtypePbS

and an-type ZnO provides a larger Fermi energy difference than PbS/ZaS and
therefore creates a wider potential gradient or a larger depieiittn for the same extent

of band bending. Therefore, sandwiching the intrinsic PbS/CdS layer between ZnO and
PbS would overcome its disadvantage of lower conductivity and at the same time benefit
from lesser nowmadiative recombination due to lower ddéf@oncentration (se€igure

6-14).

6.4.1.1 Device fabrication

First, control heterojunction devices were made using 40 mg/ml PbS/CdS solution. Each
layer was formed by spin coating the CQD solution at 2000 rpm and then performing a Br
+ EDT ligand exchange, giving a thickness of 25 + 3 nm. The control device consists of 8
layers of PbS/CdS (which is about 200 nm) on a PEDOT:PSS coated ITO substrate and
then topped with ZnO. Then the inverted-n devices were made. Keeping the total film
thickness similar, the first bottom two layers formed by spin coating 40 mg/ml PbS CQD
solution, exchanged with EDT ligands only. Then the next 6 layers is comprised o
PbS/CdS, deposited using the same spin coating procedure as the control and Br + EDT as
the ligand, before the ZnO layer is deposited. To takepth|a concept even further,
another batch of devices were fabricated with the bottom PbS film anne&@8&Cafor 3
minutes in air after EDT exchange and before PbS/CdS and ZnO deposition. The mild
oxidation of PbS has been shown to imprpagpe characteristi¢®®. This should result in

a greater difference in doping concentration betweenpthed i layers, changing the

structure fronp-i-n to p'-i-n, where p+ indicates a highettype doping level. This gives
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enhanced band bending at the interface and thus further aiding charge extraction. Device

structures and band banding concepts are illustratédjure 6-14.

(a) Al (b) Al (C) Al
Zn0 Zn0 Zn0

PbS (2 Layers)

PbS (2 Layers)-

Annealed
Pedot Pedot Pedot
ITO-Glass ITO-Glass ITO-Glass
Pb
Zn0 ZnO ZnO

Figure 6-14. Diagram illustrating device structures, (a) PbS/€H8 heterojunction, (b) PbS
PbS/Cd<ZnO pi-n structure, (c) PbS(anfBbS/CdSZnO p-i-n structure and their proposed

band bending due to equilibrating Fermi level.

6.4.1.2 Device performance

J-V characterisation of best performing devices of each archiegstpresented ifrigure

6-15 and device performance statistics are summarisédle6-2. It is obvious the 200

nm thick PbS/CdS heterojunction device suffers from low fill factor and limited
photocurrent due to the intrinsic and highly resistive nature of the PbS/CdS film. Therefore,
replacing 5@m of it with PbS first reduces the resistance of the device by making the
PbS/CdS segment thinner (as evident on the slope of the graphyde@ihen the insertion

of PbS further increases internal electric field due to band alignment, therefore improving
drift transport. Further evidence of reduced recombination with the introduction of a graded

structure can be seen in the d&¥ curve Figure 6-15(b)), in which the yintercept gives
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the reverse saturation current. Since reverse saturation current increases with increased
carrier recombin@on, the obtained results are indicative of a reduced carrier recombination
with increased doping gradient (transiting from to p-i-n to p*-i-n) possibly due to
enhanced band bending and thus the extra driving force to separate and extract the charges.
p"-i-n would be even better at reducing recombination as the anreb®&ds potentially

poised to block electrons and to allow the transport of holes. This charge selectivity would
further reduce charge recombinafith These results justify the dependence of relatively
thick devices on the depletion region or potential gradient due to band bending to

supplement the short carrier diffusion length typical of quantum dot film sy&tem

(a) T (b) 2 -
1
0 N
N-g 0
—_ o -
N <
§ 10 E 2
< =
£ 3y
] o 4
—— PbS/CdS ~ 5 — PbS/CdS
20 —— PbS/CdS+PbS —— PbS/CdS+PbS
——PbS/CdS+PbS(Ann) -6 e PbSICdS+PbS(Ann)|
N 1 s 1 N 1 7 1 A 1 s 1 .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
V(V) V(V)

Figure 6-15. (a) JV curves of the best performing devicePbl5/CdSZnO heterojunction, PbS
PbS/Cd<ZnO pi-n structure and PbS(amBbS/Cd<ZnO p-i-n structurecompared. (b) Dark

current of the sane devices in (a).

Table6-2. Device performance statistics B8bSCdSZnO heterojunction, PbBbS/Cd<ZnO pi-
n structure and PbS(arbbS/CdSZnO p-i-n structure All devices have roughly 200nm of active

layer thickness.
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Structure |[J{mAfDcnVod V) |FF PCE %)

PbS/ CdS 7.\2. 0 0. 800./0. B®. 0|1. 86 0.
(10.0) (0.59)[(0.34)/(2.01)
PbS/-CbS 19ND®. 4 0. 800./0. B80.|4. B40.

(21.9) |(0.61)/(0.38)|(5.08)
PbS/-GbS (A19N4.3 |0. 810./0. H30.[5. 8a. 7
(22.1) |(0.62)/(0.42)|/(5.75)

Results are averaged with standard deviation across 12 samples on 4 different substratg

Jse, Voo, FF andPCE of champion devices are quoted in brackets.

Despite the effort made to improve device performance with thicker device active layer
thickness, the efficiencies are still lower than those recorded for the 150 nm active layer. If
the p-i-n strategy is applied to devices with 150 nm thick active ldaiere could be minor

or no improvement at all. The stronger band bending would improve current extraction
capability and thé&F of devices might be better than those of 200 nm thick active layer but
a thinner absorber layer would set an upper limit to haweh photogenerated charges is
produced. Yet another strategy is to place the Ph$per material junction closer to the

side of illumination. This will be discussed in the following section.

6.4.2 Upright device
There are 3 main reasons to place the gihaeparating junction closer to the side of

illumination:

(i) Most of the incident light is being absorbed at the front of the device,
especially the higher energy wavelengths. If the charge separating junction is
at the side of illumination, most of the pbgenerated carriers would be
within the depletion width of the junction and hence they would have a higher

extraction efficacy.
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(i) Wide band gap semiconductors like ZnO andzTn€ly on UV absorption for
photodoping, which increasestype carrier density, ewuctivity and also the
depth of the depletion width. When they are used to form a rear junction, if
the device active layer is thick, most of the UV photons would be absorbed
before reaching the-type material.

(i) It has been shown that the upright structure offers better device stability due to
the presence of the wide band gap semiconductor that helps to absorb much of
the UV light component of sunlight. UV rays, in the presence of air, has
been shown to accelerate the degradation of colloidal quantut®®dets the

wide band gp semiconductor could afford some protection.

Reasons (i) and (ii) mean that a thicker active layer could be accommodated and with the
added benefits of p-i-n structure, an improvement beyond 6 % efficient devices should
be possible. In this section, attbm layer of mesoporous Ti@Was used instead of a ZnO
layer because at the time when this work was conducted, mesoporeussTaCbottom

layer was used for the best depleted heterojunction refbrtdésoporous Ti@ was
thought to be able to increase the surface area of contact between itself and tine quant
dots and therefore decreasing the overall distance need for charges to reacl/@@0DOIO
junction. In this case, the ligandmercaptopropionic acid (MPA) wassedin place of

EDT for both PbS and PbS/CdS CQD as a elioking ligand as it is known to give a
higher mobilitylifetime product and a comparatively lower trap density due to its different

functional groups being able to passivate more diverse typesfatsulefects

6.4.2.1 Device fabrication
FTO substrates were used in this case and they are cleaned, dri@dpdaea treated as
described in section 4.4.1.3. A compact layer of;Tus first formed on FTO by spin

coating TiQ precursor segel (preparation is discussed in section 4.2.4) at 2000 rpm for
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45 seconds. Next, a small portion of Fi€blgel on thecorners of the FTO was cleared
away to allow contact during testing by using a cotton tip. The coated substrates were then
sintered in air at 450°C for 30 minutes. After the substrates have cooled down, a
mesoporous TiRlayer was deposited by spin coatifig» paste (Dyesol 18NH) diluted

in anhydrous ethanol at 1:4 by weight at 2000 rpm for 45 seconds. Similarly, contacts were
cleared and substrates were sintered in air at°@5@r another 30minutes. The total
thickness of compact and mesoporous Téer sintering is 445 + 21 nm. After the
preparation of the-type bottom layer, the PbS and PbS/CdS control heterojunction devices
were made using 40 mg/ml of PbS and PbS/CdS solution respectively. Each layer was
formed by spin coating the CQD solutionZ&X00 rpm and then performing a Br + MPA
ligand exchange. The control device consists of 12 layers of CQD deposited on the
mesoporous Tig) giving a total thickness of 710 £ 27 nm (and so the total CQD film
thickness is about 250 nm). Each layer of CQDodépn after ligand exchange on a
smooth substrate should give a thickness of about 25 nm and 12 layers would total to about
300 nm. However, it can be said that there is some penetration of PbS/CdS CQD into the
TiO2mesoporous layer which therefore giwesmaller than expected total film thickness.
Then for p-i-n devices, keeping the total film thickness similar, the first 10 lagees
formed by spin coating 40 mg/ml PbS/CdS CQD solution, exchanged with Br + MPA
ligands and the next 2 layeasecomprigd offilms formed withspin coaéd40 mg/ml PbS

CQD, exchanged with MPA liganéigure 6-16 shows the device structures described in

this section and their respective proposed band alignment.
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(a) Au (b) Au
PbS (2 Layers)

Meso-TiO2 Meso-TiO2
Compact-TiO2 Compact-TiO2
FTO-Glass FTO-Glass
TiO, Tio,

Figure 6-16. Diagram illustrating devicstructures, (aPbSTiO, or PbS/CdSTiO; heterojunction
(b) PbSPhS/CdSTIO; p-i-n structureand their proposed band alignment due to the equilibration

of Fermi level.

6.4.2.2 Device performance

With reference to the resultskigure 6-17(a) andTable6-3, devices with Pb&s the only
active materiaform our baseline control device and the best control device fared within
10 % range of previously published results (the best reported for 1.3 eV PbS was 5.1
PCE). However, with the same total device thickness, the PbSktd®janction device
performed poorly, even with imprové&d. compared to the PbS reference device. The low
fill factors and the high sis resistance shows that théd28n thick PbS/CdS layer limits

the device performance because of its poorer chieagsport properties. This is mitigated
by replacing the top two layers of PbS/CdS with PbS exchanged with MPA ligafudtan
ap-i-nstructure In doing so, the performance of the device improved dramatically, due to

the concomitant improvement of filagtor, Voc and Jsc. The p-type doped PbS creates a
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more pronounced difference in Fermi level as compared tpdn@ forms part of thp-i-

n structure, providing a larger internal electric field to transport charges through the
intrinsic PbS/CdS region vidrift transport. The PbS/CdS heterojunction device shows
lower Voc values than the-i-n device primarily because more charges recombine before
extraction. Comparing the EQE of the PbS/CdS heterojunction device gnd tiaevice,

the latter gave a higer EQE response in almost all regions of wavelength, confirming the
presence of a stronger internal electric field across the majority of the active material.
Therefore, the results obtained are consistent with the idea that fornpnen aevice
architecture would help alleviate the problem of PbS/CdS films having poorer charge
transport properties. From this, the best device obtained gave an efficiency of 6.4%, which
represents a 40% improvement over baseline PbS heterojunction devices and shows a

relatvely highVoc stemming from the improved passivation of the PbS/CdS film.

(@) 49 . . . (®) 8o
/ / PbS/CdS
0 o0 PbS/CAS+PbS
o oS
E T
ﬁ -0 g 40
é w
5
-20 ——PbsS 20
——PbS/CdS
——PbS/CdS+PbS
=30 1 1 1 1 M 1 M ol " N N N
0.0 0.2 0.4 0.6 0.8 400 600 800 1000 1200 1400

(V) Wavelength (nm)

Figure 6-17. (a) JV curves of the best performing device of the-Pith, PbS/CdSTiO;
heterojunction and PbBbS/CdSTiO, p-i-n structure compared. (b) EQE of the PbS/QdS,
heterojunction and PEBbS/CdSTiO; p-i-n structure. All devices have roughly the same overall

thickness. Refer tbable6-3 for device performance statistics.

Table6-3. Device performance statistics for the heterojunctions aid ptructure.
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Structure Jsc (MA/cn?) Voc (V) FF PCE (%)

TiO2-PbS 20.9+ 35 0.52+ 0.04 0.36+ 0.06 3.91£0.72
(23.5) (0.50) (0.39) (4.58)

TiO2-PbS/CdS |15.9+ 24 0.55+0.04 0.28+ 0.04 2.45+ 0.58
(17.4) (0.58) (0.29) (2.92)

TiO2-PbS/CdS | 21.2+2.3 0.65%+0.03 0.43+ 0.04 5.93+0.64

PbS 0-i-n) (23.5) (0.65) (0.42) (6.42)

Results are averaged with standard deviation across 12 samples on 4 different substrte¥s he

FF andPCE of champion devices are quoted in brackets.

6.5 Conclusion

In conclusion, having a CdS shell confers better surface passivation and improves device
Voc but deteriorates device performance due to its intrinsic nature and poorer charge
transport properties. This confines devices to have a thinner active layermighlimits

the amount of light being absorbed. Therefore to overcome that, two different approaches
were proposed. The first approach deals with utilizing the quantum funnel effect, which
channels charge towards sites of equal or lower energy lexstiegs of the direction of

the internal electric field. By blending CQDs of two different sizes together, this increases
the extent of interface between the two differently sized populations of CQD and the
guantum funnel effect could occur in 3 dimensiddewever, by blending PbS/CdS CQD
instead of PbS, a pronounced increased in PL lifetime is observed, which is attribated to
reduction in nofradiative recombination due to CdS shell passivation. With the PbS/CdS
blended film sandwiched between low gayad avide gap PbS/CdS CQD to form the active
layer, device performance improved over devices with 200 nm thick of 1siaed
PbS/CdS layer as the blend aids to extend the depletion width in the device by quantum
funnel effect. The second approach utilizesd¢oncept ob-i-n solar cell to create a graded

structure based on the wide band metal oxide semiconductor adyje material, PbS
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film as thep-type material and PbS/CdS film as the intrinsic material. Two scenarios were
considered: puttingp-type IS as the bottom layer or by forming an upright device
structure withp-type PbS on top. Botp-i-n device structure showed improvement over
their respective control devices of the same extended active layer thickness. However, the
upright structure gavené best performance due to a more highly dapé&ghbe material

and junction being closer to the illumination source. In both cases, it could be said that the
improvement in device performance even with thicker active layer comes from the stronger
internalelectric field created by the Fermnergy difference between theype material

and ptype PbS. The internal electric field increases the extent of drift transport and helps
to overcome the poor charge transport propertitéise®bS/CdS layer. Nevertlass, it has

to be acknowledged that the fill factor of devices are still relatively low (<0.50). For further

improvementin device performance, that has to be looked into.
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Chapter 71 Improving fill factor with P3HT as a hole

transport layer

This chapter presents the use of P3HT as a hole transport material for the purpose of
enhancing diffusive transport of charges in a solar cell device in an effort to reduce the
reliance of depletion width for photocunteextraction. Enhancechargeextradion due to

the balanced charge extractioate that minimises space charge builtamul theextra

charge selectivity imparted by the hole transport matasiahown tobenefit PbS CQD

solar cells in terms of improving fill factors. The approacheactgeve devices with high

fill factors includeoptimisation of hole transport materiahd understanding the effect of

hole transport layer inclusion viaptoelectronic characterisation. Mr Yujirbazawa
carried out all Kelvin probe measurements while Dr Haibo Jiang handled all secondary ion

mass spectrometry (SIMS) measurements.

7.1 Introduction

Chapter 5 examines the importance of surface defect passivation by introducing a core/shell
passivationstrategy in a bid to cut down recombination losses and to gainaoeit

voltage Vo). However, low defect concentration meant a lower carrier concentration,
resulting in poorer charge transport properties. Therefore in chapter 6, attempts were made
to circumvent the low defect density and intrinsic nature of PbS/CdS core/shell CQD by
incorporating them into devices with novel architectures and applying concepts which
aided in overcoming the poor charge transport properties of PbS/CdS CQEheYfe,

factor F) of all devices discussed so far is below 0.50. In this chdp&aimisto address

the issues of low fill factors by first understanding the mechanism leading to it armythen

exploiing the options forengineering the interface betwetde CQD layerand the top
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electrode to improve hole extraction. By addinguatablehole transport material, the
charge transportould be improvediue to a more balancdwle and electroextraction
rate at both electrodes, coupled with reduced me@mtact recombinatioby forming a
charge selective contaahd reduced shunt pathwagse to better interface morphology

between gold and PbS.

At voltages around the maximunowger point, charge transport by drift is very much
reduceddue to a reductiomidepletion widthgenerated at the heterojunctidince the
diffusion length of carriers in PbS systems are short (<100’finghifting from a drift
dominated to a diffusion dominated charge transport mechaasuts in poor fill factors

for devices thicker than the diffusion length due to more charges recombining before
extractio®. Figure 7-1 illustrates the concept of a diminishing depletion width at higher
forward biaswhichresuls in diffusion becomingthe dominant transport mechanisft.

the same time, unbalanced charge extratfiorauses space charte accumulate just
before the electrode, hence increasing recombination. AB@sitic resistance losses
arising from film inhomogeneitiexreateshunt pathway<®, andthere iscontact resistance
between the CQD film and metal electrfeAll theselead to lowFF. For further
efficiency enhancemenit could bepropose that CQD devices need to shift away from
relying principally on drifttransport and to look at ways to improséfusive charge

extraction’®,
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Figure 7-1. A diagram illustrating a solar cell that has poor carrier diffusion length (blue line)
versus one that has superior carridiffusion length (green line). When the solar cell is operating
at higher forward bias, carrier extraction drops because drift transport is limited (smaller depletion
width) and with lower carrier diffusion length, carries tends to recombine before egtraess

reflected by the lower photocurrent (position 2 of blue curve)

Even before the discussion on inserting a hole transport layer, the first step toward making
a device with highFF is the preparation of a orsep deposition PbS ink, derived using a
solution phase ligand exchange approadine benefit of a solutiephase ligand
exchanged CQD solutios discussed in section 3.2To prepare the orstep deposition

PbS ink, 1.3V PbSCQDsin octane with oleic acid as their native ligawdfirst subpcted

to a solution phase ligand exchange to yield iodideped PbS (henceforth termed PbS
lodide), which is finally dissolved in butylamine to a concentration of approximately
200mg/ml according to the procedure as described by &tirag’® (see section 4.2.5 for
more details). The iodide ligand is much smaller sterically as compared to native oleic acid
(OA) ligand, allowing the quantum dots to be much closer togefiilers of PbSlodide

are formed by spincoating 3000 rpm on a substrate and then annealit@ fatr®minutes.

The success of ligand exchange is showRigure 7-2, whee the retention of the exciton
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