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Abstract

This thesis examines the effect of lead sulphide (PbS) CQDs’ surface chemistry and interfaces to

their photovoltaic performance.

Using PbS CQDs as the starting material, cation-exchange was utilised to form PbS/CdS core/shell
CQDs, which were thoroughly characterised and the improved surface passivation was shown by
increased photoluminescence yield and lifetime. The core/shell CQDs were incorporated into a
ZnO/CQD heterojunction solar cell device and showed a substantial improvement of the mean
open-circuit voltage (Voc), 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 defect density due to better passivation confers lower carrier density in core/shell CQD
film. To take advantage of low defect concentration and to aid charge extraction, a 3 dimensional
guantum funnel concept was sought of by blending two populations of PbS/CdS CQDs of different
sizes. By incorporating a blend component within a heterojunction device, even when the device
thickness is beyond what is optimal for the depletion width and the diffusion length of the system,
high Vq is still maintained. In a separate study, a p-i-n device strategy was examined, and with this

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

Despite the improvements made to Vo by optimizing surface passivation, fill factors of the devices
are low. By using poly(3-hexylthiophene-2,5-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 increased p-type characteristic, thus
optimising hole transport. This beneficial oxidation process also makes the device air-stable. 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 5-4. Atomistic models, built up using Crystal Maker software, of (a) PbS and (b) PbS/CdS (0.1 nm
CdS) CQD. CQD models has a fixed diameter of 3.2 nm. Atomic coordinates of the models are
imported into the XRD simulation program ‘DISCUS’. 99

Figure 5-5. EDX map of (a) PbS CQDs (b) PbS/CdS (with 0.1nm CdS shell) CQDs 101

Figure 5-6. Raman spectrum of PbS/CdS versus PbS and CdS references. Peaks at ~140cm™ are not PbS
but signatures of oxidised PbS**® when exposed to the intense energy of the laser beam. #*CdS formed
from fine precipitates from the reaction between Cd(Ac), and Na;S. Signatures of CdS are ~300 cm™
(1LO) and ~600 cm™ (2LO). The PbS/CdS samples have a 0.1nm CdS shell thickness. 102

Figure 5-7. (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
photoluminescence decay graphs. Refer to Table 5-3 for fitting results. 103

Figure 5-8. (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), illustrating the extent of redshift of the
photoluminescence peaks. 105
Figure 5-9. (a) Photoluminescence decay curves of the same samples described in (a). Detection
wavelength for each decay curve is based on the peak emission shown in Figure 5-8. The curve fitting
are based on mono-exponential decay for OA samples and bi-exponential decay for EDT samples.
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Figure 5-10. Photoluminescence quantum yield results of PbS and PbS/CdS CQD in hexane solution,
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Figure 5-12. Current density versus voltage performance testing of best performing devices under dark and
AML.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 where light generated current equals the dark current and gives an estimate of the built in
potential of the device. Refer to Table 5-5. for a summary of the average performance statistics. 110
Figure 5-13. Current density versus voltage performance testing of best performing Schottky devices under
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Figure 5-14. Current density versus voltage performance testing of best performing devices under AM1.5
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Figure 5-15. (a) Open circuit voltage, (b) Reverse saturation current, (c) Series resistance, (d) Shunt
resistance versus thickness of CdsS 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. 115
Figure 5-16. 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 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 improving Voc. 116
Figure 5-17. (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 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
different halide ligand exchange treatments with EDT ligand exchange sample shown as reference.
Refer to Table 5-7 for the device performance statistics. 120
Figure 5-18. FTIR result showing signature peaks of bound oleic acid of (a) COO"and (b) C-H
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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 treatment over standalone halide treatment for ligand
exchange. Refer to Table 5-7 for the device performance statistics. 123
Figure 5-20. Schematic diagram illustrating the competing effect between radiative recombination and
electron-hole pair dissociation. Dissociation is aided by a lowering of energy barrier for transport, the
reduction of inter-particle spacing and also the band bending effect resulting from a heterojunction
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Figure 6-1. Device performance metric (a) Js, Voc, (b) FF and PCE of PbS/CdS — ZnO heterojunction
devices with different PbS/CdS layer thickness. Ligand used is kept consistent as Br + EDT. 129
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 air-ambient, kept away from illumination, for a month before XPS

measurement. XPS measurement and analysis is done by Ms Phillipa Clark. 131
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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 compared to PbS CQD film. 132
Figure 6-4. (a) Low magnification and (b) high magnification TEM images of 1.2 eV and 1.4 eV PbS/CdS
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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. 136
Figure 6-6. PL spectrum of (a) PbS blends and 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
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Figure 6-8. (a) J-V 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
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Figure 6-10. (a) Open-circuit voltage and (b) reverse saturation current of devices fabricated with n-type
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Figure 6-11. An illustration of mini band formation of pure phase PbS, the bimodal PbS blend and the
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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 point, of a (c) bilayer device and (d) blend
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Figure 6-13. (a) Fill factor recorded for devices fabricated with n-type ZnO layer on top of PbS/CdS CQDs

and blends with various architectures. The total thickness 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 the champion cell made with this architecture. (c) Band alignment diagram of the
champion device. 145
Figure 6-14. Diagram illustrating device structures, (a) PbS/CdS-ZnO heterojunction, (b) PbS-PbS/CdS-
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Figure 7-2. UV-Vis spectrum of PbS CQD before and after solution phase ligand exchange. The redshift of
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Figure 7-3. PL quenching experiments with the various hole transport materials on PbS-lodide film, namely
(a) PEDOT:PSS (b) SPIRO OMeTAD (c) P3HT. 165
Figure 7-4. (a) Schematic representation of solar cell device architecture containing P3HT as hole transport
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are taken from references 1, 78 185 respectively). Control samples exclude the P3HT layer. 165
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Figure 7-5. J-V curves of the best devices with different hole transport material/interfaces. PbS-lodide
curve represents the sample with no hole transport material added. 167
Figure 7-6. 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 7-7. Energy level diagram and position of Fermi level of the PbS active layer and P3HT as measured
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Figure 7-15. (a) Intensity dependent short-circuit 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 (£ 0.01) for PbS-lodide, a=0.98 + 0.03 for PbS-lodide/P3HT and a3=0.95 + 0.05 for PbS-
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(error bars) and the average (data point) were calculated from a sample of 9 devices on 3 separate
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Chapter 1 — Introduction

1.1 Harnessing solar energy

The sun is a constant source of blackbody radiation at 5800K: it provides about 1.74 x 10’
W to the Earth’s upper atmosphere! with an average intensity of 1366 Wm2, known as the
solar constant? (or Air mass zero (AM 0)). On the terrestrial level, this value is reduced to
around 1000 Wm by atmospheric light absorption and scattering, which is set as a
standard for solar cell performance testing (or AM 1.5G)? (see Figure 1-1). Contrary to
popular belief, as compared to many other energy sources, photovoltaics require relatively
little space to create power. To put things into perspective, with current technology only
about 0.4 % worth of the earth’s surface fitted with solar panels would be required to
generate all the energy (be it transportation, buildings, industry, electricity, etc.) consumed
by the whole planet*. Despite temporal/seasonal changes and intermittency due to
weather/cloud cover, solar radiance is a rather equally distributed energy resource — all
inhabited parts of the world have access to sunlight® whereas for fossil fuels and other

extractive energy resources, this is not the case.
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Figure 1-1. Solar spectrum irradiance as taken just outside Earth’s atmosphere (AM 0), global
averaged terrestrial data (AM 1.5G) and a blackbody approximation of the sun using the sun’s

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

Q) Solar thermal collection. This is the most conventional way of using solar
energy. Usage can be in the form of heating water, solar air-conditioning and
even cooking, just to name a few.

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

(iii)  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 non-electrical analogue to electrolysis of water. The hydrogen produced

can be then use as a clean fuel.

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 CO emission’ (see Figure 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, the average cost per installed watt of
photovoltaics has dropped from $7.50/watt in 20098 to $4.44/watt in 2012 and in 2011

alone, the cost per installed watt declined 17.4 %°.

18 000 Primary energy demand:

— MO Scenario
15000 // 450 Scenario

C0; emissions (right axis):

Mtoe

12 Q00

=== [MDL SCenario
450 Scenaria
9 000 pmmEEm————— 36 i)
£ Q00 24
3000 12
1950 2000 2010 2020 2030

Mote: kitoe = million tonnes of oil equivalent; Gt = gigatonnes.

Figure 1-2. The global trend and projection of energy demands and CO; emissions. INDC Scenario
represents Intended Nationally Determined Contributions (INDCs) submitted by governments the
different countries while 450 Scenario 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

reference’.
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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 source. This might
explain why the current global energy production from photovoltaics is dwarfed by
conventional fossil fuel sources (see Figure 1-3(b)). Therefore, there is still an urgent

motivation to drive prices of photovoltaics further down before it can be widely adopted.
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Figure 1-3. (a) Averaged levelised cost estimated for the year 2015 in US alone'°. (b) World energy

consumption distinguished by source, a global estimate of the year 2013, obtained from reference®!.

As of today, solar cell technology can by classified into three generations:

(N 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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(1) Second generation - Thin film solar cell represents the next wave of technology
that sees the possibility of bringing down the cost of photovoltaics by lowering
material usage and manufacturing costs. This class includes amorphous silicon,
cadmium telluride and copper indium gallium sulphide/selenide solar cells.

(iii)  Emerging thin film technologies- The 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 attractive. The
promise of cheaper material and manufacturing cost makes them the predicted
highest efficiency to cost ratio group of solar cells (see Figure 1-4(a)). Many of
them can be solution-processed and can be fabricated on curved or flexible
substrates — their versatility leads to a spectrum of applications, right from very
specialised usage, like in the military, where portability is a key factor, to house
hold/personal usage. Most of these technologies are still not available in the
market but huge focus is placed on its research for device improvement, stability

and scalability. PbS CQD solar cells fall under this category.
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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 achieved at a lower 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 next-generation technologies the goal is to reach 0.03-0.05 $/kWh, denoted by the
blue shaded region. Graph obtained from reference?. (b) The market share of the various PV
technologies. Mono, multi and ribbon-Si can be classified as the first generation solar cell and thin

film as the second generation. Data adapted from reference®®

The current market share is dominated by the first generation solar cells (see Figure 1-4(b)).
As of today, silicon and commercial thin film technologies far outperform the next
generation technologies. However, with on-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 for the 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
candidate: Low temperature and easy fabrication procedures drive the manufacturing costs
down, and solution processing offers easy mass production approaches like ink jet printing,
spray coating** and roll to roll fabrication®®, 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 spectrum?®. Also, there are many other quantum mechanical
phenomena, like multiple exciton generation and hot electron collection, which present the

possibility of breaking the Shockley—Queisser limit with a single junction solar cell*"18,

Rapid advances in materials processing and device physics have driven impressive

performance progress. Since PbS CQDs were first integrated into solar cell devices?®, they
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have made remarkable improvements from a modest sub 1% to the current record of 9.9 %
power conversion efficiency®® in a span of 10 years. However, the potential of this
technology is still masked by the difficulty of controlling surface defects and the lack of
complete understanding of charge transport within a system of colloidal quantum dots??,
To elucidate the issue, a careful study of the intricate nature of charge transport processes
and a deeper understanding of the 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 open-circuit voltages
(Voc) and fill factors (FF). The goal of this thesis is to tackle these issues by focusing on
two aspects of materials chemistry- the surface passivation of CQDs and the interface
material between the CQD film and the electrodes. The following questions will be

addressed:

Q) Whether Vo could be improved by better surface passivation and defect mediation
of PbS because of lower trap-related non radiative recombination and whether this
passivation can be conferred by using a core/shell CQD strategy?

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

(iii)  Can the fill factor of CQD solar cell devices be improved by shifting away from
relying too much on the depletion width and therefore, looking into enhancing
diffusive transport? Is it possible to aid 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 background on solar cells as well as
quantum 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, characterisation and device fabrication
as applied in the next few chapters. Chapter 5 encompasses the experimental results of
synthesising and characterising PbS/CdS core/shell CQDs and eventually, the report of the
performance of PbS/CdS core/shell devices with an inverted heterojunction structure of
ITO-PEDOT:PSS-CQD-ZnO-Al device structure with the focus on optimising the shell
thickness and ligand treatment. Chapter 6 explores utilising PbS/CdS core/shell in non-
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, for an improved device
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 2 — Solar cells and the colloidal quantum dot

2.1 The colloidal quantum dot

A quantum dot is a nanocrystal - a 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 determined by the energy
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 varies between different
materials. At such small dimensions, the ratio of surface atoms to bulk atoms becomes
significant. Due to the abrupt termination to the crystal structure, the surface atoms are
associated with dangling bonds which results in defect states. These 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 the difference 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, the choice 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 them soluble in the medium of synthesis.

High quality CQDs are often produced by the hot-injection method, which was pioneered
by Murray et al.??, and CQDs obtained from this method are capable of reaching near
monodispersity (size variation as small as 5 %). The importance of a small size variation

for optimum electronic properties will be explained in a later section. The hot-injection
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method relies on the rapid introduction of the anionic precursor into a hot mixture of the
metal precursor and surfactant. A typical setup for the lab-scale synthesis of CQDs by the
hot-injection approach is shown in Figure 2-2(a). The mechanism of the hot-injection
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 degree of 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 surfactant (ligand)
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 as growth carries 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 remains, enabling their solubility in 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 in Figure 2-2(b) and (c), the background absorption is first removed from the
experimentally obtained absorption curve by comparing it with the absorption curve of the
sample holder containing the solvent but without the CQD, and next, the curve is converted
to an energy axis instead of wavelengths. A Gaussian peak fit is then applied to the resultant
peak, also known as the exciton peak, where the peak position is the mean band gap (and
can be converted to CQD size) and standard deviation, o, gives us information about the
size dispersity in the CQD population. To calculate the diameter of PbS CQD, an empirical

relation formulated by Moreels et al. is used?®:
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E; = 0.41 + (0.0252d? + 0.283d)™* Equation 2-1

where Eg is the band gap of the PbS CQD in eV as determined by the exciton peak in the

absorption spectrum and d is the diameter of particle in nm.
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Figure 2-2. (a) Atypical Schlenk line set up used for the synthesis of CQD by hot injection approach.
(b) Absorbance curve obtained from UV-Vis-NIR absorption spectroscopy on a particular batch of
PbS CQD sample. (c) The same curve with baseline subtracted, axis converted and peak fitted to a

Gaussian distribution.

At the synthesis stage, long-chain, bulky, ligands are usually used to ensure maximum
colloidal stability. However, when they are dispensed onto 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.
Therefore, 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 proximity will be
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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 represented by the AM
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 infrared region of the spectrum. The composition
of the solar radiation consists of approximately 50% infrared, 40% visible, and 10% in the
ultraviolet portions of the electromagnetic spectrum®. For a semiconductor, only photons
of energy equal or greater 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 single junction, the size of the band gap determines how efficiently
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 lower maximum possible device Voc. 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 Shockley—Queisser limit?* (see Figure 2-3(a)). Nevertheless,
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 spectrum. Figure 2-3(b) illustrates this point.
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Figure 2-3. (a) The solar spectrum - showing the effect of Shockley—Queisser limit on 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 reference!® (b) 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. Figure obtained from reference®®.

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 individual exciton
wavefunctions associated with each dot could overlap to form a “band”. This concept
allows us to simplify our understanding and serves as a basis from which electronic
properties of a CQD solid could be examined and correlate to device performance.
Further, using this approach allows the emulation of existing technologies of silicon and
other bulk material solar cells and to adopt similar architectures, for example a p-n
junction solar cell and Schottky solar cell, but with the bulk materials replaced with
quantum dot films (see Figure 2-4(a)) . With a sequential reference to a simple p-n
junction presented in Figure 2-4(b), the photovoltaic action could be briefly described as

follows:

37



(1) Upon absorption of incident photons with energy larger than the band-gap of the

active material, electron-hole pairs are created.

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

neutral regions.

(3) The depletion region is a result of charge and Fermi-energy equilibrium between a p
and n type semiconductor, leading to band-bending and giving rise to the built-in

potential and electric field.

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

their respective 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

non-radiative processes before they can be successfully extracted.
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Figure 2-4. (a) Top: A diagram depicting a p-n junction solar cell made up of p-type and n-type

CQD films sandwiched between a metal electrode and a transparent conducting oxide (TCO).

38



Bottom: A cross-section 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. Fp, and F, refers to the quasi-Fermi energy level of

the p-type and n-type semiconductor material respectively.

The depletion width, W, of a p-n junction is dependent primarily on the doping densities of

the p and n type material and is given by:

W = \[zsqﬂ (NA+ND)(VDL- -V) Equation 2-2

NaNp

where Na and Np are the doping densities of the p and n type material respectively, q is the
elementary charge, &r is the dielectric constant and &, is the permittivity of free space. Vi
is the built in potential, determined by the Fermi level positions of the p and n type material,

Fp and Fn by:
Vyi =—— Equation 2-3

2.2.3 Characterisations of solar cells

2.2.3.1 Current-voltage analysis
The power conversion efficiency, n, of a photovoltaic device is determined by the ratio of
maximum area-normalized electrical output power over the intensity of incident light. This

is given by:

n = Vin " Jm — Voc “Jsc 'FF Equation 2-4

Iin Iin

where Vi and Jn are the voltage and current density at the maximum power point, lin is
the incident light intensity, Voc is the open-circuit voltage, Jsc is the short-circuit current

density and FF is the fill factor.
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Figure 2-5. A typical experimental result showing current density-voltage response of a solar cell

in dark and illuminated conditions.

These performance indices that determine the overall device efficiency can be collated via
a simple current density-voltage trace as shown in Figure 2-5. Js is the maximum number
of photogenerated carriers per unit area that are extracted from the solar cell and depends
on the incident light intensity, the total photon absorption by the active regions of the solar
cell and any recombination losses prior to extraction. The Vo is the maximum potential
difference that a solar cell can generate which results from the difference between the
quasi-Fermi level of the n-type and p-type material. The band gap of the active material
and trap states which result in non-radiative recombination affects Voc. FF indicates the
quality of current-voltage characteristics and it depends on the ability of charges to reach
the electrodes which is governed by recombination processes. The maximum power point,

Pmax, and the “squareness” of the J-V graph determines FF and it is given by:

FF - Pmax — Vm]m

= = Equation 2-5
VOC]SC VOC]SC
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The concept of fill factor will be reinforced in chapter 7.

2.2.3.2 External quantum efficiency (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 generating an electron-
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 discrete wavelengths against the absorption profile provides more
details on charge collection efficacy across the device. EQE takes into account the effect
of optical loss processes such as transmission and reflection. The short-circuit current
density generated by the solar cell can also be calculated using EQE by?®:

Equation 2-6
Jie = 0 [ b (BIEQEE)IE

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

the range of E to E + dE and q is 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 film is 1.33 eV (930 nm in wavelengths). The higher wavelength peak corresponds to the
exciton peak absorption of the PbS and the shorter wavelength is the second order exciton peak,
which is higher because the higher energy excitons, that 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

The characteristic operation of a solar cell can be approximated as a current 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 a reverse
current caused by the potential built-up under load. This reverse current is also known as

the dark current and it is given by:

qV
Jaark(V) = Jo(enkT — 1) Equation 2-7

where Jo is the reverse saturation current density and it a measure of carrier recombination
in the diode, q is the elementary charge, V is the voltage between the cell terminals, k is the

Boltzmann constant and T is temperature. n is the diode ideality factor which is dependent
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on recombination mechanism. n = 1 if recombination is band to band and only limited by
the minority carriers, while n = 2 if it occurs in the depletion region and both carriers limit
recombination®. The superposition principle then gives the total current density from a

solar cell device under illumination to be:

qv
JV) = Joe — Jo(enkt — 1) Equation 2-8
At open-circuits conditions, V= Vo and J = 0. Rearranging the equation gives:

KT KT .
Ve = — Infscto o KTy Jse Equation 2-9
q Jo q Jo

This highlights the relationship between open-circuit voltage and reverse saturation current
density Jo. To improve Vo, carrier recombination in the quasi-neutral region should be kept
low and this corresponds to a highly rectifying diode-like characteristic in the dark.
However, one must proceed with caution when applying these diode models to colloidal
quantum dots solar cells because these are developed based on conventional p-n junction

solar cells.

Nevertheless, for real solar cell devices, considerations must be given to parasitic series
resistance Rs and shunt resistance Rsh. The following equation shows the modification made

when parasitic resistances have been taken into account:

](V) =Jsc = Jo (e( nkT Rep

q(V+IRg)
) - 1) _ R Equation 2-10

The series resistance Rs reduces Jsc and overall output current, while the shunt resistance
Rsh reduces the Voc. Rs is closely related to carrier transport resistance, while Rs is linked

to shunt paths and carrier recombination loss. More importantly, FF is also related to Rs
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and Rsh. A lower Rs and a larger Rsh leads to a larger FF, with a concomitant improvement
to Voc and Jsc, and hence better power conversion efficiency, #. For PbS CQD solar cells,

devices are often limited by lower Voc and FF 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 material of thickness 1 um, an absorption coefficient at the band gap in the
order of 10* cm™ (more exactly: 2.3 x 10* cm?) is required to absorb 90% of incident
photons at the band gap of CQDs assuming no reflection losses®®. If the thickness were
increased for greater optical depth so as to ensure complete photon absorption, there could
be a drop in charge collection efficiency because charge carriers are prone to be lost through
recombination if the lifetime is shorter than their transit time. 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 mobility x, which can
be thought of as the velocity of the charge carrier under the influence of an electric field.

Together, mobility 4, electric field E and lifetime t are related by drift length, Larit, as in:
Larise = RET Equation 2-11
Diffusion, on the other hand, is characterised by the diffusion length, Laif, as in:

Lgisr = VD1 Equation 2-12

where D is the diffusivity and is governed by the Einstein relation:
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D ,
- = — Equation 2-13
u

The sum of drift and diffusion lengths gives an approximation as to how thick the active
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 requires controlled 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 that are 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 detrimental: although they lower the mobility of carriers non-
radiative recombinations are less likely to happen as trapped carriers can acquire energy
easily again to be re-excited into conduction/valence band. An example pertaining to PbS
CQD is described by Tang et 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 without compromising 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 transport phenomena 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 Mott?’, Efros, Shklovskii?®2° and others,
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but these early theories have only been experimentally verified on CQD films available at
those times, that are highly disordered by today’s standards— due 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 transport theories.

Broadly, there are two major proposed mechanisms. The first (Figure 2-7(a)) is termed
hopping, by which the charge conductivity derived follows an Arrhenius type dependency.
Mott introduced “Variable Range Hopping” (Mott-VRH)?’ to describe a low temperature
regime of conduction in strongly disordered systems with localized states®®. Nearest
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 conduction. Efros-
Shklovskii variable range hopping (ES-VRH) was later developed? and takes into account

the Coulomb gap and charging energy.
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Figure 2-7. (a) Diagram showing nearest neighbour hop and a long range hop - further distance

but with a similar energy level. (b) Tunnelling in the direction favoured by the direction of internal

46



electric field. (c) The idea of coupling between neighbouring CQDs. The extent of wavefunction

overlap is dependent on barrier height and interparticle spacing.

The second mechanism is tunnelling (Figure 2-7(b)) and unlike hopping, it is temperature-
independent. The concept of tunnelling for quantum transport requires the understanding
of coupling energy S, between two neighbouring CQDs (Figure 2-7(c)). Coupling energy
describes the extent to which wave functions of neighbouring states overlaps and hence,
the extent of exciton delocalisation®33, It is given by:

B=I7h Equation 2-14

where h is Planck’s constant and 7" is the tunnelling rate, which can be approximated as

in3*:

I'=exp {-2:2m*AE/ %2) Y2 -Ax} Equation 2-15

where m* is the carrier effective mass, and AE and Ax are the height and thickness of the
tunnelling barrier. It is apparent that coupling and eventually tunnelling rate, decreases

exponentially with nearest neighbour distance Ax.

2.3.3 Factors affecting transport

From the transport mechanisms, it is evident 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 CQDs. Another crucial
element is energy disorder (Aa). Absolute monodispersity in nanocrystal size is virtually
impossible to achieve. Even with current synthesis techniques which allow for dispersion
to within a single atomic layer®®, this amounts to a standard deviation of a few percent. Size
distribution results in the finite dispersion of the orbital energies @, due to quantum
confinement that, scales approximately with 1/r?, with r as the radius of particle®. This

leads to a finite disorder of Aa/a. = 2Ar/r in site energies. The smaller the disorder, the
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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 distribution of individual

CQDs.

The last factor is charging energy Ec, which is also referred to as the self-capacitance®’. In
its simplest form for spherical particles, charging energy is inversely related to the radius r

and the permittivity ¢ of the surrounding medium, and proportional to the square of charge

e, as given by:
E. = 4;; Equation 2-16
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Figure 2-8. A schematic diagram explaining the Coulomb Blockade 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 small, Ec becomes significant. In an array of weakly coupled CQDs, the
charging energy creates the Coulomb energy gap 4 = 2E., which quashes conduction
undern low-bias . This effect is known as the Coulomb blockade®® (Figure 2-8). For

effective charge delocalisation to occur, the coupling energy S must be greater than Ec.
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Using Equation 2-15, keeping the size of quantum dot fixed, the only way to improve
charge delocalization 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 exchange. Figure 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

reference®

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 wavelengths 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 makes them a group of very versatile materials and their band gap tunability
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provides opportunity for creating multi-junction/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 well-established quantum dot material in terms of
device performance as processing technologies. PbS CQDs prepared by the hot injection
route have been shown to possess a long-term photophysical stability of over four months
of storage in a freezer (-20 °C) without any inert gas protection®’. In 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 in solar 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 knowledge of ligand chemistry and surface
treatment of quantum dots was limited. As such, the transport properties of PbS CQDs were
limited and therefore early efforts of utilizing PbS CQD in solar cells were restricted to the
role of light absorber, producing photogenerated charges that are then passed to a polymer
matrix in the case of PbS:polymer blends or acting as a sensitizer on a mesoporous wide
band oxide like titania (Figure 2-10(a) and (b)). In both cases, PbS CQD were exploited
for light harvesting properties while the device architecture aids in accommodating its poor

charge transport properties. However, in the last 10 years or so, there has been a tremendous
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improvement in quantum dot film processing, 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 processes have to take place: Charge
generation from light absorption and the process of separating, transporting and extracting
photogenerated electron-hole pairs. From a device standpoint, higher power conversion
efficiencies imply a need for improved FF and improved Vo (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 the progress of PbS solar cell

technology in the aspects of synthesis, surface chemistry and device making.
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Chapter 3 — 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 dot to dot and
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 devices that a standard
deviation of 150 meV or less is optimal for device performance*, which is very much

achievable by current synthetic approaches.

The most common method to produce photovoltaic quality PbS CQD to date is the hot-
injection protocol developed by Hines and Scholes*. This method is very precise and
reproducible, as shown by Zhang et al*®. Although PbS CQD synthesis protocol is confined
to the laboratory scale, Pan et al. have recently demonstrated that it is possible to modify
this procedure to a dual stage batch process which accommodates a large scale PbS CQD
production without any compromise to quality*4. Other research efforts have been geared
towards avoiding the highly reactive and potentially dangerous sulphur precursor, bis(tri-

methylsilyl) sulphide ((TMS).S), and instead relied on elemental sulphur®-47.

Nevertheless, despite the high level of monodispersity achieved, to date, the Vo of PbS
CQD devices is limited to below half its band gap value*®. Zhitomirsky et al. argued that

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

performances.

3.1.2 Size control and size effect

On another front, there was a better understanding of the size effect on PbS CQD chemical
stability. Intriguingly, PbS CQD’s stability***° has been found to vary with its size®.
While often portrayed as solid spheres, nanocrystals actually have a highly faceted structure,
inherently owing to their 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 are more faceted and they include exposed {111} facets consisting of
sulphur anions not protected by common ligands like thiol and carboxyl-terminated 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 possible by X-ray Photoelectron Spectroscopy
(XPS), which shows the distinction between large and small PbS CQDs: PbSO3 is the main
oxidation product for small PbS CQDs, which gives a shallow trap state of 0.1 eV 523
while that of large PbS CQDs is PbSOa, constituting a deeper midgap state, responsible
for performance degradation*®. These observations were further corroborated by Choi et al.
as he synthesised batches of PbS CQD with diameters ranging from 1.5 nm to 7.5 nm and
studied their composition, stability against oxidation, and shape evolution as size
decreases® (Figure 3-1(b)). Furthermore, the stability of CQDs were characterized by the
extent of blue-shifts of the PbS excitonic absorption peaks, which was attributed to surface
oxidation®>®, and this was shown to increase with decreasing PbS CQD size (Figure

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 showing the 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 size-dependent stability of PbS CQD to oxidation. The extent of the peak
shift represents the amount of oxide shell formed on the PbS CQDs. (b) and (c) are reproduced

from reference®.

Therefore, the implication is that, in principle, the stability of a CQD and its surface
passivation could be managed with materials engineering. Vulnerable crystal facets 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 counterproductive (see Figure 3-2).
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Choi et al. and Yoon et al. both independently showed that Schottky solar cell devices with
smaller PbS do give higher Vo due to the increasing band gap®”°8, however, with increasing
band gap (or decreasing PbS CQD size) the Jsc decreases due to (i) less light being absorbed
and (i) higher series resistance due to greater number of inter-QD hops that carrier has to
make to travel across the same QD film thickness. Choi et al. 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 below®*. 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 experimental Vo, theoretical Vo
(limited by maximum of Js) and thermodynamical V.. Graph and insert shows that it is unwise to
gain Vo by increasing band gap for the gain in Vo is limited while the higher band gap suffers a

loss in Js.. Figure reproduced from reference®.
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3.1.3 In-situ surface treatment

Yet another less common PbS CQD synthesis method is one that utilises a lead chloride
source and this technique was first developed by Cademartiri and Ozin*®. Moreels et al.
later showed that this method could be adapted to produce PbS size ranges that the Hines
and Scholes’ protocol is capable of*’. A further step was taken by Zhang et al. who studied
the effect of using different lead halides for synthesis and they showed that the halide atoms
are incorporated onto the synthesised PbS CQD®°. Especially for the case of chlorides, the
PbS product gave higher PL yield. They further report incorporating the as-synthesised PbS
CQDs into devices, which gave better device performances and higher stability as
compared to 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 by Ip et al., 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 reach trap sites
that are not easily reached by bulkier organic ligands (Figure 3-3(a), (0))%°. 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 passivation®-%3, Recent works
from Zhang et al. followed by Crisp et 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 to lead selenide) cation exchange synthesis procedure®®%, It 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 made from the as synthesised
CQD showed better device performance and stability (Figure 3-3). In the following section,

passivation is discussed at the device processing level.
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Figure 3-3. (a) Pictorial representation of the hybrid passivation. Chlorine atoms were introduced
at the synthesis stage while oleic acid is replaced by MPA at the film fabrication stage. Chlorine
atoms are able to passivate “trenches” that are hard to reach. (b) Graph indicating better trap
passivation by using a hybrid ligand exchange strategy. (c) The 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) Cation-exchanged PbSe (from CdSe) showing remarkable performance and
stability and this same strategy was used for PbS solar cells®?. (a) and (b) are obtained from

reference®® while (c) is from® and (d) is from®,

3.2 Progress in surface ligand chemistry and CQD film processing

3.2.1 The ligand 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 synthesis needs to be replaced by smaller ones so as to
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improve the conductivity of CQD film. There are two general approaches in which ligands
can be substituted and they are pictorially illustrated in Figure 3-4. The first approach
(Figure 3-4(a)) is termed solid-state ligand exchange and involves replacing the native
ligands only after casting the CQD film. The second approach (Figure 3-4(b)) is termed
solution-phase ligand exchange and it involves swapping the long native ligands for shorter

ones while the CQDs are still suspended in a solution.
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Figure 3-4. Pictorial representation of the ligand exchange approaches: (a) solid state ligand

exchange (b) solution 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 of CQD 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 significant volume shrinkage, resulting in macro defects
such as cracks and voids. This is remedied by using a layer-by-layer approach — the process
of film deposition and ligand exchange is repeated several times until the desired thickness

is achieved, with each new layer filling in the voids of the previous layers. This layer- by-
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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 times®>°®,

While this technique seems attractive, it is dependent on exchange kinetics and in certain
cases the exchange rate is slow. As an example from Tang et al., 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, they showed
that this would ensure complete exchange before the next layer of CQD is deposited®’.
While this technique is relatively reproducible in laboratory conditions, its scalability is
questionable. For example, in a roll-to-roll production line, a layer-by-layer approach

would be time consuming and costly (Figure 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 layers could be reduced as voids would less likely be formed and this would
lead to lesser material wastage compared to a layer-by-layer procedure (Figure 3-5(a), (b)).
Unfortunately, this procedure has its 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 with solution purity, inertness of the
environment and temperature, especially with long exchange times, to avoid unwanted
oxidation or contamination. Also, these small ligands are labile, and might be lost during
the coating process, forming new defects and energetic disorder. One of the first few
examples of using this approach is a work done by Johnston et al., in which oleic acid was
swapped for butylamine in PbS CQD®8. The exchanged PbS CQD is re-dispersed in toluene,
which is used to fabricate a Schottky junction solar cell. The device gave an AM1.5

efficiency of 1.8 % and a monochromatic efficiency on 4.2 % at 975 nm with a 12 mW/cm?

59



intensity. However, it was reported that the devices were stable for only 4 hours and were
completely degraded when left out in ambient air for a day. There have been various
solution phase ligand exchange procedures reported since then, with metal chalcogenide
complexes, chalcogenides, metal halides and even psuedohalides as the exchanging ligands
but these studies have no reports of using the exchanged PbS CQD for solar cell devices.
A significant milestone was reached when Fischer et al. reported the use of thioglycerol as
a ligand®®. PbS CQD was successfully transferred from the octane phase to dimethyl
sulphoxide (DMSO) phase and then was separated and used for solar cell device fabrication.
However, due the low volatility of DMSO, a non-conventional CQD film casting method
was used and it requires mild heating under low pressure condition 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 direct one-step deposited PbS could result in a working
solar cell device.
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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 exchanged- CQD solution. (c) A
PbS CQD model depicting iodide ligands 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 aggregation 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 exchanged PbS CQD. (a), (b)

are figures adapted from reference®® while (c)-(e) are obtained from reference’.

A huge progress was made recently, where iodine was used as a passivating ligand.
Introduced as methylammonium iodide, PbS CQD was transferred into dimethylformamide
(DMF) solvent as stabilized by iodide ligand”. This exchanged-PbS was cleaned and then
re-dissolved in butylamine to give a highly concentrated volatile colloid which could be
deposited by spin coating. Device fabrication was not only simplified but devices were air-
stable and the best devices were reported gave a power conversion efficiency of 6.1 %

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

3.2.2 Types of ligand

The most obvious intention for employing ligand exchange is to decrease the inter CQD
distances, thereby improving charge mobility. Talapin et al. investigated the effect of
swapping oleic acid ligands for hydrazine on PbSe CQD film, showing experimental
evidence of the reduction of interparticle spacing and a 10-fold increase in conductance,
measured from FET experiments’t. Similarly, Guyot-Sionnest et al. showed that by
replacing trioctylphosphine oxide ligands with 1,4-phenylenediamine, cadmium selenide

CQD’s conductivity by three orders of magnitude’2. Furthermore, Liu et al. showed a direct
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experimental observation of ligand length to carrier mobility in lead selenide (PbSe)

nanocrystal solids’ and this is illustrated in Figure 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 reference’.

Bi-functional ligands are one of 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 that they could only be used in a solid state exchange
process because applying them in solution causes the CQDs to aggregate. Also, the process
generates voids in the film as the exchange of long ligands for shorter ones creates huge
volume shrinkage, thus necessitating a layer-by-layer film formation approach.

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

solar cell devices®®6,
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Table 3-1. Classification of ligands used for the stabilization and passivation of CQDs as reported

in the literature.

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

phosphine repulsion insulating with 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 mw/cm? at 1 um)

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 (MAPDI5)

(Sn2Se)* CQDs in a matrix of a

-Halometalate second metal

complexes like halide/chalcogenide phase

Pbls" and CdBrs
Small -Psuedohalides -Reduces inter CQD 8.9 % with 65
molecules, like SCN distances tetrabutylammonium
atomic -Halides like I -Small size allows iodide (TBAI)
ligands extensive passivation

Ligand length is not the only consideration for ligand choice but 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, another direction 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 co-workers’®"8, These inorganic ligands are small in nature
and they are electrically charged. While traditional bulky organic chain-ligands render
colloidal stability to CQDs in solutions via steric hindrance, metal complexes, being
electrically charged, confer CQD 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 carrier 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 formed’®. Despite their
promising attributes, metal complex-capped PbS CQDs were not used 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 complex’™.

The last class of ligand studied comprises of small molecules or even atoms. 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 from OH", administered as tetramethyl
ammonium hydroxide, which was found to increase the p-type’® character of PbS but
notably increase trap density®°. Recent work has shown the use of thiocyanate ligand but it
does not show any improvement over conventional cross linking ligands like MPA or
EDT®2. The advent of using halides as ligands came towards the end of 2011 in a notable
work published by Tang et al., which involves using bromine atoms as surface ligands 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 efficiency recorded for CQD solar cells at the
time of publication. Attention then spread across the other halogens and most notably the

use of iodine. lIodine ligand exchange has led to the formation of “n-type” PbS films,
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imparted remarkable air stability and is responsible for some of the highest efficiencies
recorded for PbS solar cells at the time of publication®®®. 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 mid-gap states are eliminated. Other than passivating the surface, the ligand
alters the optoelectronic properties of a quantum dot. Even with similar size/length,
different atoms/molecular group may induce different properties - ligands 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 would greatly 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 quantum dot®!
and therefore, they would affect the resultant distribution of energy levels and might affect
the doping levels of the quantum dot®2#3, Other than the sulphur and lead composition in
PbS, incorporating other elemental species, for example, different halides (CI, Br, 1) as
ligands, gave a different extent of doping, as reflected by the PbS CQD film carrier
concentration®®84 The notion that PbS CQD film is p-type has always been widely
accepted till reports of the use of halide ligands on PbS CQD were made. Field effect
transistor (FET) measurement of halide exchanged-PbS CQD films®®° and successful
fabrication of PbS “p-n” junction devices’®#48 hoth gave evidence of PbS CQD films

displaying n-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 on stoichiometry balance in a quantum dot — for exact
stoichiometry, complete filling of the valence orbitals resembles a closed electronic shell
configuration and results in an intrinsic material. For the off-stoichiometry case, an excess
of electrons populates the conduction band and results in n-type doping, while a lack of
electrons and incomplete filling of the valence band results in p-type doping. As an example,
for PbS, when instead iodine substitutes for sulphur, to maintain charge neutrality, this
corresponds to an extra electron in the conduction band, that is, n-type doping. This
framework was dubbed as “charge-orbital balance” and was formalised by Voznyy et al.
as a method to predict doping in colloidal quantum dots®’. The second hypothesis involves
surface-induced dipoles of the ligand species on quantum dot and therefore, invoking a
change in absolute energy levels of the quantum dot. Brown et al. used 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 moments®. This set of experiments is crucial in showing
that PbS energy levels are easily modified — either 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 valence or conduction 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 understanding 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 sections, a review was given on how PbS CQD solar cells have been
improved from a fundamental level, which is by augmenting the active material itself —
PbS CQD. The surface chemistry and CQD’s size/composition has a huge effect on the
optoelectronic properties of a CQD film and that, in principle, 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 macro — the device structure
itself. Improvements made to CQD solar cell performance via a device architectural change
are reviewed, along with a focus on material choices and interfaces. Some of the device

architectures illustrated in Figure 3-7 would be discussed in this section.
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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 architectures that
will be discussed, the Schottky junction solar cell has the simplest structure: It consists of
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 p-type PbS CQD film while the transparent conductor (like
indium doped tin oxide (ITO)), having a deeper work function, forms an ohmic contact
with PbS CQD film (See Figure 3-8). Band bending occurs at the interface between the
metal and the semiconductor, setting up a Schottky barrier (@oarrier) and a built-in potential
(@buitt-in) With height of magnitude determined by the difference between the p-type PbS

and metal work function. This built-in potential sets an upper limit to the Vo of the device.
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<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 like aluminium.

The efficiency of the Schottky junction solar cell is limited by a few factors. Firstly, the
metal-semiconductor interface generates interface states which in many instances, pin the
Fermi level of the devices to these interface states. This limits the actual barrier height and
hence, the eventual Vo of the device®®®°. Furthermore, since carrier extraction is most
efficient when active layer thickness is the sum of the depletion width and carrier diffusion
length®, the limited depletion width as a result of limited bending at the Schottky junction
limits the optimal thickness of PbS film and restricts the Jsc of the device. Bend bending is
limited because of Fermi-level pinning effect induced by the presence of
metal/semiconductor interface states. Secondly, depending on the reactivity and how labile

are the ligands of PbS CQD, they might be prone to react with electrode metals®®. Thirdly,
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the PbS CQD Schottky junction devices usually suffers from a low fill factor (FF) (40 %
or even lower) since the only material that lies between the 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 resistance and FF of the solar cell.

Nevertheless, there are several notable milestones 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) interface layer of lithium fluoride (LiF) between the CQD film
and the metal electrode® !, This was shown to improve Vo and FF of devices, as well as
the stability 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 reducing the Fermi level pinning effect. Also, the addition of an interface layer
serves as a barrier towards CQD’s ligands reacting with the metal electrode, hence
prolonging the stability of the device. The second is an inversion of the device structure,
making the transparent conductor/PbS junction the Schottky junction. To make that
possible, the work function of fluorine-doped tin oxide (FTO) is modified using a thin layer
of polyethylenimine (PEI) and a high work function metal was chosen as the top electrode®.
This work was done by Mai et al. and they showed that the inverted device out performs
their control regular Schottky device as improvements was gained from better Voc and Jsc
of the device. Inverting the structure places the Schottky junction closer to the illumination
side therefore optimizing charge extraction from higher energy photons (which have lower

penetration depth).

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

the next evolution is to include a second (n-type) semiconductor material. Although devices
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with cadmium sulphide layer or the polymer PCBM forming the heterojunction with PbS
have been realised, the focus in today’s research work is on wide band semiconductors that
are highly n-type doped, like TiO2 and ZnO, as they are low cost, offer higher transparency
and can be deposited by solution processing techniques. They ensure that the depletion
width is very much extended into main absorber of the device, which is the p-type 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 heterojunction device structure

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 the n-type material. Nanowires®®, nanopillars® and even grooves tailored
to match the length scale of the usual device depletion width® — are just some examples on
how such a structure can be built upon. Another notable example would be to blend the
nanoparticles of the n-type material together with PbS CQD to form a 3-dimensional
interpenetrating and percolating network of the two materials®®®’, a strategy familiar to
polymer solar cell technology®. Ultimately, the bulk heterojunction architecture seeks to

improve device performance via:

Q) An increased surface area of contact between PbS CQD to the n-type
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 of photon 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 layer of molybdenum trioxide (MoO3) between the PbS CQD
film and the top gold electrode®. Gold should form an ohmic junction with PbS CQD when
considering work functions. However, it was discovered that this tends to deviate with
smaller sized PbS CQD and there also exist interface states between gold and PbS CQD
film!%. The addition of MoO3 was found to alleviate this problem, thereby improves Voc
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 with modifying the n-type wideband semiconductor. TiO2 was doped with zirconium
to shift its conduction band to better align with the conduction band of PbS CQD of a
particular size'®* while in another work, a thin layer of (6,6)-phenyl-61-butyric acid methyl
ester (PCBM), that is deposited on TiO2, helps to reduce interfacial recombination®.

Similar studies have also been reported with ZnQ03104,

3.4  Conclusion and prospects

In summary, this chapter reviewed the research progress of PbS CQD photovoltaics, which
take into account the understanding of how the material chemistry of PbS CQD and the
engineering of device architecture/material interfaces affect the performance of CQD

devices. The major findings include:

Q) Having very monodisperse PbS 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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(1) Passivation of PbS CQD surface is thus an important task. Attempts have been
made at the synthesis stage, at the fabrication step or using a combination of
both, like in the case of hybrid passivation.

(iii)  Passivation cannot be done at the expense of sacrificing the electronic
properties of PbS CQD. As such, a better understanding and the improvement
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 consideration when 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 recombination, therefore

improving charge extraction.

PbS CQD technology holds great promise for a new generation of solution-processed solar
cells with high performance to cost ratio. With the recent news of air stable, high efficiency
PbS CQD solar cells without encapsulation and 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 particular, in the Voc and FF. Improving defect mediation and

charge extraction are therefore urgent tasks for this technology.

72



Chapter 4 — 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 PbS CQD
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 device testing. The 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 procedure described in this section was adapted from Hines et al.*? Quantities
and injection temperatures were varied to achieve the mean PbS CQD size that is required.
In a typical synthesis of PbS CQD with a mean band-gap 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 mL three-
neck flask and the mixture was heated and stirred continuously under vacuum at 90 °C for
at least 2 hours, yielding a clear lead-oleate solution. The Schlenk line was then switched
to Argon flow from vacuum and the temperature of lead-oleate solution was raised to
105 °C. 210 pL of (TMS)2S (1 mmol) was carefully diluted with 5 g ODE within the
fumehood and quickly loaded into a syringe. Care must be taken because (TMS).S is
extremely reactive and it reacts with moisture in air rapidly to produce HzS. Then (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 was placed in a room-temperature
water bath to aid cooling. The modifications required for the synthesis of other mean band
gap PbS CQDs described in this thesis are laid out in Table 4-1 and with the rest of the

conditions kept constant.

Table 4-1. Conditions required for the synthesis of PbS CQDs with different mean band gaps

Mean band gap Amount of oleic acid | Injection temperature | Cooling procedure
used

1.2eV 25¢ 120 °C Air cooled

1.3eV 29 105 °C Cooled with room-
temperature water
bath

1.4eV 159 90 °C Cooled with iced
water bath

Next, the CQDs had to be collected and cleaned to remove unreacted reagents and excess
surfactant. This step was carried out in air-ambient. 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 suspension was then centrifuged at 6000 rpm for 10 minutes and the supernatant was
discarded. 5 mL of hexane was subsequently added to individual batches to re-dissolve 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 N> filled 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 section. Essentially, the formation of a
CdS shell is based upon a cation-exchange method, whereby in this case Pb?* cations are
being replaced by Cd?*, starting from the outermost surface. The synthetic protocol was
adapted from Neo et al.’®, with quantities adjusted to be made applicable to the size 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 by using the empirical formula as described in section 2.1.

Cation-exchange is a substitution reaction and therefore the thickness of the resultant CdS
shell could be estimated by the molar quantity of Cd?* precursor used and with this
knowledge, the shell thickness could be varied while the total CQD radius 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

quantity of Cd(Ac)2 used is determined by:

4 .3
molepy, 3T PPpsMTcas

=15 Equation 4-1
molecqg  m(R®-1%)pcasMrpps

where r is the radius of the core PbS CQD in nm, ppps and pcas are the density of bulk PbS
and CdS respectively (g cm™3), Mrpps and Mrcgs are the molecular weights of PbS and CdS
respectively (g mol?), R is the radius of the CQD (nm), and molep, /molecq 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 nm, using 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 calculated from Equation 4-2,
the quantity of Cd(Ac). 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 the CQD is perfectly spherical.

To prepare 0.1 nm CdS shell-thick PbS/CdS core/shell CQD, 0.395 mL of ODE, 0.115mL
of OA and 0.030 g of Cd(Ac)2, were mixed in a 25 mL three-neck flask, connected to a
Schlenk line assembly. The mixture was heated and stirred continuously under vacuum at
100°C for at least 1 hour, forming a clear cadmium-oleate 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 swiftly injected 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 the CQDs. The same washing step for PbS
CQDs was applied and the prepared CQDs were re-dissolved in octane to a concentration

of 50 mg/mL.

Table 4-2 gives a summary of the reaction quantities used and reaction times (with the
reaction kept at 80 °C). For the 3.2 nm batch of PbS CQD (averaging 1.3 eV in band gap),
for example, if we want 0.1 nm shell, the radius of resultant PbS core is 3 nm. Putting these

parameters into Equation 0-2 yields an atomic/molar ratio of 4.04 Pb:1 Cd.
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Table 4-2 Reagent quantities and parameters for different CdS shell thickness based on original

3.2 nm PbS CQD.

CdS shell thickness (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 (g) 0.0253 0.0582 | 0.1022
Reaction time after
injection (min) 7 10 15

4.2.3 Synthesis of ZnO CQD solution

ZnO nanocrystals were synthesized by using the method adapted from Pacholski et al*®%,
with the final solvent composition tuned in accordance to Li et al for better colloidal
stability!%’. 2.95 g of zinc acetate dihydrate was dissolved in 125 ml of methanol and kept,
under stirring, at 60°C. 1.48 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, at 60°C for 2.5 h. ZnO nanocrystals were
extracted by centrifugation 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 pum

polyvinylidene fluoride (PVDF) filter.

4.2.4 Preparation of TiO2 sol-gel
This procedure is reported in the work of Docampo et al'®, The TiO; sol-gel 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

vigorous stirring. This yields a clear liquid and the sol-gel is ready for use.

4.2.5 lodide solution-phase ligand exchange

This procedure was developed by Ning et al’®. PbS CQDs were diluted to a concentration
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 the DMF phase. 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 has to be prepared fresh

prior to film fabrication.

4.3 Characterisation of CQDs

4.3.1 Transmission electron microscopy (TEM)

A morphological study of CQDs was performed using a JEOL 2010 TEM, with EDX
capability, operating at 200 kV and the Oxford JEOL 2200MCO Aberration Corrected,
Monochromated FEG-TEM operating at 80 kV. The JEOL 2200MCO was operated with
the help of Dr Judy S. Kim. TEM samples were prepared by making dilute solutions of
CQD, then briefly dipping the TEM grids into the solution and the letting them dry in
ambient conditions. Additional 1-3 s of argon plasma treatment aids the removal of free
organic ligands so as to achieve higher quality images. With its high resolution, TEM
enables the measurement of the particle sizes, size distribution and crystallinity. The
reported mean particle sizes were obtained by fitting with a Gaussian distribution curve to

the experimental size histogram.

78



4.3.2 UV-Vis-NIR absorbance spectrometry

All optical absorption spectroscopy of the CQDs was measured on a Cary Varian 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 measurement, a baseline procedure 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 piece of clean glass for the case of

solid film measurement.

4.3.3 X-ray diffraction (XRD)

XRD is a crystallographic characterization tool that determines the periodic arrangement
of atoms within a crystal. Diffracted X-rays are collected by the detector which sweeps
through a range of angle and then measuring the intensity or counts of the collected X-
rays. The diffractogram of intensity versus angle gives various information about the
sample such as the identity of the phases present, composition and even the approximate
size of the crystals. Our XRD data are obtained by Philips theta/2theta diffractometer and

samples were prepared by drop casting CQD solutions onto glass.

4.3.4 Energy dispersive X-Ray (EDX) spectroscopy

EDX provides information on the identity and the composition of elements in a sample.
High energy electrons bombard the sample, causing core electrons from the sample’s atoms
to be excited to a higher energy level and upon relaxation, they release X-ray radiation that
has a specific energy, characteristic to that of the element’s electronic structure. EDX was

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 that several CQDs are exposed at a time so that the collected EDX spectrum

gives a statistical average.

4.3.5 Raman spectroscopy

Raman spectroscopy detects the presence of specific bonds that vibrate or rotate at a
particular frequency. This relies on the inelastic 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 bond. 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 sample damage. Each scan is averaged upon 8 co-scans. Raman
spectra for CQD samples were prepared by drop-casting 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 FTIR complements
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 scans and the

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 surface-sensitive chemical analysis tool. It not only identifies the presence of a
particular element but also its bonding state (and oxidation state) and it is also quantitative
in nature. The XPS spectrum is obtained by irradiating a sample with X-rays and then
detecting and measuring the number and the kinetic energy of photoelectron ejected from
the sample due to X-ray excitation. These electrons are core electrons that have energies
that are element specific, which enables elemental identification. The limitation of this
technique is that it is surface specific — ejected photoelectrons only escape from the top 0
to 10 nm of the sample being analysed. Also, the detection limit is in the parts per thousand
to parts per million range and hydrogen and helium cannot be detected. CQD samples were
mounted with conductive carbon tape on the sample holder. The machine used is a near
ambient pressure XPS (NAP-XPS) kit used in UHV mode and the pressure during the
measurements was below 10° mbar. Each sample was scanned 5 times at 0.1 eV resolution
over the binding energy range of 0-900 eV. Also, the sample was charge compensated with
an electron flood gun. An Aluminium K-alpha X-ray source with an excitation energy of
1486.6 eV is used. The detector/analyser is a PHOIBOS 150 NAP (a differentially pumped
and a 150mm mean radius hemispherical analyser). Casa 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, University of Manchester.

4.3.8 Photoluminescence (PL) spectroscopy

PL is a non-destructive, 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 non-radiative loss channels. When PL is taken in a time-resolved mode,
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the PL lifetime gives an indication on how fast recombination process are occurring to
charges in the excited state. The lifetime is the inverse of the sum of both the radiative and
non-radiative recombination rate. Steady-state PL measurements were taken using an
automated spectrofluorometer (Fluorolog, Horiba Jobin-Yvon), 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 a calibration lamp of known
emissivity. Time-resolved PL measurements were acquired using a time-correlated single
photon counting (TCSPC) apparatus (FluoTime 300, PicoQuant GmbH). Film samples
were photo-excited using a 507 nm laser head (LDH-P-C-510, PicoQuant GmbH) pulsed
at 300 kHz (for PbS-OA and PbS/CdS-OA samples), with a pulse duration of 117 ps and
fluence of ~0.5 p/cm?. The PL at the peak emission (~1100 nm) was collected using a high
resolution monochromator and NIR-PMT detector assembly (H10330A-45, Hamamatsu).
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 were conducted
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)
experiments, which feature an integrating sphere to capture all emitted photons for a given
excitation beam fluence. This gives a very clear indication and a fair comparison on the
non-radiative defect densities between samples. CQD solution (in octane) was loaded into
cuvettes for PLQY measurements A continuous-wave 532 nm green diode laser with a
beam spot of 0.3 mm? was used to photo-excite 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 sample in the 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 number of photons absorbed. PLQY
measurements were done by Mr Tom Jellicoe from the Optoelectronic Group 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 technique 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 voltage AVs, is varied till flat
band potential is achieved, which is identified by no current flow, then e4Vs, is the work
function difference between the probe and the sample, where e is the elementary charge.
To get the absolute value, the probe has to be calibrated first with a material of known 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 analysis, measurements
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 function of 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 mass spectrometry (SIMS)

SIMS is atechnique suited for the analysis of the elemental composition of solid
surfaces by sputtering the surface of the sample with a focused beam of ions and then
collecting and analysing the ejected secondary ions. The mass/charge ratios of the detected
secondary ions are measured with a mass spectrometer to determine the elemental, isotopic,

or molecular composition of the surface, up to a depth of 1 to 2 nm. SIMS is very sensitive
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as it has a low elemental detection limits ranging from parts per million to 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 technique. If the 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 top gold contact. The Cs* source in the NanoSIMS
was used, and 2C™ 180, 3257, 847n'®0- and ?’Isignals 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. The NanoSIMS was set up to sputter an area of 20 pum by 20 pm, and
signals from the central 10 um by 10 um 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 different 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

4.4.1.1 Indium tin oxide (ITO) etching

Commercial ITO coated glass substrates (Delta Technologies, 7 €/o) were diced into 12
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 then exposing the rest of
the 1TO 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 were immersed in 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 in Figure 4-1.

4.4.1.2 Fluorine doped tin oxide (FTO) etching

Commercial FTO coated glass substrates (Pilkington NSG-TEC A7) with 2.2mm thickness
and sheet resistance of 7 /o, were first diced into 12 mm by 14mm sized pieces. The same
masking procedure as ITO was applied. The etching process involves covering the entire
surface of the masked substrate with zinc metal powder and then adding 200 pL of 2M
hydrochloric acid. The FTO is reduced by the nascent hydrogen produced by the acid-metal
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.

4.4.1.3 Cleaning
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 minutes. The substrates

were then transferred and sonicated in a beaker of de-ionised 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. The acetone washes 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
oxygen plasma 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
O2 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 thickness of the 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 either poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), zinc oxide (ZnO) and titanium dioxide (TiO2) — all of which are
dissolved in polar solvents, which would be compatible with the prepared substrates after

O2 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 exchange 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 formed 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 system is that 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 with a pressure of at least 1.0 x 10 Torr. 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 electrode pattern and therefore, the final solar cell sample area. A generic
device structure is shown in Figure 4-2. The test sample has a device area of 0.02 cm?. The
actual test area is reduced by the application of a 0.01 cm? shadow mask during

performance characterisation.

(a) (b)
Metal electrode
Test
ctive material sample
area

1% layer film

Transparent
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 (0.02 cm?) is that of an actual test sample — there are 3 samples per device

substrate.
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4.5 Device characterisation

45.1 Current-voltage characteristic

The power conversion efficiency, fill factor, Vo, Jsc and the parasitic resistances of the
device are determined with this measurement. In the absence of light, dark current
measurements could be carried out, which gives information about the reverse saturation
current and general diode characteristics. A current-voltage sweep is performed using a
Keithley 2400 source-meter with voltage swept from -0.5 to 1.0 V at a step size of 0.025
V, with a time delay of 100 ms between each step. The sample is contacted and housed in
a home-made sealed testing rig with continuous N2 purge. The actual test pixel is reduced
by the application of a 0.01 cm? shadow mask. Illumination was provided by Newport
96000 150 W solar simulator fitted with an AM1.5 filter and the intensity is adjusted to
100 mW cm as calibrated using ABET Technologies Model 15151 reference cell. Spectral

mismatch factor 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 measures the
amount of the incident photons supplied, at each wavelength, onto the sample and
simultaneously measures the amount of extracted electrons (reported as current). Therefore,
it reports the device’s electrical response at a quantum level over the various wavelengths,
which provides useful information about device light absorption and the ability to extract
photogenerated carriers. Our EQE spectrum is recorded while illuminating the devices by
a halogen lamp fitted with an Oriel Cornerstone 130 monochromator. No white light bias
is applied and illumination spot size is focused such that it is smaller than the actual device
area. Light intensity at different 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 Keithley 6845 picoammeter.

4.5.3 Capacitance-voltage (C-V) measurement

C-V is a measurement carried out on metal-semiconductor junction (Schottky junction) or
a p-n junction. 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 following Mott-
Schottky analysis gives information on the semiconductor such as its doping densities and
electrically active defect densities. Our C-V 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 between -1.0 and 1.0 V. All measurements are performed
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 on recombination kinetics and lifetime can be obtained by monitoring the
exponential decay of Voc from the illuminated quasi-equilibrium state (maximum
photogenerated carriers) to the dark equilibrium (no photogenerated carriers). Our Voc
decay measurements are carried out by illuminating devices with a Thorlabs MWWHL3
white LED fitted with a DC2100 LED driver with PWM mode. All measurements are
performed with the sample mounted on a test rig with connection to the oscilloscope.
Keeping the device to LED distance fixed, the white light intensity was adjusted to reach
device Voc as recorded in the J-V measurement, and light pulses were adjusted to 100 Hz
with a 30% duty cycle. The 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 off. The photovoltage decay was captured
on a Teledyne LeCroy WAVEJET 354 oscilloscope across the high impedance (1 MQ)

port.

4.5.5 Light dependent short-circuit current (Jsc) measurement

Light dependent Jsc measurement is a technique that investigates the balance of charge
extraction at opposite electrodes. Photocurrent should vary linearly with light intensity but
a deviation from that signifies that rate of electron and hole extraction is unbalanced,
resulting in the formation of space charge (space charge limited current). The same setup
for J-V measurement is used here. Illumination was provided by a Newport 96000 150 W
solar simulator fitted with an AM1.5 filter and the intensity is adjusted to 100 mW cm™ as
calibrated using ABET Technologies Model 15151 reference cell. Neutral density filters

were used to achieve fractions of 1 sun light intensity.
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Chapter 5 — PbS/CdS CQD solar cell

Part of this thesis chapter was published in Chem. Mater., 2014, 26 (13), pp 4004-4013
and presents the synthetic chemistry and the material characterisation of PbS/CdS
core/shell nanocrystals. The synthetic method was developed by Darren C. J. Neo, who
also prepared the manuscript with the help of Dr Cheng Cheng, Dr Samuel D. Stranks, Dr
Simon M. Fairclough, Dr Judy S. Kim, Prof. Angus I. Kirkland, Prof. Jason M. Smith, 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 conducted the
photoluminescence quantum vyield (PLQY) measurements. Dr Simon M. Fairclough
performed the X-ray 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 PbS CQD and then

optimized for photovoltaic performance.

The limiting factor for the current generation of CQD devices is the lower than expected
open-circuit voltage (V,.)*® values, which are attributed to the high density of defect
states'” on the CQDs. Electronically active CQD thin films are produced by exchanging
the long-chain ligands used to synthesize and stabilize the CQD for a shorter linker ligand
which allows electronic coupling between neighbouring CQDs in the film. Currently a
post-deposition solid state treatment is used to produce the best devices’**!1°. However,

despite the improvements made, this exchange process has been shown to be imperfect,
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causing surface defects which increase recombination and non-radiative losses, thus
directly reducing V,.''°. These defects are caused by incomplete ligand coverage!!! or the
inherent instability of the more labile shorter ligands'!?. It must be noted here
recombination events includes bi-molecular and even tri-molecular (Auger)
recombination but nonetheless, the focus here is on defect-mediated recombination. In
addition, post-deposition exchange is highly dependent on optimizing ligand
concentration, solvation, impurity elimination, and processing environment!'*~''>_Ip et al.
recently investigated the role of ligand coverage and demonstrated that a combination of
short bi-functional organic and atomic halide ligands results in nearly complete CQD
surface passivation. Using transient photovoltage measurements, the authors showed a
reduction in defect density as compared to an organic ligand-only treatment''®. However
this strategy is still dependent on the stability of ligands. This provides the motivation to
search for a more robust passivation technique.

Shell passivation involves using another material that has a higher band gap to coat the
surface of the original CQD, thereby forming a core/shell CQD. Shell passivation is used
in photoluminescent applications of CQD such as bio-labelling!!. This shell passivation
method has been shown to be effective in eliminating defect states!®®17-119 giving rise to
higher photoluminescence quantum yields, longer decay lifetimes and even greater
chemical and environmental stability*'"*2121 This provides the impetus to employ a
similar strategy for PbS CQD in solar cell applications. While employing an overcoat of a
wider band-gap material on a nanocrystal sensitizer is a well-established procedure in
quantum dot-sensitized solar cells*??, reports of using core/shell quantum dots as both the
light absorber and the active transport material 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 ligands, Zamkov and co-
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workers build a thin film of PbS CQD in CdS matrix using PbS/CdS core/shells with
relatively thicker shells. They showed that passivation improved and the distance between
PbS quantum dots, and hence the thickness of CdS layer, influences carrier mobility and
device performance!?#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 strategy will be studied. This entails looking into
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 comes in two parts: (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 will start off with results on characterizing the
presence and the thickness of the CdS shell, then initial experiments done to incorporate
PbS/CdS core/shell CQD into solar cell devices and the direct observation of the
passivation effect on device performance will 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

so as to improve charge transfer process.

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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Q) 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 a face-centered
cubic (FCC) structure and thus, using CdS as a shell layer via cation exchange
reduces strain-related defects that negate the benefits of a passivating shell

layer.

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

follows:

() As opposed to conventional repeated hot injection methods, it requires a
relatively low temperature and thus minimizes the effect of Ostwald ripening,
which would otherwise increase the size distribution?®,

(i)  Akey feature of the cation-exchange method is that the anionic framework of
the CQD is preserved and the incoming cation is incorporated into a similar
crystal structure!?’. This again minimizes severe lattice distortions which
would then introduce more defect states.

(iii)  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 shell thickens during the shell formation. Therefore, monitoring the size
of the PbS core gives a way to track the extent of cation-exchange that take

place.
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5.2.3 Characterisation of PbS/CdS CQD

Using TEM, the mean particle sizes were measured and were fitted with a Gaussian
distribution curve (See Figure 5-1). The preservation of the overall CQD diameter before
and after cation-exchange supports the cation-exchange mechanism. However, due to the
similarity in crystal structure and lattice constant of CdS and PbS, it is difficult to image
the thin layer of CdS even when using high resolution TEM'?®. Hence, indirect methods

to measure the core size and shell thickness are required.

(b)

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)

(e)
PbS/CdS

Total count=4711
Mean=3.07nm

2.42.6283.0323.43.63840
diameter (nm)

Figure 5-1. TEM images of PbS and PbS/CdS core/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, €) Histograms of
the size distribution, with 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 Dr Judy S. Kim.
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Since PbS core size decreases while the CdS shell thickens and the overall diameter
remains the same, by tracking the PbS core size using UV-Vis-NIR absorbance
spectrometry (Figure 5-2), the shell thickness could be calculated. According to the
empirical formula developed by Moreels et al.?®, that was introduced in section 2.1, the
original and the final PbS core diameter can be calculated. Hence, the CdS shell thickness

can by calculated by:

Initial PbS diamater—Final PbS core diameter
2

Shell thickness = Equation 5-1

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 schematic inset 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 atom distance, which is about
0.25 nm*?°. The thinnest CdS shell thickness for the core/shell CQD in this work was
calculated to be 0.1 nm, using the band-gap approach. Similar sub-monolayer CdS has been
deduced in other work using this approach®*°. This apparent discrepancy might be due 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, and Equation 2-1 and 4-1 assume a spherical-shaped 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 apparent sub-monolayer
value of CdS. Lastly, it is worth noting that Equation 2-1 was formulated using PbS CQD
with oleic acid as ligands. Therefore, when using Equation 2-1 to determined PbS core size,
CdS shell having less confinement potential compared to purely a shell of oleic acid ligand,
suggests that the extent of blueshift was overestimated and therefore leading to an
underestimation of the actual CdS shell thickness. Using UV-Vis-NIR absorption
spectroscopy coupled with TEM measurements, core sizes and shell thickness could be
determined but not the chemical composition of the CQDs. Hence, XRD was employed to

confirm the presence of a CdS phase.

The obtained XRD diffractograms (see Figure 5-3(a).) indicate the presence of an
increasing CdS phase composition for PbS/CdS CQDs with increasing CdS shell
thickness. This implies that the CdS only exists as part of the core/shell heterostructure
and, eliminating the possibility of the nucleation of separate CdS phases (also confirmed
with TEM) and homogenous alloying. As illustrated in Figure 5-3(a), the relative peak
heights of the PbS/CdS core/shell CQD sample and positions are influenced by the CdS

shell on the PbS core. Taking the most obvious peaks as an example, pure bulk CdS zinc
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blende has a higher peak intensity for the {111} reflections compared to the {200}
reflections whereas both PbS CQD and pure PbS bulk phase (rocksalt structure) have
almost equal intensities for these reflections. For a core/shell structure with a constant
diameter, a thicker shell layer would increase its overall composition with respect to the
amount of PbS left in this heterostructure. This argument is consistent with the XRD
results in Figure 5-3(a), showing an increasing {111} intensity while the {200} peak
decreases as the CdS shell thickness increases. A pure phase CdS shell rather than an
alloyed Cd-PbS is also supported by a theoretical work by Zhao et al. that proposed an
observation of a much smaller band gap (due to less quantum confinement) if shell layer

exists as an alloy'!”.
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Figure 5-3. (a) Experimental X-ray diffraction patterns of PbS and PbS/CdS CQDs drop cast on
glass substrates. PbS and CdS peaks are referenced from JCPDS file: #01-078-1057 and #00-001-
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 relative intensity from PbS to CdS with
increasing CdS shell thickness. (b) Simulated X-ray diffraction pattern of PbS and PbS/CdS CQD

with varying shell thicknesses with an overall diameter of 3.2 nm.

To further back the proposition on the growth of an epitaxial CdS shell, simulated XRD

patterns (Figure 5-3(b)) were calculated using a procedure based on that described
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elsewhere'®!. In summary, a core/shell atomistic model (see Figure 5-4) was built by
simulating the epitaxial growth of a CdS zinc blende shell around a PbS core with a rock
salt structure using the common simple cubic positions of the rock salt and zinc blende
crystal structure. Whilst the core diameter and shell thickness varied, the overall diameter
of the core/shell particle was kept constant at 3.2 nm. Strain was incorporated into the
atomistic model through continuum elasticity in a core/shell spherical geometry
previously described!*!"!32, The XRD pattern of the atomistic model was then simulated
from the Debye equation for kinematic diffraction using the program ‘DISCUS’!'*? for a
Cu K, X-ray source and accounting for the thermal dependence of the scattering with
Debye-Waller factors. Instrument broadening was not considered in the simulations. The

parameters used for the simulation are given in

Table 5-1.

Figure 5-4. Atomistic models, built up using Crystal Maker software, of (a) PbS and (b) PbS/CdS
(0.1 nm CdS) CQD. CQD models has a fixed diameter of 3.2 nm. Atomic coordinates of the models

are imported into the XRD simulation program ‘DISCUS".
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Table 5-1. Parameters used for XRD simulation.

PbS (rock salt) CdS (zinc blende)

Lattice Constant™ | 5.936 A 5.832 A

Young's Modulus™* | 70.20 GPa 42.00 GPa
Poisson's Ratio™* | 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 illustrated in Figure 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 scattered X-rays to constructively interfere between the two
materials 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 out elemental composition, and examination of EDX results (in Figure 5-5) not
only shows that core/shell PbS/CdS CQDs (with 0.1nm CdS shell) does contain Cd atoms
but also show that the ratio of Cd to Pb present is approximately 1:4 (as shown in Table

5-2.), which agrees with the theoretical calculations as presented 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

Table 5-2. 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 in Figure 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 red-shifted and this is consistent with the effect of a material under tensile

strain, which is expected for CdS epitaxially grown on the surface of PbS.
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Figure 5-7. Raman spectrum of PbS/CdS versus PbS and CdS references. Peaks at ~140cm™ are
not PbS but signatures of oxidised PbS** when exposed to the intense energy of the laser beam.
*#Cds formed from fine precipitates from the reaction between Cd(Ac), and Na,S. Signatures of CdS

are ~300 cm™ (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 composition 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 cation-exchange as verified by TEM, this
indirectly measures the resultant shell thickness. Then XRD 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 carried out.
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5.3.5 Photoluminescence (PL) studies

The PL spectrum as shown in Figure 5-8(a) supports the data from UV-Vis-NIR absorption
(refer to Figure 5-2), which indicate a shrinking of the PbS core diameter, and therefore
smaller peak emission wavelength, as shell thickness increases. Interestingly, PL peaks of
core/shell CQD seemed to be composed of multiple peaks which could represent extra
optical transitions due to the introduction of energy states corresponding to the CdS shell.
Additionally, the graphs in Figure 5-8(b) together with Table 5-3 show that the PL decay
lifetime is longer for increasing shell thickness, which is consistent with that of increasing
defect passivation and therefore reducing non-radiative recombination rate. A prolonged
excitonic lifetime is an indicator that the faster, non-radiative, recombination channels are
suppressed. It should be pointed out that the data presented for PbS/CdS with shell thicker
than 0.1 nm seemed more linear than an exponential decay. PL decay illumination source
wavelength was chosen based on the PL peaks gathered from Figure 5-8(a). Since multiple
peaks are present, perhaps there are more than one processes that are occurring and more

investigation is needed for a conclusive understanding on this anomaly.
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Figure 5-8. (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 photoluminescence decay graphs. Refer to Table 5-3 for fitting results.
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Table 5-3. Decay time constant and pre-exponent constant from monoexponential fits.

Sample Lifetime, T (ns)’ ¥* (reduced)
PbS 320 1.05
PbS/CdS (0.1nm shell) 1000 1.07
PbS/CdS (0.2nm shell) 1970 111
PbS/CdS (0.3nm shell) 2700 1.09
"Based on monoexponential fit: Y= A exp (-t/t)+ B

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 after 1,2-ethanedithiol (EDT) ligand
exchange. Oleic acid (OA) is the native ligand which is 18 carbons 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 evident in two ways:

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

(i) Figure 5-10). A prolonged lifetime is an indicator that the faster, non-radiative,

recombination channels are suppressed.
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(iif)  Upon closer inspection on the peak emission wavelengths (see Figure 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 done on PbS/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.
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Figure 5-9. (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 normalized intensity of the curves as in (a), illustrating the extent of redshift of

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 shown in Figure 5-9. The curve
fitting are based on mono-exponential decay for OA samples and bi-exponential decay for EDT

samples. Refer to Table 0-4 for the values of decay time constants.

Table 5-4.Fitting and PL decay time constants for the curves displayed in Figure 5-10.

Lifetime, T1 (ns) Lifetime, 12 +? (reduced)

(ns)

PbS-OA Mono-exponential
PbS/CdS -OA 902 nil 1.10
PbS-EDT Bi-exponential 0.63 7.45 1.04
PbS/CdS-EDT 2.09 16.0 1.07
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To accurately confirm that the thin-shelled PbS/CdS does have an increased level of defect
passivation, PLQY measurements were done, which were carried out by Mr Tom Jellicoe
(see Figure 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 non-radiative, defect mediated 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 passivation on 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.
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Figure 5-11. Photoluminescence quantum vyield results of PbS 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 regardless of device
configuration, the simplest photovoltaic device architecture — the Schottky junction device,

is also fabricated.
5.3.1 Device fabrication

5.3.1.1 Schottky devices

PbS and PbS/CdS CQD films were deposited using a layer-by-layer spin-coating process
with an in-situ solid-state ligand exchange process, carried out in an ambient atmosphere.
Substrates were prepared by pre-patterning ITO on glass, spin coating a layer of
PEDOT:PSS at 5000 rpm for 30 s and then annealing at 150°C for at least 5 minutes
before use. For each layer, 10 pL CQD solution (50 mg/ml in octane) was deposited onto
the spinning substrate, with a spin rate of 2000 rpm, followed by 20 pL of 1% v/v EDT in
methanol. While spinning, 60 puL of methanol were added followed by 60 pL of octane to
wash off unbound ligands and CQDs. This cycle was repeated to build up to the required
thickness. All samples were standardized to have 4 layers of CQD deposited, which gave
a thickness of about 120 £+ 15 nm as measured by a surface profilometer. Top aluminium
contacts (120nm) were deposited by thermal evaporation as described in chapter 4. The

device structure is illustrated in Figure 5-12(a).

5.3.1.2 Heterojunction 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 about 150 = 17 nm

thick. This is because the limitations of a Schottky junction, which includes Fermi level
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pinning effect and thus a limited depletion width'®, are overcome by adopting a
heterojunction structure. The n-type 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 contact, an n-type layer (of 107 + 19 nm) was
deposited by spin coating ZnO CQD solution on top of the as-prepared film at 2000 rpm
for 30 s. Similarly, top aluminium contacts were deposited by thermal evaporation. The

device structure is illustrated in Figure 5-12(b).

(a) (b)

Aluminium

120 nm CQD film
PEDOT:PSS

ITO

Aluminium

Zinc Oxide

150 nm CQD film
PEDOT: PSS

ITO

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

5.3.2 Results and analysis

PbS and PbS/CdS — ZnO heterojunction solar cell devices were first fabricated and tested.
The current density-voltage (J-V) characteristic curves in Figure 5-13 reveal that although
the short-circuit current (Jy) is substantially lower for the PbS/CdS device, V,. exceeds
that of the non-shelled PbS device by more than 0.2 V. A PbS band-gap change of 0.08
eV from 1.26 eV to 1.34 eV (as would be predicted using the method of Yoon et al.’® , in
this work moving from a PbS to a PbS/CdS CQD with 0.1 nm shell thickness) would
result in only a 0.044 V change in V,. if it were due only to an increase in band offset.
Hence, the greater increase of V,. observed must be due to additional factors. Using dark
and illuminated J-V curves to estimate the built-in potential and comparing it with Vo, it

is clear that the PbS devices suffer a greater voltage loss than the PbS/CdS devices. Zhao
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et al.'*” have reported a similar improvement in V. resulting from a post-deposition
annealing treatment of a PbS CQD film, which forms a thin layer of oxide on the surface
of PbS. However, the thickness of the oxide layer is harder to control and might promote
further oxidation if the film is left to be exposed to air ambient. Similarly, the thin CdS
shell layer would effectively passivate surface defects of the PbS core because cation-
exchange relies on the replacement of the original host cationic species resulting in the
complete bonding of every PbS surface atom. Therefore, deleterious deep traps that
promote non-radiative recombination are minimized and this gives a rise in V. 1%,

To confirm that the improvement in V. originates from the core/shell passivation
strategy, a set of CQD devices fabricated using an aluminium metal Schottky junction
instead of ZnO were tested. Results from these show that, even without a p-n junction,

shell passivation is effective as V. increase from 0.33 V to 0.54 V (See Figure 5-14).
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Figure 5-13. Current density versus voltage performance testing of best performing 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 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 device. Refer to Error! Reference source not found. for 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 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 where light generated current equals the dark current and gives an

estimate of the built in potential of the device. Refer to Table 5-6 for a summary of the average

performance statistics.
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Table 5-5. Performance data for heterojunction CQD solar cells (ITO/PEDOT:PSS/CQDs/ZnO/Al) under AM 1.5 spectral illumination (100 mW/cm?).

Sample Jse(MA/cm?) Voc (V) FF PCE (%) Jo(mA/cm?) Rs (Qcm?)  |Rsh (Qcm?)
PbS 17.9+3.5 0.41+0.09 [0.45+0.06 3.40 £0.22
(1.2+0.7) x 10°® |6.52+0.93 |55.5+14.2
(19.8) (0.42) (0.44) (3.66)
PbS/CdS (0.1 nm  |5.9+ 1.4 0.65+0.04 |0.42+0.06 137 £0.28
(13+0.3)x 10° |23.9+43 [324+14
CdsS shell) 6.2) (0.65) (0.42) (1.69)

quoted in brackets.

Results are averaged with standard deviation across 9 samples on 3 different substrates. The Jsc, Voc, FF and PCE of champion devices are

Table 5-6. Performance data for Schottky CQD solar cells (ITO/PEDOT:PSS/CQDs/Al) under AM 1.5 Spectral illumination (100 mW/cm?).

Sample Jse(MA/CM?) | Voe (V) FF PCE (%) Jo(mA/cm?) Rs (Qcm?)  |Rsn (Qcm?)

PbS 10.2 £ 2.6 0.33+0.04 [35%3 1.22 £0.11 (6.2+0.3) x 10° [145+0.7 |[625+17.3
(12.1) (0.33) (0.34) (1.36)

PbS/CdS (0.1 nm  [2.9+0.8 051+0.03 [40+3 0.71+0.14 (2.0+0.4)x 10 |59.7+25 |473+18

CdS shell) (3.3) (0.54) (0.41) (0.73)

quoted in brackets.

Results are averaged with standard deviation across 9 samples on 3 different substrates. The Jsc, Voe, FF and PCE of champion devices are
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5.4 Effect of shell thickness

To maximize the benefit of shell passivation, in the context of solar cell devices, the shell
thickness has to be optimized such that it is sufficiently thick for complete passivation,
yet sufficiently thin for charges to be transported dot to dot. Using the same starting core
PbS CQD, a series of core/shell CQDs with increasing shell thicknesses was examined
using the same procedure. Figure 5-15 shows J-V curves with respect to increasing shell
thickness and it clearly shows that Ji. decreases with increasing shell thickness. Since the
device active layer is kept to around the same thickness, it could be said that the drop in
Jse arises from the thicker CdS shell impeding charge flow, thereby limiting the amount of
charge extracted even with the same amount of illumination. Additional device metrics
are derived from the light and dark J-V curves and they are summarised in Figure 5-16
which also demonstrate the effect of shell passivation as discussed in the next two
paragraphs.

Results indicate an increase in V,. with increasing shell thickness, with the most
substantial change between no shell and a 0.1 nm shell. Ip et al.''® showed that a
reduction of surface related trap density increases V,. by exploring the effect of mid-gap
trap states using density functional theory simulations. It is most likely, that at 0.1 nm
shell thickness, surface passivation by CdS is sufficient. Thus, additional thickness of
CdS do not lead to a substantial increase in passivation and the subsequent rise in V. is
smaller (going from 0.1 nm to 0.2 nm to 0.3 nm shell thickness) and is mostly attributed
to the increase in band-gap due to the decrease in PbS core diameter®®. With reference to
Figure 5-2 , PbS/CdS CQD with 0.1 nm shell as compared to PbS CQD has a band gap
increment of 0.08 eV while V5. increases by 0.25 V but as with PbS/CdS CQD with 0.3

nm shell, band gap increment is 0.21 eV while V,. only increases by 0.36 V.
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Rg, for shell passivation and as the shell thickness increases, Jy and Ry, continue this
trend, likely associated with a reduction in overall charge transport, due to the increased
quantum confinement imposed by a pure-phase CdS shell and hence reduced
delocalization of electronic wavefunctions across neighbouring quantum dots'?*. This is
also evident from the rise in series resistance (Ry).

Passivation of defect states can also lead to a lower carrier concentration as the CQD
becomes more intrinsic in nature, thereby reducing conductivity and hence increasing the
overall series resistance!'®’. It has also been reported that cation-exchange tends to be less
uniform when thicker shells are formed, 1.e. shell growth may be preferential at a certain
crystal facet, giving rise to a broader excitonic peak!'!” as observed in Figure 5-2, and this
could be detrimental to device performance*!. Core/shell CQDs with CdS shells less than
0.1 nm were also synthesized and evaluated as possible solar cell devices but gave no
distinct improvement to V.. Therefore, it could be said that 0.1 nm CdS shell is the
thinnest shell layer that can achieve sufficient surface passivation, which is regarded as
optimal and further investigation was carried out using this particular core/shell PbS/CdS

size.
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Figure 5-15. Current density versus voltage performance testing of best performing devices under

AML.5 illumination conditions. All devices have the same structure, with similar thickness and

underwent the same solid state ligand exchange process using EDT.
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Figure 5-16. (a) Open circuit voltage, (b) 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 batch

of PbS.

9.5

Relaxation of charge transport barrier

The benefits of having a passivating CdS shell is illustrated on the band diagrams in Figure

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 traps caused by surface defects, which occurs between the
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quantum 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 mentioned in 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 non-radiative recombination when charges moves between CQDs or between PbS and

ZnO interface. Adding a CdS shell reduces recombination, thus improving Voc.

Our preliminary results confirm that shell passivation comes at the price of lowering charge
transport efficacy as shown by the lower overall photocurrent harnessed and the greater
series resistance. Charges now have to tunnel through both the shell and the ligand matrix
to neighbouring CQDs to make their way to the respective electrodes. EDT, being a bi-
functional linker, draws the CQDs closer together and enhances coupling between the
quantum dots'*. 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 non-shelled counterparts as 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 inter-dot distance or to relax the

confinement potential of CdS shell by changing 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 complexes’®’” and small moleculart3%4° or
atomic ligands®41142In this work, halide atomic ligands are investigated since they have
been shown to increase the efficiency of PbS CQD devices®*®’. According to the
methodology developed by Tang et al.®’, 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 complete cadmium shell
is not formed as cadmium binds only to exposed sulphur atoms and the rest of the exposed

lead atoms are bonded to the halide atoms.

Tang et al. have also shown that different halide ligands gave different mobility results
with the trend being 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 n-type character is produced!®. With cadmium incorporation,
the formation of donor states seems to be suppressed while carrier mobility is improved, in
similar fashion to atomic ligand passivation®’. From this, it could be hypothesized that with
a cadmium sulphide layer on PbS for our 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 wavefunction*3, showing that the presence of a CdS shell will change how

ligands affect the core’s electronic structure. To investigate the effect of halide ligands, PL
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studies were conducted and PbS/CdS devices were fabricated based on halide ligand

exchanges.

5.5.1.1 Alterations to spin coating procedure

To maximize device performance, a halide surface treatment was carried out®”''°, using
cadmium chloride (CdCl,) for the chlorine (Cl) source and cetyltrimethylammonium
bromide (CTAB) for the bromine (Br) source, on our PbS/CdS (0.1 nm CdS shell) CQD
films. In the halide treatment approach, after each layer of PbS/CdS CQD solution was
coated, the substrate was stopped from spinning and solid-state ligand exchange was
performed by covering the surface of PbS/CdS film with saturated CdCl, in methanol for
Cl exchange and 10 mg/ml CTAB in methanol for Br exchange, over a period of one
minute. The sample was then spun dry at 2000 rpm before 60 pL of methanol weas added
to wash off excess CdCl, or CTAB solution. For each layer of PbS/CdS CQD deposited,
this procedure was repeated three times before the next layer was deposited, so as to
ensure comprehensive ligand exchange. A total of 5 layers were deposited this way which
amounts to a CQD film thickness of about 150 nm, before the ZnO layer was deposited.

The devices have the same structure as shown in Figure 5-12(b).

5.5.1.2 Results 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 on PEDOT:PSS coated glass
substrates. Samples were prepared with and without a ZnO top layer and were studied using
PL measurements. PL data (see Figure 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 is concluded because they have similar PL intensity with similar

film thickness (i.e., no extra non-radiative 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 useful measure to show that charge separation is
occurring at an interface*4. Inthis case, it could be said that halide ligands promote electron
transfer from PbS/CdS into ZnO, thereby reducing the number of free electron-hole 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 extent of the quenching
effect. The anomaly of an increase in PL intensity is explained by the work of Rath et al®.
They have shown the high electron concentration of ZnO results in active movement of
electrons into PbS to fill up trap states, thereby reducing losses due to non-radiative
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 is echoed in PbS/CdS device performance (See Figure 5-18(b)).
In fact, the delocalization effect rendered by Br ligands is so great that the shell passivation
effect is overcome. Recent studies by Brown et al. show the effect of different ligands on
the Fermi level of PbS®. It was concluded that the ligands assert a dipole effect on PbS,
thereby shifting the Fermi energy level. Halide ligands cause the Fermi level in PbS to shift
closer to the conduction band and the trend is that the larger the halide size, the larger the
dipole moment (due to larger inter-nuclear distances), the closer the Fermi level is to the
conduction band. Even more recently, it was shown that a halide (iodide) ligand introduces
defect states, thereby limiting Vo but improving charge transport*®. There could be a
similar effect when halide ligands bind to the surface of PbS/CdS 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 higher the Jsc values while Vo values decrease due to
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a loss in confinement potential. To further improve 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.
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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 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 different halide ligand exchange treatments with EDT ligand exchange sample shown

as reference. Refer to Table 5-7 for the device performance statistics.

5.5.2 Hybrid ligand exchange

Ip et al. have reported a passivation technique that relies on the use of both organic bi-
functional linkers and inorganic halide ligands on PbS CQD for solar cell fabrication®°. In
a similar spirit, EDT and halide ligands could be used synergistically to promote charge
transport between PbS/CdS CQDs while at the same time preserving the effect of CdS shell
passivation. Furthermore, Ip et al. also noticed that the average spacing between quantum

dots is much smaller when organic bi-functional linkers are used as compared to purely

120



inorganic halide ligands'!?, suggesting that the use of EDT may enhance the wavefunction
delocalisation effect of halide ligands 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 acid native ligand (See Figure 5-19). With that knowledge, the remaining oleic

acid ligand could be replaced with EDT.
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Figure 5-19. FTIR result showing signature peaks of bound oleic acid of (a) COO" and (b) C-H
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. Results illustrate that one halide ligand flooding step is not

sufficient to remove all bound oleic acid ligands.

5.5.2.1 Alterations to spin coating procedure

In the hybrid ligand exchange approach, the same flooding procedure is followed as in
section 5.5.1.2 but was carried out once instead of three times for each PbS/CdS layer to
avoid complete ligand exchange (See Figure 5-19). After one minute of the halide
treatment, the sample was spun dry at 2000 rpm and 60 pL of methanol were added.
While spinning, this procedure was followed by 10 uL of 1% v/v EDT in methanol and

then 60 pL of methanol and 60 pL of octane. This completes one layer of PbS/CdS CQD
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film for the hybrid ligand exchange approach. A total of 5 layers are deposited this way
and the total CQD film thickness was about 150 nm before the ZnO layer was deposited.

Devices have the same structure as shown in Figure 5-12(b).

5.5.2.2 Results and analysis

Likewise, PL studies were conducted (with PbS/CdS CQD samples on PEDOT:PSS
coated glass substrate) to study the effect of hybrid ligand treatment. Results show that
even before the ZnO layer was deposited, CQDs with Br + EDT hybrid treatment showed
PL quenching. This might be due to the synergistic effect of EDT bringing the CQD
closer together and Br relaxing the barrier energy, enabling holes to transported to the
underlying PEDOT:PSS layer. C1+ EDT treatment, on the other hand, showed a
completely different behaviour. The PL intensity is at a level that is higher than EDT
treatment alone. To understand this, the EDX spectrum of PbS/CdS (0.1 nm CdS) after Cl
ligand exchange was examined. It was noted that the Cd to Pb ratio rises after Cl ligand
exchange, which means that CdCl, not only supplies Cl atoms as ligands but could also
increase the CdS shell thickness slightly, therefore increasing the passivation effect and
hence the higher PL intensity. No quenching was observed when a ZnO layer was added,
signifying the effectiveness of EDT in preserving shell passivation.

Device J-V performance results are shown in Figure 5-20(b) and Table 5-7. Using a
combination of both halide and EDT ligands would result in a concomitant increase in
both Jic and Vo with respect to a halide-only treatment. Even though Cl+ EDT treatment
gave the highest Vo, Jic was limited and series resistance was high, which could be
attributed to the effect of increased passivation. In the end, the combination of Br + EDT
gave the optimal result of both a suitable extent of shell passivation (retention of higher

Voe) and better charge transport properties (higher Jic and FF), in which the best device
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has an efficiency of 6.05 %. Figure 5-21 summarises the concept of halide and hybrid

ligand exchange on PbS/CdS core/shell CQD.
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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. EDT treated films are added

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 treatment over standalone halide treatment

for ligand exchange. Refer to Table 5-7 for the device performance statistics.
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Table 5-7. A summary of performance data for heterojunction CQD solar cells (ITO/PEDOT:PSS/CQDs/ZnO/Al) under AM 1.5 Spectral illumination (100

mW/cm?).
Ligand Jse (mA/cm?) Voe (V) FF PCE (%) J, (mA/cm?) R (Qcm?) R (Qcm?)
17.9 £3.5 0.41+0.09 [0.45+0.06 |3.40 +0.22
PbS EDT (1.2 +0.7) x 102 [6.52 +0.93 55.5+ 14.2
(19.8) (0.42) (0.44) (3.66)
59+ 1.4 0.65+0.04 [0.42+0.06 |1.37+0.28
EDT (1.3+0.3) % 10° [23.9 +4.3 324 + 14
(6.2) (0.65) (0.42) (1.69)
112+23 0.63+0.03 [0.33+0.04 [2.16+0.14
Cl (6.3 +0.4) X 10° [23.6 £3.5 69.9+ 6.3
(11.8) (0.61) (0.33) (2.38)
174£12 0.54+0.04 |0.39+0.02 |3.83+0.30
Br (5.0£0.4) x 10*|10.1 £+ 2.4 61.0+4.8
(19.4) (0.55) (0.39) (4.16)
PbS/CdS CHEDT [13.8+1.9 0.66 £0.03 [0.34+0.03 [3.12+0.22 [(9.4+0.5) x 10° [24.9 +3.3 762 £5.4
(14.8) (0.68) (0.34) (3.42)
Br+ EDT [21.9+24 0.63+0.04 [0.38+0.03 |5.61£0.38 [(2.0+0.4)x 10*[11.8+2.6 58.1+3.9
(23.9) (0.65) (0.39) (6.05)

of champion devices are quoted in brackets.

PbS/CdS CQD is with 0.1 nm CdS shell. Results are averaged with standard deviation across 12 samples on 4 different substrates. The Js., Vo, FF and PCE
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Figure 5-21. Schematic diagram illustrating the competing effect between radiative recombination
and electron-hole pair dissociation. Dissociation is aided by a lowering of energy barrier for
transport, the reduction of inter-particle spacing and also the band bending effect resulting from a

heterojunction formation.

5.6 Conclusion

In conclusion, a cation-exchange 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 cation-exchange mechanism. The shell thickness has been probed indirectly by utilizing
absorption spectroscopy and XRD coupled with simulation, while its composition is
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/shell PbS/CdS CQD was then incorporated into devices and the effect of
passivation on device performance is elucidated in terms of Voc improvements. The effect
of shell thickness on device performance was then studied and it was determined that 0.1nm
of CdS shell 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 preserving the passivation effect and improving charge
transport. With this, PbS/CdS devices averaging 5.6 + 0.4 % efficiency were obtained,
presenting a significant improvement when compared with 3.4 = 0.4 % efficiency of the

reference PhS devices.
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Chapter 6 — Novel device architecture with PbS/CdS

core/shell CQD

This chapter presents the use of PbS/CdS core/shell nanocrystals, in two different and novel
device structures. Part of this thesis chapter was published in MRS Proceedings (2014),
Volume 1748, Symposium Il as a contribution to Material Research Society Fall 2014
conference and examines the use of PbS/CdS in a p-i-n structure. The manuscript for the
proceeding was prepared by Darren C. J. Neo with the help of Prof. Hazel E. Assender and
Prof. Andrew A. R. Watt. Another part of this chapter was published in Applied Physics
Letters (2015) and it presents the concept of quantum funnelling in 3-dimensions used in
CQD solar cells. Darren C. J. Neo prepared the manuscript with the help of Dr Giles E.
Eperon, Dr. Samuel D. Stranks, Prof. Henry J. Snaith, Prof. Hazel E. Assender and Prof.
Andrew A. R. Watt. Dr Giles E. Eperon provided 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 relatively 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
photons to boost Js.. 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 explored in an

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 — a fast, non-radiative exciton transfer
process between two proximal energy states with similar energy levels'*®. This charge
transfer process does not rely on an electric field and is beneficial to move excitons rapidly
before other competing processes like non-radiative recombination takes precedence*®.
The funnelling process is tailored so as to aid charge extraction even with a thicker device

active layer.

The second part describes the use of a p-i-n device structure, a concept brought forth from
amorphous silicon solar cell technology**’. The low carrier density and intrinsic nature of
PbS/CdS CQD could be overcome by applying layers with higher carrier densities (both p
and n) at opposite ends, thereby creating an internal electric field capable of sweeping
charges across the whole 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 as to confirm 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 factors (FF) due to high 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 limited — a thicker device

active layer would allow more light to be absorbed but a thicker active 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 in a narrow 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 be extracted effectively.

A series of PbS/CdS — 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 used consistently for all devices. With
reference to Figure 6-1, the device performance is optimal at 150nm of PbS/CdS and
beyond that, it decreases due to the limited diffusion length of carriers in CQD film,

resulting in more charge recombination.
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Figure 6-1. Device performance metric (a) Jsx, Vo, (b) FF and PCE of PbS/CdS — ZnO
heterojunction devices with different PbS/CdS layer thickness. 6 representative devices for each

PbS/CdS layer thicknesses were evaluated and the ligand 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 (PL) yield with respect to the reference
PbS quantum dot, which is indicative of a rise in radiative recombination and conversely a
drop in number of non-radiative recombination centres!’’. These non-radiative
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 introduces shallow trap states which increases the p-type
character of the CQD8, 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 “quasi-intrinsic”. XPS results affirm that PbS/CdS CQD films are less likely to be
oxidised (See Figure 6-2). For a more definite measurement, capacitance-voltage (C-V)
characterisation was performed to yield doping density, which relates to certain defect
levels in PbS (due to oxidation®'). Figure 6-3 depicts the Mott-Schottky plots of PbS and
PbS/CdS Schottky devices from the data gathered using C-V measurements. These were
the same (best performing) Schottky devices as mentioned in section 5.3. Using the Mott-

Schottky equation for Schottky junctions (see Equation 6-1),

1 2y = V)

C2  A2qegyN,
Equation 6-1

where Vpi is the built-in potential, A is the active area (0.020 cm?), q is the elementary
charge, Na is the doping density, ¢ is the dielectric constant of the active layer and &g is the
permittivity of free space, the doping density and built-in potentials can be found. The
dielectric constant for PbS was estimated to be 20 by Tang et al., using Maxwell-Garnett

effective medium theory, and it is also assumed that the dielectric constant of PbS/CdS
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with 0.1 nm CdS shell is similar?. The calculated results in 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 air-ambient, kept away from illumination, for a month

before XPS measurement. XPS measurement and analysis is done 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 compared to PbS 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 separately in section 6.3 and 6.4. The strategy
for devices with thicker active layer is to exploit the intrinsic nature of PbS/CdS— a lower

defect concentration reduces the probability of non-radiative recombination.

6.3 3D quantum funnelling

The concept of quantum funnelling is not new. Early works focused mainly on resonance
energy transfer between CdSe quantum dots and fluorescence dye acceptor, which is bound
to a biological molecule like a DNA or a protein for labelling or assay purposes!149150,
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 funnelling of excitons from large to small band
gap®. A similar study was done by Xu et al. and showed that efficiency enhancement of
charge transfer between small and large band gap PbS CQD could be achieved by using

chemical cross-linking ligands'#®. Kramer et al. reported the first multi-band 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 was created by a graded band-gap structure which channels
photogenerated charges into the depletion region. Efficiency enhancement was largely
gained through improved fill factor'®2. Even more recently, Kim et al. fabricated a quantum
funnel PbS CQD solar cell via a one-step centrifugal colloidal casting technique and
showed an improvement in Jsc 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 extraction®®2,

Another strategy of OPV is to improve charge extraction through the formation of bulk
heterojunctions where short diffusion lengths are mitigated by increasing the
heterojunction’s interfacial area®. Recently, Rath et al. demonstrated a CQD bulk
heterojunction between p- type PbS CQD and n-type bismuth sulphide (Bi2S3)®” CQD
which consists of a blend of these two types of quantum dots sandwiched between a layer
of pure PbS and Bi>Ss. The performance of the bulk heterojunction device triumphed over
a reference bilayer heterojunction device, and this was attributed to improved 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 CQD to form a multi-band gap
heterojunction device has largely been unexplored due to the smaller band gap CQDs acting
as recombination centres’® and interfacial trap states!® which limit performance.
Zhitomirsky et al. showed that beyond 10% inclusion of larger sized PbS in a population
of smaller PbS, the device open-circuit voltage (Voc) would drop significantly** and thus,
blending PbS populations of different sizes beyond that blend ratio proved to be ineffective

in the case of significant charge recombination.
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To reduce non-radiative 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 passivation on a PbS core, reducing surface related defects and
charge recombination. Studies from Spiers et al.1*® and Lai et 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 Wheeler et al. were able
to show the reduced trap densities in PbS/CdS core/shell quantum dots as compared to PbS
cores'®, via a combination of ultra-fast absorption spectroscopy and photoluminescence.
Therefore, it could be surmised that blends of CQD could still work if the charge transport
after the quantum funnelling process is not heavily affected by charge recombination. This
might be possible by using a blend of PbS/CdS CQD of different sizes where trap-related
recombination processes are 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 heterojunction photovoltaic device with an optimized thin film layer composition

is described.

6.3.1 Properties of CQD blend films

The same concentration (40 mg/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 with the same procedure with each of 1.2
eV and 1.4 eV PbS CQD for reference. Under TEM (See Figure 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 (see Figure 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 transfer*146, The 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 in Figure 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 CQDs, because 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 reports'4®146.159,

The PL intensity of the core/shell blend emission is much greater than that of the core-only
blend (see Figure 6-6), implying that the shell reduces non-radiative recombination!'’. The
PbS/CdS blends have a longer PL decay lifetime for both components, 71 and 72, (Figure
6-7), compared to PbS blends, which again serves as an indicator of reduced carrier
recombination through non-radiative processes!*®. The rate of the PL process is a sum of
both radiative and nonradiative recombination rates, and PL lifetime is inversely
proportional to this rate, hence any decrease in non-radiative recombination component

would result in an increased PL lifetime!°,

1 .
T= PR Equation 6-2

where T is the PL lifetime and k, and k,,,- are the radiative and nonradiative recombination
rates, respectively. Further, increased PL lifetime has been shown to correlate with better

material quality and device performance in other material systems!61-164,
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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/CdS CQD 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 of (a) PbS blends and 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
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1
5 = PbS Blend
T 1,= 36.8ns, = 5.6ns
= =——PhS/CdS5 Blend
I 1,= 62.5ns, ,= 8.5ns
g
£0.1
=
N
=
£
e
o
=
0.01

20 40 &0 80 100 120 140 160 180 200

Time (ns)

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 current-voltage and external quantum efficiency of both blends forming
heterojunctions with ZnO are shown in Figure 6-8. Devices have a similar structure 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 cast at 2000 rpm and then
subjected to ligand exchange, yields a film thickness of 25 + 3 nm as measured using a
profiliometer. A total of 8 layers of CQD blends were deposited and then finally topped
with ZnO solution spin cast at 2000 rpm. The device structure is also illustrated in the insert
of Figure 6-8(a). The power conversion efficiency of both devices is poor, reaching 2.4 %
for the core blend and 2.1 % 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 quantum 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 be extracted.
The external quantum efficiency (EQE) of the PbS/CdS device is worse than the PbS-only
blend due to the lower Js.. 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 resistance®®” and lower
mobility and with a 200 nm thick active layer, this impedes charge extraction, resulting in
lower quantum efficiencies. Best device performances with a 200 nm thick active layer
comprising individual component CQD and CQD blends are illustrated in Figure 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) J-V 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.
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Figure 6-9. J-V characterization of the best devices (with 200 nm thick active layer) of (a) PbS

blends and their components, (b) PbS/CdS blends and their components.
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Figure 6-10. (a) Open-circuit voltage and (b) reverse saturation current of devices fabricated with
n-type ZnO layer on top of 200 nm 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 voltage (Voc) and reverse saturation current (Jo) 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 heterojunction or charge
diffusion to an electrode. The success of charge extraction is reliant on charge transport
efficiency which is in turn dependent on carrier recombination rates. Figure 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 greater in the case of the blend, compared to the corresponding single
band-gap 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 a trap for the large band gap CQD, creating energy disorder®!. Thus, devices
comprising of blends, as compared to single-component 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 have lower
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 illustrated in Figure 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
performing 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 electrode. Also, resonance energy transfer processes takes place at
short range distances (~ 10nm) and the contribution towards extra charge extraction might
not be significant for the case of a 200 nm thick active layer. As discussed above, the trap
density of CQD blend films is higher than single component films 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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Energy mini band
and defect states

Figure 6-11. Anillustration 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 PbS such that charges funnelled into the big (smaller band gap) quantum

dots would be less likely 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 point, of (c) a bilayer device and

(d) a blend device in “sandwich” 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 heavily on the depletion zone to

separate charges by drift because the innate disorder in nanocrystalline systems results in

short carrier diffusion lengths'®®. 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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cells'®’. A bilayer structure (Figure 6-12(c)) would fare better than the usual heterostructure
due to a potential difference that serves as an electron blocking layer and also some amount
of charge funnelling at the 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 charges can 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 width (Figure 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 (see Figure 6-4), funnelled charges could follow a continuous pathway towards
their respective electrodes. However, the charge transport of charges after the process of
funnelling is problematic. Based on the energy levels measured and calculated by Hyun et
al.®, energy barriers will be formed between small band-gap CQD in the vicinity of large
band-gap CQD, both at the HOMO and LUMO energy level states (Figure 6-11). These
could be overcome by the internal electric field provided by the band-bending 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 of the funnelling 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 thickness (Figure 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 being 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 in Figure 6-13(a). It was observed that the
sandwich configurations gave better fill factors and with that, the optimum device (Figure

6-13) gave an efficiency of 4.62 %, almost a threefold improvement 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 reduction in recombination and a
thicker active layer thickness with less loss in photocurrent. The device performances of

various device architectures are summarized in Table 6-1.
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Figure 6-13. (a) Fill factor recorded for devices fabricated with n-type ZnO layer on top of PbS/CdS
CQDs and blends with various architectures. 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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Table 6-1. Data statistics for heterojunction, full blend, sandwich configuration and bilayer structures. Data is averaged over 36 devices across 12 separate

substrates, with standard deviation reported. Refer to Figure 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.

Structures | PbS/CdS 1.2eV | PbS/CdS 1.4eV | PbS/CdS blend | 1 blend 6L 1 | 2 blend 4L.2 | 3 blend 2L'3 | PbS/CdS Bilayer
J (mA/em”) | 8908 59+ 1.8 6.8+ 0.7 12542 143+13 135+1.2 11.8+1.9
V. 0.63 + 0.02 0.68 + 0.02 0.65 + 0.02 0.66£0.01 |0.68=0.02 |0.68+0.01 |0.640.02

FF 0.33 +0.02 0.32 +0.03 0.31 +0.04 038+0.04 043003 |042+0.01 |0.37=0.0l

PCE (%) 19+04 13+06 14+03 3.1+03 41+03 3.9+0.5 28+0.5
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In all, a multi-band gap quantum cascade photovoltaic 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 improvements associated with a reduction in non-radiative
recombination. The idea of charge funnelling from large to small band gap CQD was
hypothesised to alleviate the problem of short carrier diffusion length. To test this
hypothesis, a blended active layer is included as part of a sandwich structure of low gap-
blend-wide gap CQDs in a bid to improve device performances. The quantum funnel effect
acts in tandem with the depletion width to extract charges, with the aid of a bulk
heterojunction-like sandwich structure. Even 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 to be enhanced beyond what was
established in chapter 5, this section illustrates a novel concept which minimizes
deterioration in device performance with thicker layers. Quantum funnelling provides an
alternative pathway to extract charges which are otherwise lost by recombination due to
the limited carrier diffusion length, therefore preserving Voc and FF. However, the
performance of the devices with a PbS/CdS blend exhibits limited current extraction due
to its fundamental intrinsic character as compared to thinner non-blend devices (150 nm,
as described in chapter 5). As such, the drop in overall Jsc due to limited charge extraction
outweighed the benefit of the funnelling effect. In the next section, a different device

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

It was shown in section 6.2.1 that thicker PbS/CdS layers hamper device performance, in
particular, the fill factor is low and series resistance is higher, consistent with the studies
of Kim et al.'®’. Although a low defect concentration is favoured, the direct consequence
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 layer with a wide region promoting drift of

charges is adopting a p-i-n device structure.

The notion of a p-i-n junction is common in amorphous silicon photovolatics and has only
recently been implemented in colloidal quantum dot solar cells by Ko et al.*%8. Copper (1)
iodide and ZnO were used as the p-type and n-type material respectively, sandwiching a
lead selenide CQD layer in between them. Ko showed an improvement of device
performance as compared to heterojunction devices and suggested that the p-i-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 gradient created by this p-i-n architecture,

reducing recombination that lowers both Vo and fill factor.

In this section, devices made using the p-i-n architecture will be explored. 1.3 eV PbS/CdS
and 1.3 eV PbS CQD are used in this section. Till now, ZnO has always been deposited as
the top layer, just before the metal electrode and this is termed an “inverted structure”. Here,
the other variant of switching the n-type material from top to bottom is also presented,
which is termed an “upright structure”. The proposition for the “upright structure” and the

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

From the C-V results, it can be concluded that PbS CQD film is more p-type (higher doping/
acceptor concentration) than the PbS/CdS CQD film. Therefore, having a more p-type PbS
and a n-type ZnO provides a larger Fermi energy difference than PbS/CdS- ZnO and
therefore creates a wider potential gradient or a larger depletion width 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 non-radiative recombination due to lower defect concentration (see Figure

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 p-i-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 of
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 take the p-i-n concept even further,
another batch of devices were fabricated with the bottom PbS film annealed at 90 °C for 3
minutes in air after EDT exchange and before PbS/CdS and ZnO deposition. The mild
oxidation of PbS has been shown to improve p-type characteristics*®®. This should result in
a greater difference in doping concentration between the p and i layers, changing the

structure from p-i-n to p*-i-n, where p+ indicates a higher p-type 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 illustrated in Figure 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/CdS-ZnO heterojunction, (b) PbS-
PbS/CdS-ZnO p-i-n structure, (¢) PbS(ann)-PbS/CdS-ZnO 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 architecture is presented in Figure
6-15 and device performance statistics are summarised in Table 6-2. 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 50nm 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 graph near Voc). Then 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 dark J-V curve (Figure 6-15(b)), in which the y-intercept gives
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the reverse saturation current. Since reverse saturation current increases with increased
carrier recombination, the obtained results are indicative of a reduced carrier recombination
with increased doping gradient (transiting from i-n 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 annealed-PbS is potentially
poised to block electrons and to allow the transport of holes. This charge selectivity would
further reduce charge recombination’®. 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 system?*7°.
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Figure 6-15. (a) J-V curves of the best performing device of PbS/CdS-ZnO heterojunction, PbS-
PbS/CdS-ZnO p-i-n structure and PbS(ann)-PbS/CdS-ZnO p*-i-n structure compared. (b) Dark

current of the sane devices in (a).

Table 6-2. Device performance statistics for PbS/CdS-ZnO heterojunction, PbS-PbS/CdS-ZnO p-i-
n structure and PbS(ann)-PbS/CdS-ZnO p*-i-n structure. All devices have roughly 200nm of active

layer thickness.
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Structure Jye (mA/cm’) Voe (V) FF PCE (%)
PbS/CdS 7.9+2.0 0.60+0.02 |0.33+£0.03 | 1.56+0.36

(10.0) (0.59) (0.34) (2.01)
PbS/CdS- PbS 199+24 0.60+0.03 |[0.38+0.02 |4.54+0.48

(21.9) (0.61) (0.38) (5.08)
PbS/CdS- PbS (Ann) | 19.1 £4.3 0.61+0.03 |043+£0.03 |5.01+0.74

(22.1) (0.62) (0.42) (5.75)
Results are averaged with standard deviation across 12 samples on 4 different substrates. The
Jse, Voo, FF and PCE 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 layer, there could be minor
or no improvement at all. The stronger band bending would improve current extraction
capability and the FF of devices might be better than those of 200 nm thick active layer but
a thinner absorber layer would set an upper limit to how much photogenerated charges is
produced. Yet another strategy is to place the PbS/ n-type 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 charge separating junction closer to the side of

illumination:

Q) 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 photogenerated 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 and TiO- rely on UV absorption for
photodoping, which increases n-type carrier density, conductivity 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 n-type material.

(iii) 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’2. UV rays, in the presence of air, has
been shown to accelerate the degradation of colloidal quantum dots!” | so the

wide band gap semiconductor could afford some protection.

Reasons (i) and (ii) mean that a thicker active layer could be accommodated and with the
added benefits of a p-i-n structure, an improvement beyond 6 % efficient devices should
be possible. In this section, a bottom layer of mesoporous TiO, was used instead of a ZnO
layer because at the time when this work was conducted, mesoporous TiO> as a bottom
layer was used for the best depleted heterojunction reported®. Mesoporous TiO, was
thought to be able to increase the surface area of contact between itself and the quantum
dots and therefore decreasing the overall distance need for charges to reach the TiO2/CQD
junction. In this case, the ligand 3-mercaptopropionic acid (MPA) was used in place of
EDT for both PbS and PbS/CdS CQD as a cross-linking ligand as it is known to give a
higher mobility-lifetime product and a comparatively lower trap density due to its different

functional groups being able to passivate more diverse types of surface defects’.

6.4.2.1 Device fabrication
FTO substrates were used in this case and they are cleaned, dried and O plasma treated as
described in section 4.4.1.3. A compact layer of TiO2 was first formed on FTO by spin

coating TiO> precursor sol-gel (preparation is discussed in section 4.2.4) at 2000 rpm for
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45 seconds. Next, a small portion of TiO2 sol-gel on the corners 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 TiO> layer was deposited by spin coating TiO> paste (Dyesol 18NR-T) 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 450 °C for another 30minutes. The total
thickness of compact and mesoporous TiO after sintering is 445 £ 21 nm. After the
preparation of the n-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 solution at 2000 rpm and then performing a Br + MPA
ligand exchange. The control device consists of 12 layers of CQD deposited on the
mesoporous TiO., giving a total thickness of 710 + 27 nm (and so the total CQD film
thickness is about 250 nm). Each layer of CQD deposition 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
TiO2 mesoporous layer which therefore gives a smaller than expected total film thickness.
Then for p-i-n devices, keeping the total film thickness similar, the first 10 layers are
formed by spin coating 40 mg/ml PbS/CdS CQD solution, exchanged with Br + MPA
ligands and the next 2 layers are comprised of films formed with spin coated 40 mg/ml PbS
CQD, exchanged with MPA ligand. Figure 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 device structures, (a) PbS-TiO, or PbS/CdS-TiO; heterojunction
(b) PbS-PbS/CdS-TiO; p-i-n structure and their proposed band alignment due to the equilibration

of Fermi level.

6.4.2.2 Device performance

With reference to the results in Figure 6-17(a) and Table 6-3, devices with PbS as the only
active material form 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 PbS/CdS heterojunction device
performed poorly, even with improved Vo compared to the PbS reference device. The low
fill factors and the high series resistance shows that the 250 nm thick PbS/CdS layer limits
the device performance because of its poorer charge transport properties. This is mitigated
by replacing the top two layers of PbS/CdS with PbS exchanged with MPA ligands to form
a p-i-n structure. In doing so, the performance of the device improved dramatically, due to

the concomitant improvement of fill factor, Voc and Jsc. The p-type doped PbS creates a
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more pronounced difference in Fermi level as compared to TiO2 and forms part of the p-i-
n structure, providing a larger internal electric field to transport charges through the
intrinsic PbS/CdS region via drift transport. The PbS/CdS heterojunction device shows
lower Vo values than the p-i-n device primarily because more charges recombine before
extraction. Comparing the EQE of the PbS/CdS heterojunction device and the p-i-n device,
the latter gave a higher 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 forming a p-i-n device
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

relatively high Voc stemming from the improved passivation of the PbS/CdS film.
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Figure 6-17. (a) J-V curves of the best performing device of the PbS-TiO,, PbS/CdS-TiO;
heterojunction and PbS-PbS/CdS-TiO; p-i-n structure compared. (b) EQE of the PbS/CdS-TiO,
heterojunction and PbS-PbS/CdS-TiO; p-i-n structure. All devices have roughly the same overall

thickness. Refer to Table 6-3 for device performance statistics.

Table 6-3. Device performance statistics for the heterojunctions and p-i-n structure.
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Structure Jse (MA/cm?) Voe (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 159+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 (p-i-n) (23.5) (0.65) (0.42) (6.42)
Results are averaged with standard deviation across 12 samples on 4 different substrates. The Js, Voc,
FF and PCE 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 layer which in turn limits
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 level regardless 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
quantum funnel effect could occur in 3 dimensions. However, by blending PbS/CdS CQD
instead of PbS, a pronounced increased in PL lifetime is observed, which is attributed to a
reduction in non-radiative recombination due to CdS shell passivation. With the PbS/CdS
blended film sandwiched between low gap and wide gap PbS/CdS CQD to form the active
layer, device performance improved over devices with 200 nm thick of mono-sized
PbS/CdS layer as the blend aids to extend the depletion width in the device by quantum
funnel effect. The second approach utilizes the concept of p-i-n solar cell to create a graded

structure based on the wide band metal oxide semiconductor as the n-type material, PbS
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film as the p-type material and PbS/CdS film as the intrinsic material. Two scenarios were
considered: putting p-type PbS as the bottom layer or by forming an upright device
structure with p-type PbS on top. Both p-i-n device structure showed improvement over
their respective control devices of the same extended active layer thickness. However, the
upright structure gave the best performance due to a more highly doped n-type 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
internal electric field created by the Fermi- energy difference between the n-type material
and p-type PbS. The internal electric field increases the extent of drift transport and helps
to overcome the poor charge transport properties of the PbS/CdS layer. Nevertheless, it has
to be acknowledged that the fill factor of devices are still relatively low (<0.50). For further

improvement in device performance, that has to be looked into.
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Chapter 7 — 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 photocurrent extraction. Enhanced charge extraction due to
the balanced charge extraction rate that minimises space charge built up and the extra
charge selectivity imparted by the hole transport material, is shown to benefit PbS CQD
solar cells in terms of improving fill factors. The approaches to achieve devices with high
fill factors include optimisation of hole transport material and understanding the effect of
hole transport layer inclusion via optoelectronic characterisation. Mr Yujiro Tazawa
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
passivation strategy in a bid to cut down recombination losses and to gain open-circuit
voltage (Voc). 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 CQD. Yet, the fill
factor (FF) of all devices discussed so far is below 0.50. In this chapter, the aim is to address
the issues of low fill factors by first understanding the mechanism leading to it and then by

exploring the options for engineering the interface between the CQD layer and the top
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electrode to improve hole extraction. By adding a suitable hole transport material, the
charge transport could be improved due to a more balanced hole and electron extraction
rate at both electrodes, coupled with reduced rear contact recombination by forming a
charge selective contact and reduced shunt pathways due to better interface morphology

between gold and PbS.

At voltages around the maximum power point, charge transport by drift is very much
reduced due to a reduction in depletion width generated at the heterojunction. Since the
diffusion length of carriers in PbS systems are short (<100 nm)*"*, shifting from a drift
dominated to a diffusion dominated charge transport mechanism results in poor fill factors
for devices thicker than the diffusion length due to more charges recombining before
extraction'®®. Figure 7-1 illustrates the concept of a diminishing depletion width at higher
forward bias, which results in diffusion becoming the dominant transport mechanism. At
the same time, unbalanced charge extraction'’® causes space charge to accumulate just
before the electrode, hence increasing recombination. Also, parasitic resistance losses
arising from film inhomogeneities creates shunt pathways*", and there is contact resistance
between the CQD film and metal electrode!®. All these lead to low FF. For further
efficiency enhancement, it could be proposed that CQD devices need to shift away from
relying principally on drift transport and to look at ways to improve diffusive charge

extraction'’,

160



N- region P-region

_ 0
N

£ 10 |- -
@ °
- < [ 7
E 20 D -
— : Better FF
E-field
7 30 - -
® , I , I . I
0.0 0.2 0.4 0.6

V (V)

Figure 7-1. 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 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 extraction, as

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 high FF is the preparation of a one-step deposition PbS ink, derived using a
solution phase ligand exchange approach. The benefit of a solution-phase ligand-
exchanged CQD solution is discussed in section 3.2.1. To prepare the one-step deposition
PbS ink, 1.3 eV PbS CQDs in octane with oleic acid as their native ligand are first subjected
to a solution phase ligand exchange to yield iodide-capped 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 Ning et al.”® (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 together. Films of PbS-lodide
are formed by spincoating 3000 rpm on a substrate and then annealing at 90°C for 3 minutes.

The success of ligand exchange is shown in Figure 7-2, where the retention of the exciton
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peak signifies that the quantum dots still exhibit quantum confinement and aggregation of
the quantum dots is absent. The redshift in the exciton peak after ligand exchange implies
there is wavefunction delocalisation and energetic coupling'’® amongst the PbS CQD since
they are now much closer to one another. The benefit of a solution-phase ligand-exchanged
CQD solution is that a secondary ligand exchange step while spin coating is not needed,
and this ensures improved film homogeneity and reduces macro defects which would
otherwise deteriorate the FF. Using a Dektak profiliometer, for a 220 nm thick PbS-lodide
film, average roughness is 7 nm while a EDT- exchanged PbS CQD film of about 200nm

thick has an average roughness of 17 nm.
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Figure 7-2. 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 the wavefunction between

guantum dots.

Further improvement to FF is sought by the use of semiconducting polymer Poly(3-

hexylthiophene-2,5-diyl) (P3HT). The insertion of P3HT as an interfacial layer between
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PbS-lodide CQD film and the top electrode, to create efficient CQD devices is described.
Also, the physicochemical properties of P3HT were altered to optimise device performance
and more characterisation was carried out to understand the role of P3HT in improving
device performance. With P3HT, improved fill factors of up to 0.72 and air-stable devices
of up to 8.1 % efficiency were fabricated. In the next section, further details on how the

selection of hole transporter material was made are discussed.

7.2 Choice of organic hole transport material

Recently, Chuang et al. made devices which consist of 10 layers of iodide- exchanged PbS
and two layers of EDT exchanged PbS before the gold electrode. The PbS film with EDT
ligand has a more p-type nature (lower Fermi energy) than the iodide- exchanged PbS film,
resulting a local band bending that aids in blocking electrons and allowing hole transport.
The improvement to diffusive transport by imparting charge selectivity has raised the fill
factor (FF) to 0.6%. Another approach is to use a different hole transport material to balance
charge extraction rates!’*"®, which could simultaneously play a role as a smoothing
interfacial layer between the active material and the top electrode. In organic photovoltaics,
a common choice of hole transport is PEDOT:PSS or molybdenum trioxide (M0O3)!. In
the case of organo-lead halide perovskite solar cells, N?,N?,N* N* N’ N’,N”",N7-octakis(4-
methoxyphenyl)-9,9’-spirobi[9H-fluorene]-2,2’,7,7'-tetramine (SPIRO OMeTAD) is often
used?8! although other alternatives have been explored!’®182183 |n the context of PbS CQD
solar cells, PEDOT:PSS and MoOs have been used. For PEDOT:PSS, it is often applied as
a bottom layer on the transparent conducting electrode as a smoothing layer as well as an
interface to help bind PbS to the substrate®”. MoOs is usually applied, via evaporation, as
a top layer on PbS and before the top metal electrode deposition. The benefit of MoOs3 is
that it removes the Fermi pinning effect of the metal on PbS, enabling even metals with

smaller work function (like silver and aluminium) to serve as an ohmic rear contact!®,
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Mora-Sero et al. stressed the importance of using charge selective contacts to improve
charge extraction °. However, much attention has been focused on the electron collecting
component of the device, for example providing a depleted heterojunction®® and
engineering the n-type material to improve electron collection®?. Less attention has been

given to hole collection.

For this work, P3HT was chosen as a hole transporter for the PbS active layer because it is
a well-known p-type organic semiconductor with a relatively high hole mobility and
literature suggests that its HOMO and LUMO levels with respect to 1.3 eV PbS CQD are
suitable to perform the role of hole extraction and electron blocking®®. Furthermore, the
conductivity of P3HT can be modified 818 which is very useful for optimising carrier

extraction, fill factor and hence power conversion efficiency.

Before fabricating devices with P3HT as a hole transport layer, a photoluminescence (PL)
quenching trial is carried out to validate its hole transporting efficacy. Here, PEDOT:PSS
and SPIRO OMeTAD are also selected to be tested in this trial against P3HT, based on
their HUMO-LUMO level suitability. PEDOT:PSS (Clevios™ P VP Al 4083) was used
as-purchased, SPIRO OMeTAD (Solaronix™) was prepared in chlorobenzene together
with its standard dopant with concentration specified by reference!®® and P3HT was
prepared by dissolution in chlorobenzene to a concentration of 10 mg/ml. First, PbS-lodide
films are formed on a microscopic glass side and broken into two smaller pieces to ensure
similar thickness (of about 220 £ 7 nm). One sample is kept as a control (without any hole
transport materials) and the other is coated with a hole transport material. PL results showed
that P3HT performs the best in terms of acting as a hole transport material for PbS as can
be seen by the extent of PL quenching. The quench in PL intensity implies that charge
separation is occurring at the interface'** and in this case, holes are being extracted into the

hole transport material, reducing the number of free photo-excited carriers left in PbS-
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lodide film to radiatively recombine. A further trial was done by utilizing the different hole

transport materials in actual devices. This will be described in the next two sections.
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Figure 7-3. PL quenching experiments with the various hole transport materials on PbS-lodide

film, namely (a) PEDOT:PSS (b) SPIRO OMeTAD (c) P3HT.

7.3 Device fabrication
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Figure 7-4. (a) Schematic representation of solar cell device architecture containing P3HT as hole

transport material and (b) the corresponding proposed band alignment (values for ZnO, PbS-

lodide, and P3HT are taken from references **°, &, ‘¢ respectively). Control samples exclude the

P3HT layer.

Patterned ITO substrates were cleaned thoroughly and then treated with O, plasma as

described in section 4.4.1.3. A 100 + 7 nm ZnO layer was deposited by spin-coating the
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prepared ZnO nanocrystal colloidal solution onto ITO at 2000 rpm for 30 s. A PbS-lodide
film is then deposited on the ZnO film by spin coating 10 pL of PbS-lodide solution at
3000 rpm for 30 s and then annealed at 90°C for 3 mins. For devices with P3HT as the hole
transporter, a 10mg/mL P3HT in chlorobenzene solution is spin-coated above the PbS-
iodide layer at 1000 rpm for 45 s to form a 100 £ 5 nm film. For O2 plasma treatment, the
P3HT coated film is exposed to O partial pressure of 120 mTorr for the required amount
of time. Finally top electrodes were formed by depositing gold by thermal evaporation, as
detailed in section 4.4.3. The device structure and the proposed band diagram are illustrated
in Figure 7-4. For devices with SPIRO OMeTAD and PEDOT:PSS, the procedure is the
same as that for P3HT devices but they are spun at 6000 rpm and 2000 rpm, giving
thicknesses of 143 + 6 nm and 84 = 9 nm respectively. For comparison with the devices
prepared by Chuang et al., another set of devices are coated with two more layers of oleic

acid terminated PbS CQD (of the same band gap) but exchanged with EDT ligands.

7.4 Initial results

As a first trial, devices with different hole transport material and interfaces were made and
compared. The samples were left in air (but in the dark) for a day before gold electrode
evaporation. Figure 7-5 shows the performances of the best devices represented in this trial.
The results show that P3HT performs the best as a hole transport material, based on overall
device performance. This supports the conclusion made in section 7.2. Specifically, devices
with P3HT gave remarkably high FF, which signifies that the charge transport and
extraction processes have been improved. Conversely, even with suitable HUMO-LUMO
levels, SPIRO OMeTAD and PEDOT:PSS result in poorer device performance than the
control and this shows that firstly the choice of hole transport material is crucial and

secondly, the ultimate band alignment is affected by the interfacial interaction between the
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two materials. In this case, SPIRO OMeTAD and PEDOT:PSS may not align favourably

with PbS-lodide therefore resulting in low currents and FF.

10
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= +PbS EDT
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0.0 0.2 0.4 0.8
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Figure 7-5. J-V curves of the best devices with different hole transport material/interfaces. PbS-

lodide curve represents the sample with no hole transport material added.

Next, the focus is shifted towards P3HT and this time, another set of devices were made
and the standard J-V characterisation was carried out as soon as devices were fabricated. A
comparison of performances for the best devices with and without P3HT is shown in Figure
7-6. The device with P3HT has improved short-circuit current (Jsc) and open-circuit voltage
(Voc) over the control device. However, the as-fabricated devices exhibit a “roll-over effect”
or a kink in the power quadrant of the J-V curve, thereby limiting FF and overall PCE. This
effect has been discussed by a number of authors and it was suggested that the abnormal
shape of the J-V curve is due to the existence of a barrier to charge injectionl®0191.192
However, when devices are stored in the dark and in air-ambient for one full day, this roll-

over effect is eliminated, leading to a marked improvement in fill factor and overall device
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performance Figure 7-6(b). It is hypothesised that this improvement upon ageing is due to

P3HT oxidation, which has been previously shown to cause p-type doping, shifting its

HUMO-LUMO levels and increasing its work function!®3. To explore this further, Kelvin

probe measurements were used to track the Fermi energy (Er) or work function position of

PbS-lodide and P3HT as produced in an inert glove box atmosphere and after exposure to

air. After two days, there is little change in the PbS-lodide Erand it remains at -4.91 (%0.02)

eV while the P3HT drops from -4.75 (%+0.02) eV to -4.80 (*=0.02) eV bringing it closer to

the PbS value. This, together with a systematic energy shift of core-levels and HOMO

levels on the oxidation of P3HT as observed by Hintz et al.1%, makes hole injection more

favourable at the interface (see Figure 7-7).
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Figure 7-6. Device performance comparison, with and without the untreated P3HT hole transport

layer, (a) as fabricated and (b) after 2 days of storage in air.
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Figure 7-7. 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 quoted in parenthesis.

The origin of improved device performance will be investigated based on the hypothesis
that P3HT is acting as a combination of: i) an electron blocking layer minimizing rear
contact recombination'’®; ii) a hole transport layer to improve the balance of carrier
extraction rate (as opposed to only having a ZnO layer) and thus reducing the formation of
space charge at the electrodest’; iii) a smoothing layer between the PbS-lodide film and
the gold contact to minimise shunt pathways; and iv) an optical spacer layer increasing
reabsorption of light that is reflected off the rear electrode!®. However before doing so,
devices are optimized by controlling the extent of beneficial oxidation of P3HT and then

characterising the physical and chemical changes to P3HT.

7.5 Optimization and characterisation

7.5.1 Intentional oxidation of P3HT
To control the extent of oxidation, an O, plasma treatment was employed to
physicochemically etch the P3HT. Keeping the O partial pressure constant at 120 mTorr,

various plasma exposure times were used and Figure 7-8(a) shows how the J-V
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characteristics change as a function of treatment time. A three second treatment gives
optimal device performance (Jsc 20.7 mA/cm2, Voc 0.52V, FF 0.63 and PCE 6.8%). Kelvin
probe measurements (Figure 7-8(b)) go some way to explain this observation, as a three
second treatment results in a Er value of -5.04 (£ 0.01) eV as compared to the pristine value

of -4.80 (*0.02) eV which, after band alignment, means that the HOMO level of P3HT

might be at a more ideal level to encourage hole injection from the PbS-lodide layer. J-V
characterisation exhibits no rollover effect on devices tested immediately after fabrication
(see Figure 7-9), which is not the case for devices without the P3HT O, plasma treatment
(compare with Figure 7-6). The plasma treatment also thins the P3HT layer, as shown in
Figure 7-8(c), and for the three second treatment, the P3HT thickness reduces from 102nm
to 67.5nm (as measured using Dektak Profiliometer). This most likely plays a secondary
but still an important role in optimising charge transport and collection in the device. Even
though work function continues to increase with increasing treatment time, the P3HT layer
becomes too thin and degradation of the device performance ensues. In the next section,

the importance of P3HT thickness is investigated.
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Figure 7-8. (a) J-V characterisation of device with P3HT layer exposed to increasing O, plasma
treatment times. 3 s is found to be the optimal treatment time for PCE. (b) Scanning Kelvin probe
measurements on P3HT with increasing O plasma treatment time. (¢) Graph of P3HT thickness

versus length of O; plasma treatment.
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Figure 7-9. Device performance, with P3HT layer exposed to 3 s O, plasma treatment, when as-

fabricated and then tested again after two days of air-ambient storage in the dark.
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7.5.2 P3HT thickness optimization
To investigate the effect of P3HT thickness on device performance, devices with the same
PbS-lodide thickness but with different thicknesses of P3HT layer were fabricated. To vary
the thickness of P3HT, the spin rate was altered and a calibration curve was obtained as
shown in Figure 7-10(a). Devices were tested after 2 days exposure to air and the
performance results are shown in Figure 7-10(b), (c). Vo, Jsc and FF all decrease with
thinner P3HT layers, while too thick a P3HT layer gives high Jsc but much lower FF. These
trends follow very closely the work of Tress et al.'®®, who show that a sufficiently thick
(~400nm) layer of Spiro-OMeTAD is required to form an interface between the perovskite
layer and top electrode. The reason for that thickness is due to the relatively rough
perovskite surface, so as to ensure that the hole transporter is able to form a smooth uniform
contact with the top electrode, thus reducing shunt pathways. However, it is also shown
that beyond the optimal thickness, a thicker hole transport layer reduces FF due to
increased series resistance. In the case of PbS-lodide, it has a much smoother surface than
the perovskites conferred by the solution phase ligand exchange method. It is established
that the optimum P3HT thickness for device PCE was about 100 nm as shown in Figure

7-10(c).
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Figure 7-10. (a) Graphs of P3HT thickness versus spin rate. (b) Device Jsc and Vo, (¢) FF and PCE
with different thicknesses of P3HT layer. Results are obtained two days after fabrication for the

elimination of the “roll-over” effect.

7.5.3 Material characterization
To understand the chemical effect of the O, plasma, UV-Vis-NIR absorption, Fourier
Transform Infrared Spectroscopy (FTIR) and Secondary lon Mass Spectrometry (SIMS)
have been employed. The UV-Vis-NIR spectra in Figure 7-11 shows how the absorption
changes in the P3HT with various Oz plasma treatment times. The magnitude of absorbance
is reduced with plasma treatment time, consistent with layer thinning, but the effect could
also be ascribed to chemical degradation of the P3HT thiol ring due to oxidation. Oxidative
degradation is also known to result in a blueshift in the absorption spectrum due to the

reduction in molecular weight of the polymer chain®. However, in this case, the blue shift
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is minimal, which means that any oxidative effect of plasma mainly changes the chemical
moiety in the polymer rather than cleaving it into to smaller fragments. This would be
consistent with a p-type doping effect and Fermi level shift of P3HT. Further, FTIR
measurements (Figure 7-12) show evidence of increased oxidation of P3HT with 3 s O>
plasma treatment: The O-H bonds at 3360cm™ and C=0 bonds at 1718cm™ appear upon
plasma treatment while there is slight degradation of the hydrocarbon peaks at 2800-

2900cm™ (Figure 7-12(c))**24.

= Pristine —— 5s

. 0.16 —_1s — 10s
i’- 0.14 —_3s — 30s
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Figure 7-11. UV-Vis absorbance spectra of P3HT films cast on glass slides which have been

exposed to various O plasma treatment times.
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Figure 7-12. (a) FTIR spectra showing the range of wavenumbers attributed to C=0 stretching
(1774 cm?, 1718 cm™, 1637 cm™?, 1585 cm™*) while 1560 cm™ and 1509 cm™ are associated with
aromatic components in P3HT, and (b) O-H stretching (3360 cm™ and 3180 cm™) while 3054 cm™*

is associated with aromatic C-H bonds'®’. (c) The full range of the FTIR spectra.

SIMS was used, in the depth profile mode, to investigate the extent of oxidation, as
illustrated in Figure 7-13. The different regions in the depth profile for each device under
different conditions are estimated as such: (i) using the minimum of *2C depth profile
(Figure 7-13(d)) to demarcate the boundary between P3HT and PbS-lodide, and (ii) using

the increase in ZnO counts in each depth profile to indicate the start of the ZnO layer.
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Further information can be garnered by comparing the ratio of oxygen to sulphur counts
between pristine, air-aged, and O plasma treated P3HT-devices under the same
experimental conditions (Figure 7-14). The oxygen-sulphur ratio is higher in the air-aged
sample and even greater in the O plasma-treated sample. More oxygen is present
throughout the thickness of the P3HT layer in the plasma treated sample as compared to
the air-aged sample. From this, it can be concluded that the extent of oxidation with plasma
treatment is significantly greater than from air ageing alone. This increased oxygen to
sulphur ratio has been similarly reported using X-ray photoelectron spectroscopy (XPS)
with oxidized P3HT by Hintz et al.}®. Therefore, this supports the hypothesis that it is
oxidation of the P3HT that increases the work function 1°3, and reduces the charge injection

barrier and “heals” the device performance.
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Figure 7-13. SIMS depth profiles of (a) Pristine ZnO/PbS-lodide/P3HT sample, (b) ZnO/PbS-
lodide/P3HT sample that has been air aged for 2 days and (c) ZnO/PbS-lodide/P3HT sample after
3 second O plasma treatment. The approximate zones of each component 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 and PbS-lodide (at time= 0.05).
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Figure 7-14. Ratio of oxygen to sulphur counts as determined by SIMS, dotted line shows the
approximate position of the end of P3HT component and the start of PbS-lodide, which is

determined from depth profile analysis as shown in Figure 7-13(d).

7.5.4 Electronic characterization
To show the importance of using a hole transport layer to improve the balance of charge
collection rate, the optoelectronic properties of test devices with and without the P3HT
layer, and with O plasma treated P3HT (hereby termed P3HT:O,) are investigated. Figure
7-15(a) depicts the dependence of Js on light intensity of devices with and without the
P3HT layer; the measurements of all these devices are taken at day 2 of storage in air-

ambient and dark. Results are fitted to a power law relation,

J=DbI? Equation 7-1
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where J refers to current density, | is the light intensity and a, b are constants. If a=1, it
implies that device is operating under the condition that charge extraction rate is balanced
and therefore there is minimal bimolecular recombination. For a <1, it indicates a deviation
from balanced charge transport resulting in the formation of space charge!®. Devices with
the hole transporter layer have values of a approaching the value of 1, which is consistent
with the high fill factors observed. On the other hand, the lack of hole transport results in
space charge-limited current extraction, which results in devices having more bimolecular
recombination’®®. Open-circuit voltage decay measurements were also performed as shown
in Figure 7-15(b). Under open-circuit conditions, photogenerated charges build up under
illumination and the eventual decay of the voltage is a result of recombination of those
charges. If the lifetime of the photovoltage decay is long, it signifies a pronounced

reduction in carrier recombination rate?®, and this is seen in the case when P3HT is used.
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Figure 7-15. (a) Intensity dependent short-circuit 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 = 0.01 for PbS-lodide, a=0.98 + 0.03 for PbS-lodide/P3HT and a=0.95 + 0.05
for PbS-lodide/P3HT:O,. (b) Open-circuit voltage decay of the same devices with lifetime quoted

in parentheses.
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7.6 Device performance and stability

N-type ZnO thin films are known to possess high carrier density?** and are commonly used
as electron selective contacts. In the control devices (without P3HT), symmetry is absent:
with the electron collection process dominating over hole collection, it is very likely that
space charge accumulates near the regions of the electrodes. This limits charge transport
and promotes charge recombination®’. Suitably doped P3HT has a Fermi energy level that
allows a more ideal band alignment to extract holes from PbS layers and with a relatively
high LUMO position, P3HT effectively blocks electrons at the rear electrode, thus reducing
recombination. Therefore, having both electron and hole selective contacts aids charge
extraction in the diffusive transport regime!’®. Thus, at high forward bias, where the
internal field is weaker and the depletion width is small, diffusive transport takes
precedence and with charge selective contacts a higher photocurrent can be sustained,
leading to higher fill factors. Another interpretation of these results is that P3HT acts as a
buffer layer eliminating Fermi level pinning effects that are known to exist between gold
and PbS*, All these factors lead to improved charge extraction compared to device

without P3HT, leading to better Js, Voc and FF values as evident in Figure 7-16(a).
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Figure 7-16. (a) J-V sweeps showing photovoltaic performance under AM1.5 illumination of device
with 100 nm of P3HT, without P3HT and with O, treated P3HT. Measurements were taken two
weeks after fabrication, where device performance has stabilized. (b) External quantum efficiencies

of the corresponding devices.

Devices with fill factors as high as 0.72 were fabricated, which is by some margin the
highest reported for PbS CQD solar cells (refer to Table 7-1 for device performance
summary). It could be said that using an O, plasma treatment allows a simultaneous control
over both the extent of P3HT oxidation and film thickness. The external quantum efficiency
measurement in Figure 7-16 shows a higher photocurrent extracted across the whole
wavelength range, in particular near 600nm where photogenerated charges occur mainly in
the middle of the device. The improvement of charge extraction in the middle regions of
the device supports the hypothesis that an improvement in carrier lifetimes and reduced
charge recombination in devices which use P3HT is due to the charge selectivity of P3HT
and the elimination of space-charge limited transport. It is also worth noting that there is
still a huge deficit in quantum efficiency at higher wavelength regions, which is most likely
due to insufficient absorption of light due to the limited thickness of active layer. However,
in our studies, the PbS layer is fixed at about 220nm and has not been optimised. That

would be a future research task.

Table 7-1. Photovoltaic device performance statistic. Samples are tested in AM 1.5 conditions.

Structure Jse (MA/CM?) (Ve (V) FF PCE (%)
126+23 051+£0.06 [049+005 [3.1+x04
ZnO/PbS-lodide/Au (13.8) (0.51) (0.56) (3.9)
184 +15 0.55+0.03 [0.68+0.04 [6.9+0.9
ZnO/PbS-lodide/P3HT/Au (18.7) (0.55) (0.70) (7.2)
ZnO/PbS-lodide/P3HT-O> treated(19.7 £ 1.7 0.56£0.02 [0.67+0.03 [7.4+£04
3s/Au (21.9) (0.54) (0.68) (8.1)
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The measurements for the best-performing cells are quoted in parenthesis. The reported
averages and standard deviations are derived from 9 devices on 3 separate substrates from
measurements performed after 2 weeks of air exposure (and storage in the dark).

In addition, the devices are stable in air: device performance metrics as a function of time

are shown in Figure 7-17. P3HT is susceptible to oxidation and this oxidation causes p-

type doping and shifts the Fermi energy level, resulting in favourable band alignment and

hole injection. Therefore, when P3HT is fully oxidized, the device performance stabilizes

and this can be seen in the O, plasma treated P3HT devices where the performance is stable

on storage. Studies have shown that devices including interfacial transport layers like MoOs3

work well as-fabricated, but changes in work function over time degrade device

performance®.
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Figure 7-17. The variation of photovoltaic performance metrics of devices, with and without P3HT
and O treated P3HT, with storage time. (a) short-circuit current, (b) open-circuit voltage, (c) fill
factor and (d) power conversion efficiency. The devices were unencapsulated and were stored in
air between each measurement in a dark environment without any humidity control. The standard
deviation (error bars) and the average (data point) were calculated from a sample of 9 devices on

3 separate substrates.

7.7 Conclusion

In summary, it was shown that P3HT could be manipulated to be an effective hole transport
layer in between the PbS CQD and the gold contact, to balance the rate of charge extraction
of both carriers in a device with ZnO as the electron acceptor. P3HT could also act as a
smoothing layer, capping the PbS CQD film and thus reducing possible shunt pathways.
Lastly, P3HT could serve as a charge selective contact- to block electrons and to allow
holes to be transported and this would reduce charge recombination. By oxidising P3HT,
its Fermi energy level is found to be lowered, resulting in improved band alignment and
sustaining hole injection from the PbS layer even at high forward biases. In addition,
devices can be stored in air in the dark for an extended period of time without significant
device deterioration and in fact, mild oxidation is beneficial to device performance. An
investigation of controlled oxidation via O2 plasma treatment indicates that oxidised P3HT
serves as an excellent hole transport material. It was shown the treatment gave a more
uniform oxidation and also thins the P3HT layer. By optimising the conditions, suitably
thick and suitably oxidised P3HT contribute to better performing devices with a
concomitant improvement to Js, Voc and FF values when compared to devices without a
P3HT layer. Optimised oxidation conditions and P3HT thickness are used to maximise fill
factors up to 0.72. Relatively efficient devices with high FF and air stability are made

possible with the inclusion of P3HT as the hole transport layer. Nonetheless, the Voc of
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these devices are still limited to below 0.6V and it needs to be improved to attain higher

device efficiency.
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Chapter 8 — Conclusion and future work

8.1 Conclusion of thesis findings

PbS CQD technology is still in the midst of rapid progress and it is a potential candidate
for the low cost, high efficiency third generation photovoltaics. At the beginning of this
work, devices for PbS CQD photovoltaics were reported to be about 7 % efficient®. Then
upon the completion of this thesis, the certified record device efficiency stands at 9.9 %%,
Along with this came discovery of n-type PbS’%2%2 use of solution phase ligand exchange

to create one step deposited PbS colloidal ink®7%7 and air-stable PbS devices®®2%2,

The present work represents a significant contribution to an improvement in Vo and FF of
devices and a better understanding of PbS CQD photovoltaics. The key contributions are

as follows:

(i) The first part of this work presented a strategy to utilise core/shell PbS/CdS CQDs as
the main absorber material in a solar cell. The CdS shell imparts surface passivation as seen
from the improvement in PLQY and PL lifetime as compared to unshelled PbS CQDs but
the extra shell layer results in an impediment to charge transport. By systematically
thinning the shell layer and then incorporating the resultant core/shell CQDs in a solar cell
device, Voc as high as 0.7 V is achieved with a CQD of 1.3 eV band gap, which is
unprecedented at the time of this work. This is also the first report in which a core/shell
CQD s utilised as the main photoactive material (both light absorption and charge
transport) in a solution processed solar cell. With further surface chemistry improvements

and device optimisation, solar cells with PCE as high as 6 % were fabricated.

(ii) Even with the optimised PbS/CdS CQD, the charge transport properties of PbS/CdS

CQD film were limited compared to PbS CQD films due to lower carrier concentration.
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Nevertheless, the second part of this work encompasses device architectural strategies used
to overcome the lower conductivity of PbS/CdS as well as to take advantage of its lower
defect concentration (or intrinsic nature). A new concept of 3-dimensional quantum
funnelling was demonstrated and it was shown to help improve the length of possible
carrier extraction across the device thickness. This is also the first time where blends of
two different sized quantum dots of the same material are shown to be utilised in a solar
cell device to improve charge extraction based on quantum funnelling. Further, another
strategy which involves a p-i-n solar cell architecture was adopted to improve charge
extraction. Although p-i-n CQD solar cells are not entirely a new concept at the time of this
work!®®, the use of intrinsic PbS/CdS and p-type PbS via the same spin coating film
fabrication procedure is a simplistic and yet unique way to introduce extra band bending at

the hole collecting region. Via this approach, the highest efficiency attained is 6.4 %.

(iii) The final part of this work addressed the low fill factors persistent in PbS CQD solar
cell devices. The addition of a suitable hole transport material, P3HT, provided the
understanding that the over-reliance on the depletion region for charge extraction and the
unbalanced charge transport rates are the main reasons responsible for low fill factors. With
suitable thickness and controlled oxidation of P3HT, devices with high FF were obtained,
with the best FF of 0.72 recorded, which is the highest ever to be reported in the literature
to date for PbS CQD solar cells. A champion device of 8.1 % PCE is obtained and devices

are reported to be stable with air storage.

8.2 Future works

(N A deeper understanding on PbS/CdS core/shell CQD surface chemistry.

It was shown that the optimised CdS shell is 0.1 nm, which in theory is a sub-monolayer

of CdS or partial CdS coverage on PbS CQD. It would be useful to understand why a
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submonolayer of CdS shell is still providing a viable extent of passivation that it does, as
seen in the substantial improvements of Vo and a reduction in Jo. Another potentially
interesting aspect of partial CdS coverage is the understanding of how ligands are bound
to the surface of these core/shell CQD. XPS studies could potentially reveal how ligands

are bound by examining Pb and Cd bonding states.

(i)  Combining quantum funnels with the p-i-n strategy

The quantum funnel layer comprising PbS/CdS blends of two different band gaps could
potentially be sandwiched between n-type TiO2 and p-type PbS to reap the benefits of a
stronger electric field formed within the device so as to overcome to poorer charge transport
properties of the PbS/CdS blend layer. This could also mean that the active layer could be
made thicker than the upright p-i-n structure discussed in chapter 6 due to quantum

funnelling.

(iii)  Developing other solution phase ligand exchange that provides better

passivation than iodine

Although the formation of a one-step deposition PbS ink is highly useful and allows the
formation of smooth CQD films, the exchange process carried out with iodine-based
ligands and passivation by iodine ligands has recently been reported to limit the device Vo
due to the formation of radiative sub-band levels*®. Therefore, there is an urgent task to
find an alternative that provides the same level of passivation and air-stability, but also

introduces less sub-band levels.

(iv)  PbS-lodide thickness optimization

As discussed at the end of Chapter 7, the EQE measurement illustrates that there is a limited

amount of photoconversion in the longer wavelength regions, which could be attributed to
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insufficient absorption of longer wavelength photons. Therefore, a further study can be
done to see whether a thicker PbS-lodide layer would improve the amount of

photoconversion without sacrificing charge extraction through transport loses.
(v)  Tandem/Multi-junction solar cells

Building upon the discovery of P3HT as a viable interfacial hole transport layer, P3HT
could be integrated to form a graded recombination layer?°®2%* that would be used to
electrically connect the component cells of a multi-junction PbS solar cell in series. The
fabrication of a tandem/multi-junction PbS solar cell, consisting of a bottom cell that
incorporates larger band gap PbS and a top cell with smaller band gap PbS, would better

utilise the solar spectrum and also improve the Vo of the device.
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