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Abstract

This thesis studies lead suphide (PbS) colloidal quantum dots and their

photovoltaic applications.

Different sizes of PbS QDs were synthesised and characterised using absorption
spectroscopy and transmission electron microscopes. PbS QD Schottky junction
devices were fabricated with AM1.5 power conversion efficiency up to 1.8 %. The
Schottky junction geometry limits the device performance. A semiconductor
heterojunction using ZnO as an electron acceptor was built and the device
efficiency increased to 3%. By studying the light absorption and charge extraction
profile of the bilayer device, the absorber layer has a charge extraction dead zone
which is beyond the reach of the built-in electric field. Therefore, strategies to
create a QD bulk heterojunction were considered to address this issue by
distributing the junction interface throughout the absorber layer. However, the
charge separation mechanism of the QD heterojunction is not clearly understood:
whether it operates as an excitonic or a depleted p-n junction, as the junction
operating mechanism determines the scale of phase separation in the bulk
morphology. This study shows a transitional behaviour of the PbS/ZnO
heterojunction from excitonic to depletion by increasing the doping density of

Zn0O.



To utilise the excitonic mechanism, a PbS/ZnO nanocrystal bulk heterojunction
was created by blending the two nanocrystals in solution such that a large
interface between the two materials could facilitate fast exciton dissociation.
However, the devices show poor performance due to a coarse morphology and
formation of germinate pairs. To create a bulk heterojunction where a built-in
electric field could assist the charge separation, a TiO: porous structure with the
pore size matching with the depletion width was fabricated and successfully in-
tilled by PbS QDs. The porous device produces 5.7% power conversion efficiency,
among one of the highest in literature. The enhancement comes from increased

light absorption and suppression of charge recombination.
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Chapter 1 - Introduction

1.1 Solar energy and low cost photovoltaics

The single largest cause for global warming is carbon dioxide primarily emitted
in the production of energy from burning of fossil fuel'. Oil, coal and natural gas,
the three major fossil fuels, generate 86.5% of primary energy on earth!.
Therefore, to develop alternative carbon-free renewable energy will be one of the

best choices for the world to solve climate change to benefit the entire society.

Solar energy is abundant. The energy of all known existing fossil fuel is as much
as the energy the earth receives in only 50 days from the sun'. One direct way to
convert this sustainable energy to electricity is through photovoltaic cells. The
main hurdle to the large deployment of photovoltaic panels to generate
electricity is the cost of materials and manufacturing based on the current
technology. A study published by the United Kingdom government® shows the
cost of electricity generated by photovoltaic modules in the UK is £314/MWh, by
on-shore wind is £90/MWh and by natural gas is £50/MWh. The photovoltaic
materials currently available in the market are dominated by crystalline silicon,
along with thin film materials: cadmium telluride (CdTe), copper indium gallium

selenide (CIGS) and amorphous silicon. Processing of these bulk materials is



expensive and required high-energy input, making the energy payback time 3-4

years for crystalline solar cells*.

Reducing the costs of harnessing solar energy is being solicited in low
temperature solution-processed semiconductors such as conjugated polymers>7,
conjugated small molecules®'° and colloidal quantum dots-'3. This allows the PV
modules to be manufactured through liquid phase deposition such as spin
coating or inkjet printing, which can be combined with roll-to-roll production on
flexible substrates, lowering both manufacturing and installation costs. Colloidal
quantum dots have gained much attention recently for their band gap tunability.
PbS'+16, PbSel”1?, CdSe?-22, CdS, CuzS, SnS%, SnSe?, InAs?® and InP? materials
have been studied for their photovoltaic properties. Lead chalcogenide quantum
dots have received most attention with their efficiency increasing fast from 0.1%

to near 8% within 5 years.

1.2 Goal of the thesis

The focus of this thesis is to increase the power conversion efficiency of PbS QDs
photovoltaic device by improving the device structure through our
understanding of the fundamental process of the colloidal QDs. To rationalise the

design of the device architecture, two main points are addressed in this thesis:

1) Whether the operating mechanism of a QD heterojunction is excitonic or
depleted p-n. In an excitonic junction, charge collection length is determined by

the exciton diffusion length and a chemical potential between donor and acceptor

2



must form to facilitate the dissociation of exciton. In a depleted p-n junction, a
built-in electric field is present and can efficiently drift the electrons and holes to
the corresponding electrodes. Thus for optimal design of the cell architecture, the

mechanism of charge separation should be determined.

2) Since the absorber thickness, which determines the light absorbed by a device,
is limited by the drift-diffusion length of charge carriers, new device structures
were studied to show whether they can optimise both light absorption and

charge extraction.

1.3  Structure of the thesis

Chapter 2 reviews the literature of the fundamentals of QD photovoltaics and
their recent progress. The initial experimental research on PbS QD photovoltaic
devices was carried out in 2010. Chapter 3 describes the experimental techniques
of materials synthesis, QD device fabrication and characterisation as well as some
results on QD Schottky junction devices. Chapter 4 reports an
ITO/PEDOT:PSS/PbS/ZnO/Al device structure with the focus on understanding
the junction operating mechanism. Chapter 5 and Chapter 6 explore
interpenetrated QD donor-acceptor structures: a PbS/ZnO colloidal bulk
heterojunction and a porous TiO2/PbS bulk heterojunction. Chapter 7 concludes

the scientific findings of the thesis and proposes further work to be carried out.
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Chapter 2 - Literature Review

2.1 Fundamental physics of solar cells

2.1.1 The solar spectrum

The extra-terrestrial solar spectrum is very similar to the spectrum of the black
body at 5760 K (Figure 2.1). Before reaching the earth, the solar radiation is either
absorbed or scattered by the atmosphere, changing its intensity at different
wavelengths!. The term “Air Mass (AM)” which is the ratio of optical path length
after attenuation by the atmosphere to the optical path length if the sun is
directly overhead is used to quantify the attenuation by the atmosphere?. The

standard spectrum for solar cell characterisation is Air Mass 1.5.

2.5

Extraterrestrial

5760K Blackbody
1.5

1.0
Terrestrial

0.5

Spectral Irradiance (W m™ nm™)

0.0
500 1000 1500 2000 2500

Wavelength (nm)

Figure 2.1: Extraterrestrial solar spectrum, the spectrum of a 5760K blackbody and
terrestrial spectrum. (Spectra data are referenced from ASTM G-173-03)



2.1.2 Operational principle of solar cells

When a semiconductor is exposed to light of sufficient energy, photons can excite
electrons from low-energy states (valence band) to high-energy states
(conduction band). The energy difference between the valence band (VB) and the
conduction band (CB) determines the semiconductor’s band gap. Only photons
with energy greater than the band gap can excite electrons to the CB. On losing
an electron in the VB, a positively charged hole is generated. The excited electron
could recombine with the hole quickly due to their Coulombic interaction. In a
photovoltaic device, a junction is necessary to extract the electrons to the external
circuit before they recombine. Figure 2.2 describes the processes within a solar

cell formed from a Schottky junction.

e——>e

\\4)

o

—

el < b
(4)

TC \ Metal

Figure 2.2: Basic mechanism of a Schottky junction solar cell. (1) Charge generation; (2)
diffusion; (3) recombination; (4) charge separation. * TCO - Transparent conductive
oxide.



2.1.2.1 Charge generation by photon absorption

The photon interaction with a solid material is described as absorption®. The

absorption of light can be described by the well-known Beer-Lambert Law,

I(4,x) = I,(1)e~*Mx (2.1)

where (4, x) is the intensity of monochromatic light 4 at a point x in a layer, I(4)
is the incident light intensity, and a(4) is absorption coefficient. In a conventional
solar cell, the major contribution to a(4) are band-to-band transitions, where
photons with energy greater than the band gap (E;) can excite an electron to a

high energy state, creating a free electron-hole pair.

In organic or quantum dot materials the dielectric constants are low* so the
electron and hole wavefunctions are localised®. Excitons are bound states of
electron-hole arising from the Coulombic force between them. The Coulombic
interaction gives a high binding energy between the electron and hole in an
exciton. Excitons are not charged, so their movement is by diffusion. As the

binding energy is high, the diffusion length of excitons is very limited.

Besides electron transitions from band-to-band, intraband transitions, phonon
absorption, band-to-trapped state and trapped state-to-trapped state transitions?
are the optical processes that can occur in an absorption layer. If reflection and
interference can be neglected, the absorption depth or optical penetration length

of an absorption layer will be 1/a(4). Figure 2.3 shows the optical penetration



depth of PbSe nanocrystals at different wavelengths. High energy photons (short
wavelength) have shorter absorption lengths, while low energy photons are

absorbed less strongly and can penetrate a longer distance®”.

= PhSe NC film
10* ITO

Absorption Length (nm)

400 800 1200 1600
Wavelength (nm)

Figure 2.3: Absorption penetration depth of PbSe nanocrystals, indium-doped tin oxide,

calcium and aluminium at different wavelengths. (Adopted from Law et al.°)

2.1.2.2 Charge dissociation

A key component in photovoltaic devices is a junction that provides a driving

force to separate electron-hole pairs or bound excitons?.

In the case of an excitonic solar cell, excitons must migrate to an interface (i.e.

type-II donor/acceptor interface) in order to dissociate into free electrons and

10



holes (Figure 2.4). The chemical potential difference between the donor and

acceptor materials provides the driving force for exciton separation.

In conventional solar cells, a built-in electric field is established near the junction
interface between two materials with asymmetrical electronic properties. The
junction can be formed between metal and semiconductor or between p-type and

n-type semiconductors.

Acceptor

Figure 2.4: A schematic showing the type-1I heterojunction donor-acceptor interface
(readapted from reference®). (1) a photogenerated exciton migrate to the interface; (2) the
exciton split into a free electron-hole pair with electron transferring to acceptor LUMO

leaving a hole in the donor phase.

2.1.2.3 Semiconductor-metal Schottky junction

When a semiconductor and a metal are brought into contact, their Fermi levels

align to achieve equilibrium by exchange of carriers between the two materials. A
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potential difference is built up by a change in carrier concentration, and at
equilibrium, this potential difference is large enough to prevent further carrier
flow. At the interface, the semiconductor carries a net charge forming a space
charge region, which is negligible in the metal as the dielectric constants of
semiconductors are much higher than those of metals. Accordingly, the change in
potential, or band banding, occurs in the space charge region (or depletion
region), creating a barrier to carrier flow. Figure 2.5 shows the schematic of a

Schottky junction between a metal and a p-type semiconductor.

_ Metal
Semiconductor

Figure 2.5: Schottky junction between a p-type semiconductor and a metal. A space

charge region is formed at the interface, where band bending occurs.

The Schottky barrier height (¢,) is the energy required for majority carriers

flowing to the semiconductor (Figure 2.5)°. ¢,, is given by

o, =E;—@ +x (2.2)
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where E; is the band gap, ¢, is the metal work function and y is the electron
affinity of the semiconductor. The built-in bias (V,;) gives the total amount of the
band bending and is determined by the Fermi level difference between the
semiconductor and metal before they are brought into contact. The width of the

space charge region or depletion region can be calculated by?,

ZESVbi
W = (2.3)
/ qNg

where & is the permittivity of the semiconductor and N, is the doping density of

the semiconductor.

Schottky junction in the dark. Considering a p-type semiconductor, holes are
the majority carriers and the hole flow provides the conduction in the
semiconductor. At zero bias, a small current is observed due to thermally
activated holes diffusing across the junction, balanced by the drift of electrons. At
reverse bias (Figure 2.6(a)), as the barrier height is increased, the thermally
activated holes become more difficult to pass over the barrier. The leakage
current is mainly determined by the drift of electrons from the semiconductor to
the metal. When a forward bias is applied (Figure 2.6(b)), the barrier height is
reduced. Carriers pass more freely over the barrier, and the forward current

increases exponentially with the applied bias (Figure 2.6(c)).
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Figure 2.6: (a) p-type semiconductor-metal Schottky junction under reverse bias; (b) p-
type semiconductor-metal Schottky junction under forward bias; (c) J-V characteristic

curve of a Schottky junction from reverse to forward bias in the dark.

Schottky junction in the light. Considering a p-type semiconductor under
illumination, electrons are promoted to the conduction band and drift to the
metal by the built-in electric field. Thus under zero bias, for example, a
significant current is produced arising from the photogenerated charges. The
metal becomes more electron-rich with an increase in Fermi energy. The split of
Fermi levels between the semiconductor and the metal by light creates a

photovoltage. With increasing illumination intensity, the Fermi level will
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continue rising until the bands become flat. The flat band voltage is the

maximum photovoltage that a Schottky junction can achieve.

Figure 2.7: Schottky junction band diagram under illumination: (a) under weak
illumination; (b) under strong illumination when flat band condition is achieved; (c) |-V
characteristic curve of a Schottky junction device under weak (dashed) and strong (solid)

illumination.

2.1.3 Characterisations of solar cells

The ability of a solar cell to absorb photons, generate charges and extract them to
the external circuit is described by the term quantum efficiency (QE). QE is the
probability of an electron being extracted to the external circuit by an incident
photon of energy E. The current density generated by the solar cell in short

circuit is given by?,

oo = @ [ B(BYQEE)AE (2.4)
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where bs(E) is the number of photons of energy in the range of E to E + dE which

are incident on unit area in unit time and g is the electronic charge.

When a load is present in a circuit with an illuminated device, the overall current
is decreased and a potential is developed between the terminals. The overall
current can be regarded as the superposition of the short circuit current
generated by photon absorption and a reverse current caused by the potential
built-up under load. The reverse current is the current flowing through a cell in
the dark under bias. According to the single-diode model, the dark current

density is given by,

]dark(V) = ]0 (enq_kVT - 1) (2.5)

where Jo is the reverse saturation current density which is a measure of
recombination of a diode, V is the voltage between the cell terminals, n is the
ideality factor, k is the Boltzmann constant and T is temperature. The value of
ideality factor is dependent upon the recombination type. n = 1 if recombination

occurs in the neutral region, and n = 2 if it occurs in the depletion region®.

The net current density of a solar cell under illumination is given by

vV
JOV) = Jse = Jaare(V) = Jse — Jo(eRT — 1) (2.6)

At open circuit, the net current is zero, (V) = 0. The open circuit voltage,
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Figure 2.8 shows the | — V characteristic curve of a solar cell. The power density

delivered by the solar cell is
p=Jv (2.8)

The maximum power point Puws is the operating point of a solar cell,
corresponding to a voltage Vi and a current density J,,;,. A term fill factor (FF) is

used to describe the squareness of the | — V curve, and is given by the ratio,

]SCI/OC

(2.9)

The power conversion efficiency is the fraction of the power density at the

operating point to the power density of the incident light, P,

_JmVm _ JscVocFF

= 2.10
VTR TR (210
/\J
Vm VOC <&
4
Ji
' / Pmax
‘ISC

Figure 2.8: Current density-voltage (J-V) characteristic curve of a solar cell. Pmax is the

operating point of the solar cell when the power density is maximum.
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In practice, series and shunt resistances are present in solar cells. The series
resistance is a result of the semiconductor materials and the electrode contact.
There is also some leakage current through the cell, which is high at low shunt
resistance. Both resistances can change the fill factor, and an efficient solar cell

requires a low series resistance and high shunt resistance?.

2.2 Solution-processed photovoltaics

Solution-processed photovoltaics have received an enormous amount of research
attention within the past decade. The four main solution-processed photovoltaic
technologies are organic, dye-sensitised, inorganic thin film and quantum dots.
The efficiencies of some of these technologies have exceeded 10% in the
laboratory. The concept of ‘solution-processed’ is of particular interest as the
photovoltaic materials are processed in the form of colloids, which can be coated
onto both rigid or flexible substrates using techniques such as doctor blading,
spray coating, inkjet printing or slot-die coating, lowering the cost of

manufacture and installation!!.

2.2.1 Organic photovoltaics

The first organic solar cell was reported in 1986 using a bilayer structure of
copper phthalocyanine (CuPc) and perylene tetracarboxylic derivative,
producing a 1% power conversion efficiency'>. Later in the early 1990s, photo-
induced exciton transfer was discovered from conjugated polymers to

buckminsterfullerene (Ce), marking a major breakthrough in polymer
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photovoltaics™!*. Conjugated polymers and Cs were usually constructed in a
bilayer geometry. Such a structure suffered low conversion efficiency due to the
short exciton diffusion lengths of conjugated polymers (around 10 nm)*>'¢, while
optical absorption is insufficient if the absorber layer is only 10 nm thick. Bulk
heterojunction was formed by mixing donor and acceptor molecules to form an
interpenetrated network!”18, This allows a short distance for an exciton to travel
to an interface and a thick absorber layer to be formed. Controlling the bulk
morphology is the key to an efficient bulk heterojunction solar cell. Phase
separation between donor and acceptor should be at the same scale as the exicton
diffusion length while they can vertically segregate to form bi-continuous
network to transport separated free electrons and holes to their corresponding
electrodes. With the effort of improving device architecture!*?? and synthesising
low band gap polymers®?, the efficiency of solution-processed organic
photovoltaics have achieved 9% for single junctions and 11%?% for tandem

structures.

2.2.2 Dye-sensitised solar cells

Dye-sensitised solar cells (DSSCs) are constructed by having dye molecules
absorbed onto a nanostructured metal oxide (TiO:2 or ZnO), followed by a hole
conductor which can be a liquid electrolyte or solid-state semiconducting
molecules. The first DSSC was reported in 1991% and the efficiency rapidly

increased to over 10%*%®. The narrow band absorption of most dye sensitisers
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results in low short circuit current in DSSCs. Engineering new sensitisers has
been the focus of research to further boost the efficiency3=. More recently, a new
class of sensitisers called perovskite has emerged3*, recording up to 15% power
conversion efficiency®. The perovskite materials, CHsNHsPbXs (X = Cl, Br, I), are
synthesised through a mixture of PbX: and CHsNHsX and can be deposited into
mesoscopic metal oxides by both solution or vacuum?® deposition. The electron
and hole diffusion lengths for the perovskite were measured at over 1 um, longer
than its 200 nm absorption depth, meaning that it is not required to form a
mesoscopic structure. Therefore, depositing perovskite onto mesoscopic Al20s,
which is a good insulator, can prevent charges from injecting into the oxides,
while the AlOs acts as a scaffold for the perovskite. This also prompts the
question of whether perovskite solar cells might operate as conventional thin film

solar cells rather than excitonic DSSCs.

2.2.3 Inorganic solution-processed photovoltaics

Inorganic solution-processed thin film photovoltaics are mostly quaternary
chalcogenides such as copper indium gallium selenide (CIGS) or copper zinc tin
sulphide (CZTS). The development of both materials was pioneered by IBM with
15% efficiency reported for CIGS* and 9.6% for CZTS%. The CZTS is seen as a
promising solar cell material as it only uses earth abundant elements. One
approach involves colloidally synthesising CIGS or CZTS nanocrystals, followed

by coating on a substrate. A post-deposition selenisation treatment is required to
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allow grain growth and to passivate defect states. This is usually carried out in an
inert atmosphere or under vacuum at 500°C or above. Another approach
involves in preparing the precursor ink by dissolving each metal chalcogenide in
hydrazine. After film deposition, the metal-hydrazine complexes are then
reduced to CIGS or CZTS by annealing. The safety concern over the use of

hydrazine is the main hurdle of this technique.

2.24 Quantum dot photovoltaics

Colloidal quantum dots have been emerging materials for low cost photovoltaics
in the past decade. They are synthesised and processed in solution. They can be
applied on both rigid and flexible substrates using spin coating** and dip
coating®*. Manufacture of these devices can be scaled up to roll-to-roll
processing!! for example using inkjet printing*+ and to achieve low cost and
high throughput production®. The quantum confinement effect allows the band
gap of the quantum dots to be tuned to allow their optical absorption
bandwidths to match with the solar spectrum. Under the quantum confinement
regime, quantum dots with sizes less than the exciton Bohr radius results in
confinement of electron and hole wavefunction, leading to a greater band gap

energy than the band gap energy of the bulk material®->2.

The way to distinguish the inorganic quantum dot photovoltaics from the
conventional inorganic solution-processed thin film photovoltaic is that rather

than growing to bulk crystals, the dimensions of nanoparticles remain in
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quantum confinement from materials synthesis to final device assembly. This
also determines the charge transport mechanism of a QD thin film. As the
confinement increases the binding energy of an electron with a hole, charge
transport is dominated by the diffusion of an electron-hole pair or an exciton by
hopping from dot to dot into a charge separation interface. As the high exciton
binding energy results in a short diffusion distance, forming bulk heterojunction

is seen as an efficient approach to utilise these materials in photovoltaics.

The first polymer/quantum dot bulk heterojunction device was reported by
Greenham et al.®® using CdS or CdSe nanocrystals and poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). The device efficiency was
low (0.1%), but an important contribution of this report is that by displacing the
surface  ligand  trioctylphosphine  oxide  (TOPO) with  pyridine,
photoluminescence quenching of MEH-PPV increased, suggesting a more
efficient charge separation at the organic/inorganic interface. The paper also
shows the importance of having phase segregation of nanocrystals to form
continuous transport pathways. Realising this is an issue, interest has been
growing in controlling the polymer/nanocrystal blend morphology>, especially
by using nanorods or nanowires. This was first demonstrated by Huynh et al.*
using CdSe nanorods with poly-3(hexylthiophene) (P3HT), recording a 1.7%
efficiency. This concept has also been expanded to ZnO>-8 and TiO:*% nanorods,

reaching over 2% efficiency. More recently, an in-situ method to grow

22



nanocrystals in the polymer matrix was reported by Leventis et al.®! to control the
morphology. This process involves depositing a hybrid film from a polymer
solution containing a soluble Cd xanthate precursor, which decomposes into CdS
nanocrystals upon heating at 150°C. Microscopic studies confirm the
interpenetrating nanocrystal network within the polymer matrix using this

method and over 2% efficiency has been reported®.

2.3 PbS quantum dot photovoltaics

2.3.1 Introduction
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Figure 2.9: (a) PbS quantum dot band gap - size dependance and their absorption
bandwidths compared with the solar spectrum (reconstructed from Tang et al.*1); (b) the
concept of a triple-junction solar cell using only PbS quantum dots with difference sizes

to achieve optimal light absorption.

PbS quantum dots are recognised as one of the “magic” materials for
photovoltaic applications, because PbS has a large exciton Bohr radius (18 nm)®
and low bulk band gap 0.41 eV®. These enable the band gap of PbS QDs to be

tuned from infrared to visible spectrum (Figure 2.9 (a)). To make a single junction
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PbS solar cell, the band gap of the QDs can be tuned to 1.4 eV. Such a band gap
can absorb most of the solar spectrum while maintaining a high open circuit
voltage?. A multijunction solar cell can also be constructed using a single
material system with dots of various size, which simplifies the fabrication process

of a multi-junction device (Figure 2.9(b)).

2.3.2 Progress of PbS QD photovoltaic

Early investigations of PbS QDs for photovoltaics used them as electron
acceptors in organic bulk heterojunction®* devices. PbS QDs was considered an
alternative to PCBM for its broadband absorption and larger electron affinity for
better charge separation®”. However, these devices show poor performance with
AML.5 power conversion efficiency only reaching 0.6%%. One of the reasons for
the low efficiency is attributed to the surface ligands that inhibit charge transfer”.
A surfactant-free route to synthesise PbS QDs in-situ within the polymer matrix
was developed®”. Though this direct synthesis method shows poor control over
bulk morphology and size distribution, 0.7% efficiency at low illumination
intensity (5 mW/cm?) has been reported®. Besides the polymer/QDs hybrid bulk
heterojunction, another early application of PbS QDs in photovoltaics was to
replace organic dyes to sensitise metal oxide””®. QDs were usually deposited into
porous TiO:2 by a successive ionic layer absorption and reaction (SILAR)
technique”™”, followed by capping with a hole transporting layer (usually spiro-

OMeTAD). Both early approaches have failed to demonstrate an overall benefit
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of using semiconductor QDs. It was later reported that charge dissociation in
these nanostructures is limited by the interfacial Coulombic force between a

localised charge in a QD and a counter charge in polymer or metal oxide.

A major breakthrough in PbS QD photovoltaics came when bidentate thiol
ligands were used to replace oleic acid molecules, creating a cross-linked QD
solid film*7””. Ethanedithiol(EDT)-treated PbS and PbSe QD Schottky junction
devices produced AM1.5 efficiencies up to 3.6%’® with air stability over 40
hours”. Besides a better electrical conductivity of the QD thin film with shorter

ligands, the defect states on the QD surface are passivated by the thiol groups”.

The power conversion efficiencies of PbS QD solar cells have since improved to
over 7%?% to date. Research in QD solar cells is progressing through two aspects
of research areas in parallel. First, the electronic transport properties of the QD
solids can be improved by modifying the physical and chemical properties of the
QDs, particularly the QD surface. In the meantime, device architectures have
been tailored to accommodate the need for better optical absorption by
increasing the device thickness while maintaining efficient carrier transport. A
combination of both efforts is seen as a “path forward” to achieve highly efficient

QD solar cells®.

2.3.2.1 Recent advances in improving QDs’ electronic properties

Surface passivation. The transport properties of QDs, which have abundant

surface area, are limited by the defect states residing on the surface. These surface
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states, also known as mid-gap states, serve as recombination centres, providing a
pathway for non-radiative carrier recombination before the charges can be
extracted®?®. It is essential to passivate these defect states, as they lower the
carrier mobility (1) and recombination lifetime (7), which determine the carrier

diffusion length, I,

1=+Dr (2.11)

where D is the diffusion coefficient and D = ”qﬂ according to Einstein relation.

The chemical origins of these surface defects have been identified by X-ray
photoelectron spectroscopy (XPS). Oxidised compounds of PbO# and PbSOs
induced shallows traps which extend the carrier lifetime, while PbSO48% is
responsible for deep traps or mid-gap states, leading to recombination. Short
molecular ligands, including 1,2-ethanedithiol (EDT)*#78, 1,4-benzenedithiol
(BDT)%-#¢, 3-mercaptopropinoic acid (MPA) and hydrazine, have been used to
passivate the QD surface defects. These bidentate molecules can not only displace
the insulating oleic acid ligands but also coordinate with exposed QD surface
cations. XPS analysis revealed that only PbSO:s is present on the EDT-treated QD
surface®. The hole mobility of EDT-treated PbS film is 1 x 10 cm?V-'s! measured
from a QD field-effect transistor (FET). BDT-treated PbS shows a higher FET
mobility (¢ = 2.4 x 10% cm?V-s1)%, due to electron delocalisation by the

conjugated benzene ring*'. There has been increasing interest in MPA that has
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both thiol and carboxylate groups, offering the capability to passivate a wider
range of defect states. An MPA-capped PbS QD film has one order of magnitude
higher mobility than an EDT-treated one®. MPA is used most commonly in QD-
sensitised TiO:2 devices, as the carboxylate group can anchor the molecule to TiO2
providing a good electrical linkage between both materials®*2. Hydrazine
treatment on PbSe has achieved exceptionally high mobility of 0.95 cm? Vs
measured from an FET*, but no photovoltaic devices treated only with hydrazine
have been successfully made. Semonin et al.** reported an EDT+hydrazine co-
treatment regime on PbSe QDs that can harvest extra photocurrent from multiple
exciton generation (MEG). The device showed a striking result of over 100%

external quantum efficiency at incident photon energies higher than 2E,.

Organic ligand passivation has achieved good device efficiencies of over 5%%".
However, the C-C chain posits steric forces that prevent organic molecules from
penetrating trenches on the surface of the QDs®. In the meantime, thiol groups
have shown good bonding to surface Pb but poor coordination to S, leaving these
sites unpassivated so they can readily oxidise*. These problems motivated the
development of inorganic ligands that have demonstrated some superior surface
passivation properties. The first type of inorganic ligand is based on molecular
metal chalcogenide complexes (MCCs)%. The MCCs are prepared by dissolving
transition metal chalcogenides in hydrazine, for example SnS: in N2Hs forms

Sn:Se” that can attach to the nanocrystal surface®. An impressivly high mobility of
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16 cm?V-'s! has been achieved by CdSe QDs capped with In:Ses MCC!®, The
first QD photovoltaics with inorganic ligands to be unveiled used halide anions
(CL, I and Br)* to passivate PbS QD surface. The passivation was performed in
two steps. First, a solution phase treatment of QDs was applied with cadmium
chloride-tetradecylphosphonic acid (CdCl>-TDPA) complexes. Cd* has strong
affinity to S atoms while Cl can infiltrate those sites that are difficult to access by
larger, organic, molecules. This is followed by a solid-state ligand exchange with
either cetyltrimethylammonium bromide (CTAB) supplying Br~ ions** or MPA¥,
both of which should completely remove oleic acid, cross-link the QDs and
passivate surface Pb atoms. Both methods have achieved photovoltaic devices
with NREL-certified record-breaking efficiencies: 6% for all inorganic passivation
(CdCL-TDPA + CTAB) and 7% for hybrid passivating strategy (CdCl.-TDPA +

MPA).

Alloyed QDs. Besides surface passivation, core-shell nanocrystals and alloyed
nanocrystals are both promising techniques to benefit from the properties of each
composition. In one report, PbS:Seix QDs were synthesised with the composition
of S and Se tuned!™. A Schottky device using the ternary QDs showed an
improved performance with higher J. and Voc compared with a Schottky PbS or

PbSe device.

QD doping. QDs can be doped by introducing dopant into the bulk lattice

during synthesis, as well as by modifying the surface properties. Both doping
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techniques can be performed at a relatively low temperature, compared with
temperature needed to dope a bulk semiconductor. Ag-doped PbS QDs has
achieved 10" cm?® p-type doping density'®. For doping by surface ligands, EDT-
capped PbS QDs is p-type, while hydrazine-treated QDs show n-type
behaviour®”. Surface oxidation can increase the p-type doping density without
loss of mobility as long as ligands remain on the surface®. The surface oxide layer
can be induced by air annealing at moderate temperature (100°C or below),

which has been reported to improve the device fill factor and Vo

One motivation for QD doping is to create a QD p-n junction, such that both
sides of the junction can contribute to light absorption!®1%, To dope PbS QDs to
n-type, a strategy of using halogen ions to substitute S has been reported,
achieving a 10"® cm™ doping density'®. Comparison among I", Br- and Cl- shows
that I" is the desirable dopant for photovoltaic application as it produces a high
mobility and a low carrier concentration, thus a greater depletion within the
active layer. Heterojunction devices containing p-type and n-type PbS QDs have
been reported, delivering an NREL-certified efficiency of 6.1%. However, the n-
type doped QDs must be stored and processed strictly in inert atmosphere as any

oxidation can switch them to p-type'®.

2.3.2.2 Recent advances in device architecture

Bulk heterojunction. After the report of QD Schottky junction devices, QD/metal

oxide (TiO:z or ZnO) heterojunctions*>#1% have been reported showing improved
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efficiency to over 5%%1%7. A layer of TiO2 or ZnO is fabricated to form an Ohmic
contact with the TCO, followed by a layer of QDs. The top electrode needs a high
work function metal to ohmically contact with QDs!%. This architecture places
the junction in the front of the device where illumination is intense such that
most minority carriers can be generated within the depletion region®. A thicker
film could absorb more photons, but a trade-off has to be made with the charge
collection length. The charge collection length is the transport distance of
minority carriers within QD film, which is equivalent to the sum of depletion
width and minority carrier diffusion length, usually around 150 — 200 nm in total
in the case of PbS QD/TiO:". Therefore, a QD film that is thicker than this length
will have limited carrier extraction ability in the region further away from the
interface, while complete absorption of solar spectrum requires a micron-thick

QD films1%.

Porous QD blend Nanowire

Figure 2.10: Common types of interpenetrated structure for QD bulk heterojunction.

A QD bulk heterojunction (BHJ) has been created to solve the absorption versus
collection length conflict by reducing the transport distance for minority carriers.
Some examples of QD bulk heterojunction device architectures are shown in

Figure 2.10. Junctions are extended into the absorber layer such that charge
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generation can occur close to the interface for efficient charge separation. The first
reported QD BHJ is similar to a dye-sensitised solar cell in which a commercial
TiO:2 paste was used to create a mesoporous TiO: layer which can be infiltrated
by QDs*. To ensure complete depletion of QDs within the pores, a large TiO2
particle size (150 — 200 nm) was used to create pore size with a similar dimension,
but this yielded a broad pore size distribution. Enhancement of photocurrent can
be clearly observed, particularly at visible and infrared wavelengths. Later,
vertically-aligned nanopillars or nanowire arrays were used to create BHJs to
give more directional transport”!'®-111. The oriented nanostructures are usually
fabricated by nano-imprint lithography® or solution deposition processes!®-!11,
This offers the opportunity to control the inter-pillar/wire distance to match with
the charge collection length. Compared with the mesoporous structure, the
oriented arrays could avoid the formation of voids and islands after infiltration®.
The above approach to prepare BH] morphology requires pre-patterning of
acceptor electrodes, which could undermine the benefit of solution processing.
Preparing donor/acceptor BHJ in solution prior to thin film deposition is seen as
a more economically viable approach. This was first reported using PbS/Bi:Ss
blend under the ratio of 1:2, achieving 4.9% efficiency!?, a significant
improvement over a planar junction device (1.5%) made from the same QDs'?.
The enhancement is attributed to a prolonged carrier lifetime due to efficient

exciton dissociation by the BH]J.
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Tandem. A multi-junction solar cell with different band gaps of absorber layers
could reduce the thermalisation loss to overcome the Schockley-Queisser limit.
The band gap tunability of semiconductor QDs allows the construction of
tandem solar cells using a single material system. A sub-cell with large band gap
QDs is placed in the front to absorb visible light and the one with small band gap
QDs in the back to absorb in the infrared spectrum. The design of interlayers (or
recombination layers) that separate each sub-cell must fulfil both electrical and
optical constraints'*. The energy levels of interlayers must be able to accept
electrons and holes from each side and allow them to efficiently recombine. They
must be optically transparent to allow light pass through to the back-cells, and be
chemically and structurally robust to allow QDs to be deposited on the top. The
diagrams (Figure 2.11) show the recombination layers for QD tandem cells
reported by Choi et al.’’® and Wang et al.'"®. An optimised tandem cell should
have matched currents from each of the sub-cells'*. Therefore, the layer thickness
of the small band gap QDs at the back of the cell must be tuned in conjunction
with the illumination filtered by the front cell. Overall, the open circuit voltage
should be the sum of Vo produced by both sub-cells. The recombination layer
reported by Choi et al.'*®* (Figure 2.11(a)) has a shallow work function electron
acceptor (ZnO) in the front cell and a high work function contact (Au) connected
to the back cell. A large barrier is created between the ZnO and Au impeding the
electron flow from the front to recombine with holes from the back cell.

Therefore, a graded recombination layer as in Figure 2.11(b) is proposed to form
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a gradual progression of energy levels to achieve barrier-free conveyance of
electrons!’®, The device recorded a Vo of 1.06 V, similar to the Voc sum of the two

constituent cells: 0.7 V for the 1.6 eV PbS and 0.39 for the 1 eV PbS.
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Figure 2.11: Energy level diagrams of different band gap PbS QDs and recombination
layers reported by (a) Choi et al.'® and (b) Wang et al ",

24 Conclusions and prospects

Semiconducting quantum dots are promising materials for next generation
photovoltaics to compete with thin film, organic and dye-sensitised technologies.
The rapid growth of QD photovoltaic research has been propelled by the efforts
of materials’ improvement and innovation of device architecture. The
improvement of carrier mobility and carrier lifetime by adapting novel ligands
has significant impact on charge collection ability. With a better understanding of
the origins of the QD surface defects, device stability has been improved from
being air sensitive to stable in air over weeks. In light of better material

properties, the QD device performance can be further improved by optimisation
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of device architectures that will not only enhance light absorption but also allow
efficient charge transfer. The development follows the same route as organic
photovoltaics from monolayer to bilayer and to more complex bulk
heterojunction structures, where donor-acceptor morphology is the centre of
study. The foundation of these morphological studies should be built upon an
understanding of the principle of charge generation and separation mechanisms

in QDs.
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Chapter 3 - PbS QDs and Schottky Junction

3.1 Introduction

The blossom of PbS QDs for solar cells was initiated by the discovery that using
strong coupling ligands can improve both transport properties and surface
passivation of quantum dot solids'?2. The progress was also aided by the

development of a new synthetic regime to form mono-dispersed QDs?3.

The size of the quantum dots is tuned to yield an optimum band gap of 1.4 eV*
for single junction devices. Size control of QDs can be achieved by varying
reaction temperature, time and ligand-to-co-solvent ratio®. A narrow size
distribution requires rapid nucleation and slow growth®. This can enhance the
performance of the QD solar cell devices by allowing close packing and by

reducing “quantum traps” due to small-band gap particles’.

This chapter will present the methodologies for synthesising PbS QDs with
different band gaps and for assembly of QDs into solid thin films for solar cell
devices. Schottky junction devices were fabricated to study the optimum device
thickness and how this relates to the depletion widths and diffusion lengths. The
effect of using lower work function top electrodes on open circuit voltage was

studied to identify the Schottky junction limitation. The methodologies for QD
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synthesis and thin film fabrication presented in this chapter are employed

throughout the whole thesis.

3.2 PbS QD synthesis and characterisation

3.2.1 Colloidal synthesis of PbS QDs

PbS QDs were synthesised using a hot injection technique developed by Hines
and Scholes® with slight modification in precursor concentrations. All syntheses
were performed on an air-free Schlenk line. A diagram of the reaction set-up is

shown in Figure 3.1.

In a typical synthesis of 1.4 eV PbS QDs, 0.47 g (2 mmol) lead oxide yellow (PbO,
Acros Organics), 2 g oleic acid (OA, Sigma-Aldrich) and 10 g octadecene (ODE,
90%, technical grade, Sigma-Aldrich) were added into a three-neck flask. The
mixture was heated under vacuum at 90°C for at least 3 hours under vigorous
stirring, producing a clear lead-oleate solution. In a dry-box, 210 pL
bis(trimethylsilyl) sulphide (aka. hexamethyldisilathiane or (TMS).S, 1 mmol,
Sigma-Aldrich) was mixed with 5 g ODE and loaded into a syringe. (TMS)2S
reacts with moisture in air rapidly to produce H:S and must be handled with
extreme care. The system was switched to nitrogen flow from vacuum and the
temperature of the Pb-oleate solution was raised to 120°C. (TMS)2S was rapidly
injected into the flask and the solution turned dark within 3 s indicating
nucleation of nanocrystals. The QDs were allowed to grow slowly by using a

slow cooling regime in order to focus the size distribution>®8. Therefore, after
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injection, the heating mantle was switched off but not removed. The solution was

left to cool slowly to around 30°C in a course of 20 - 30 min.

L;_ H.O

-E H,0

Figure 3.1: A schematic showing the experimental set-up for synthesising PbS QDs.

Sizes of the QDs can be controlled by changing the surfactant:co-solvent ratio
and reaction temperature. For synthesising small-sized particles, rapid quenching
of the reaction is needed to halt particle growth. This is achieved by soaking the
reaction flask into iced water immediately after injection. PbS QDs with band
gaps of 0.7, 1.4 and 1.7 eV were synthesised and detailed recipes® for synthesising

these QDs are listed in Table 1.1.

Table 1.1. Recipes for synthesising PbS QDs with different band gaps.

Eq PbO  (TMS2)S Oleicacid Octadecene Temperature Cooling

0.7evV 046¢g 210 uL 189 109 130<C Slow
l4ev 046g 210uL 29 109 120C Slow
1.7ev 046g 210uL 290 10g 60C Quenched
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3.2.2 Solvent exchange

Solvent exchange is used to separate as-synthesised QDs from the coordinating
solvent (e.g. octadecene (ODE)) and replace it with other low viscosity solvents
for characterisation and thin film fabrication. It is also employed to remove some
side products and unreacted precursors!’. The liquid from the reaction flask was
transferred into a 50 mL centrifuge tube. A polar solvent (acetone, ethanol,
methanol or ethyl acetate) was added to precipitate PbS QDs from ODE. It was
found that acetone was the best solvent to extract PbS QDs from ODE. The
mixture was then centrifuged and the supernatant was decanted. The solid PbS
was then dispersed in 5 mL hexane. The precipitation-centrifugation-dispersion
process was performed twice more. This time methanol was used to precipitate
the QDs from hexane. Repeat use of acetone can result in agglomeration of the
QDs. Finally, the PbS QD solids were dried under nitrogen flow. The dry weight
of the QDs was measured and then re-dispersed in toluene or hexane. The
concentration can be calculated by measuring the dry weight of a 100 uL

dispersion. The QDs were stored in a N2-filled glovebox for further use.

3.2.3 Characterisation of PbS QDs

A microscopic study of PbS QDs was made using a JEOL 2000FX transmission
electron microscope (TEM) operated at 200 kV. Optical absorption spectra of the
QDs in hexane were measured on a Cary Varian 4000 UV-VIS-NIR

spectrophotometer.

49



The electron micrographs of the as-synthesised PbS QDs of different sizes are
shown in Figure 3.2. The nanoparticles are free from aggregation, forming closed-
packed arrays of particles spaced from one another, due to the presence of 2.5 nm
oleic acid ligands!'. The mean particle size is an average of the diameters of 100

particles measured from the image.
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Figure 3.2: (a) (c) (e) TEM micrograph of PbS QDs at different sizes. Scale bar = 30 nm.
Average particle size obtained by measuring 100 particles from the TEM micrographs; (b)
(d) (f) optical absorption spectra of different sizes of PbS QDs in hexane solution.
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Optical absorption spectra of the PbS QDs in hexane are presented in Figure
3.2(b) (d) and (f). An excitonic peak at low energy arising from the 1Sn-1S.
transition'>'3, defines the band gap. The mean particle sizes and their
corresponding band gap energies are plotted in Figure 3.3 (black circles). The red
line in Figure 3.3 shows the band gap - size relationship of PbS QDs proposed by

Moreels et al.** as,

-1
E, =041+ (0.0252d” + 0.283d) , 3.1

where d is the diameter of the particles. The experimental data follows the
general trend of the calculated curve with deviations up to 8%, although the
exact form of an appropriate fitting is not possible to determine from the three

data points.
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Figure 3.3: Band gap - size relationship of PbS QDs plotted from the equation proposed
by Moreels et al.**. Black circles are sizes and band gaps measured from TEM and

absorption.
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3.3 PbS QD Schottky Junction Device

3.3.1 Fabrication of QD thin film device

ITO (indium-doped tin oxide) glass substrates were patterned by etching in an
acid etchant (20% HC1/5% HNOs) at 50°C. The substrates were cleaned by the
following procedure: 10 min sonication in de-ionised water with detergent
(Decon), 10 min sonication in pure de-ionised water, 5 min immersion in acetone
at 60°C, and 5 min immersion in isopropanol at 60°C. The substrates were treated
with oxygen plasma for 1 min (March Plasmod, 100 mbar). A layer of
PEDOT:PSS was fabricated by spin coating 2 drops of filtered PEDOT:PSS
solution at 5000 rpm for 30 s. The film was dried on a hot plate at 150°C for 5

min.

The Schottky junction device was assembled based on 1.4 eV QDs, an optimum
band gap for single junction solar cells. Deposition of PbS QDs was performed in
a fume hood. Cracks were generated by internal strain when short molecules
displaced the long chain oleic acid (Figure 3.4). A layer-by-layer spin coating
method was used to solve this problem. During each cycle a new layer of PbS is
deposited to fill the cracks underneath. The substrates were set to spin at 2000
rpm. While spinning, one drop of 37.5 mg/mL PbS in toluene was dispensed onto
the substrate through a 0.2 um PTFE filter. For ligand exchange, 2 drops of 2
vol% 1,2-ethanedithiol (EDT) in acetonitrile solution was dispensed onto the

spinning substrates. 5 drops of methanol was applied to remove the residual EDT
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and 5 drops of toluene or hexane to remove oleic acid. The above process was
repeated until the required thickness was obtained. Spin coating of 37.5 mg/mL
concentration QD solution at 2000 rpm will yield an approximately 30 nm thick
film. Film thicknesses were measured from the device cross-sections imaged on a
JEOL 840F scanning electron microscope. After QD thin film deposition, the
substrates were transferred into a vacuum chamber for top electrode deposition.
Aluminium electrodes were deposited by thermal evaporation at 10 Torr. The
electrodes had a thickness of 100 nm and were deposited at a rate of 0.1 nm/s. A

shadow mask was used to define an active area of 0.02035 cm?2.

(a) (b)
Figure 3.4: (a) cracks are formed on EDT treated nanocrystal film; (b) by using layer-by-

layer spin coating, the cracks are filled. Scale bar = 250 nm.

3.3.2 Characterisation of Schottky junction solar cell devices

3.3.2.1 Methods

All devices were loaded into an airtight chamber for characterisation in inert
atmosphere flushed with N2 constantly. Current-voltage (I-V) measurement was
performed on a Keithley 2400 SourceMeter. The voltage was swept from -0.5 to
1.0 V at a step size of 0.025 V. An AM1.5 solar spectrum was produced by a
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Newport 96000 150 W solar simulator fitted with an AM1.5 filter. The power
density of the light source was calibrated with a Thorlabs D3MM thermal sensor.
Capacitance-voltage (C-V) measurement was performed on an Agilent E4980A
option 001 Precision LCR Meter. The modulation frequency was 5000 Hz and the

modulation amplitude was 25 mV.

3.3.2.2 Results and discussions

Prior to EDT ligand exchange, devices made from OA-capped PbS QDs show no
photovoltaic response (Figure 3.5(a) red lines) due to the electrical insulation by
the oleic acid ligands. A good rectification is seen in the -V characteristic curve of
the EDT-coupled QD device (Figure 3.5(a) blue line). A Schottky barrier is
established at the PbS/Al interface!>'¢ (Figure 3.5(c)), providing the driving force

for charge separation.
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Figure 3.5: (a) current density — voltage (J-V) curve of OA (red) and EDT (blue) -capped
PbS QD devices; (b) SEM cross-section image of a PbS Schottky device (scale bar = 100
nm); (c) equilibrium band diagram of PbS/Al Schottky junction.
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The performance of these devices was subject to optimisation by varying the PbS
layer thickness. Schottky junction devices were fabricated with active layer
thickness ranging from 90 to 300 nm (Figure 3.6). The best-performing device
consisted of a 90 nm PbS layer, yielding a short circuit current (Ji) of 12 mA/cm?,
an open circuit voltage (Vo) of 0.38 V, a fill factor (FF) of 40% and an AM1.5
power conversion efficiency (PCE) of 1.8%. The same efficiency has been reported
by Johnson et al.'”. Tang et al.'® later report that by allowing some extent of surface
oxidation the Vo and FF can be significantly improved without sacrificing the
photocurrent. This highest efficiency Schottky junction device has an efficiency of
3.6%. The enhancement is mainly due to a prolonged carrier lifetime by inducing

shallow traps.
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Figure 3.6: Solar cell parameters at different thicknesses (90, 120, 180, 300 nm) of
absorber layer. (a) Jsc and Voc; (b) FF and PCE.

Mott-Schottky analysis was employed to gain more knowledge of the doping
density, the built-in potential and the width of the Schottky barrier. Capacitance—
voltage (C-V) measurement was performed to obtain a Mott-Schottky plot (Figure

3.7).
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Figure 3.7: Mott-Schottky plot (C2-V) of PbS-Al Schottky junction and the linear fit of
the linear region. Inset: C-V plot of PbS-Al Schottky junction.

When a small forward bias is applied to a Schottky junction device, the

relationship between capacitance and applied bias can be written as'’,

_ 2 = V)

2= 3.2
¢ A?qeN, (3-2)

where C is the capacitance, Vsi is the built-in potential, V' is the applied bias, A is
the pixel area, g is the elemental charge, ¢ is the dielectric constant of the
semiconductor, and Nu is the doping density of the semiconductor. The doping
density of the PbS QDs was determined at 1.4x10% cm from the gradient, using ¢
= 18 as reported in the literature!. The built-in potential is found to be 0.43 V.
This can be treated as the upper limit of the V.. The width of depletion region at

equilibrium is?,
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W = 28€0Vbl’ (33)

qNg

where ¢ is the vacuum permittivity and Wis the depletion width. Using the
calculated values above, the depletion width is estimated to be approximately 80

nm.

Considering a fully depleted device (thickness < 80 nm), charge extraction is
efficient as the built-in electric field drifts the electrons and holes to their
corresponding electrodes® over the full thickness of the device. A thicker device
would consist of a quasi-neutral region where diffusion is the major transport
mechanism for any charges that are extracted. The electron diffusion length for
PbS QD film was reported on the order of 10 nm* . Carrier extraction would be
limited if a device thickness greater than depletion width plus carrier diffusion
length. However, a thick absorber layer is capable of absorbing more light, so the
thickness is optimal when the device is at the maximum thickness over which
charge can be extracted. In summary, carrier extraction is most efficient when the
thickness of the active layer is the sum of the width of depletion region and
length of carrier diffusion. This explains the 90 nm device is the most efficient of

all thicknesses.

3.3.3 Limitation on PbS Schottky Junction Devices

The study of QD Schottky junction is useful to gain understanding of material
properties and set a benchmark for the devices in the following chapters.
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However, device performance based on a Schottky junction has several
limitations: the Vo is limited to the offset between the Fermi level and the
electrode work function. Secondly, the short molecular ligands capped on the
PbS QDs surface are prone to react with electrode metals?. Thirdly, the PbS QD
Schottky junction suffers from a low fill factor (40%): as there is only a minimal
barrier for holes to the metal, a shunt path for holes is present between the
semiconductor and the metal. Considering the first of these problems, a study
was made on whether forming a Schottky barrier with low work function metals
could increase the barrier height to produce a higher Ve.. Using Al (work function
¢ = ~4.1 eV) as the top electrode produced a higher V.. then using Ag (¢ = ~4.3
eV)(Figure 3.8). However, using scandium (¢ = ~3.5 eV) a metal with an even
lower work function caused a decrease in V.. It has been reported that an
inversion layer is formed with a high Schottky barrier?. In addition, Fermi-level
pinning states are more likely to exist in a low work function metal interface,

further degrading the photovoltage*.

0.4 Al 50
¢ o
Sc g 40
0.3 L
. ¢ Ag r
3 § = —al
v 0.2 G 207
>O c —Ag
S 10 i(
o
- £ )
E o
Au 3 e
0.0 T T T —e -10 &
39 35 40 45 5:0 55 -0.4 -ol.z ofo ojz otz, 016 0.8
Work function (eV) V(V)

Figure 3.8: Ve of PbS Schottky junction devices with different top electrodes and

corresponding |-V curves.
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Introducing an n-type semiconductor to form a heterojunction with PbS QDs
could avoid the limits of the Schottky junction. This will be discussed in the next

chapter.

3.4 Conclusion

Controlling the particle size of PbS QDs can be achieved by adjusting the
surfactant-to-co-solvent ratio and injection temperature. By displacing oleic acid
with EDT, the |-V curve of PbS-Al Schottky junction devices changed from an
insulator to a diode behavior with 1.8% efficiency achieved. Mott-Schottky
analysis was then performed to study the electronic properties of the materials.
By understanding of the nature of band depletion and carrier diffusion, it is
possible to determine the optimum device thickness in relation to the length of
light absorption and carrier extraction. Further improvement of the Schottky
junction is limited. A QD heterojunction structure will be studied in the next

chapter.
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Chapter 4 - PbS/ZnO Quantum Dot Heteorjunction

41 Introduction

The previous chapter shows the QD-metal Schottky junction configuration places
some limits on the QD device performance. In this chapter, a QD donor-acceptor
heterojunction is designed to overcome this problem. ZnO nanoparticles are used
as the electron acceptor. ZnO is an n-type semiconductor with good electron
mobility! and has been used for various optoelectronic applications (transparent
conductors?, field-effect transistors’*, and light-emitting diodes®, etc.). ZnO
nanoparticles can be synthesised at low temperature using a facile method
without the need to use any surfactant. Depending on reaction conditions the
particle can grow isotropically or as nanorods or nanowires, allowing more

complex nanostructures to be built for solar cell applications®*.

A new design of solar cell device architecture of ITO/PEDOT:PSS/PbS/ZnO/Al is
presented in this chapter’. The best-performing device showed 3% AM1.5 power

conversion efficiency. The key questions to address in this chapter are:

1) whether using a heterojunction structure can improve the device performance;

2) whether the junction operating mechanism of quantum dot heterojunction is

excitonic, depleted p-n, or a combination of both.
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The work in this chapter was conducted in collaboration with Dr Shawn Willis in
our group. All materials synthesis and device fabrication were solely performed
by me. Device characterisation and data analysis were performed jointly with

equal contribution.

4.2 Methodology

421 Synthesis of ZnO nanoparticles

The ZnO nanoparticles were synthesised using the sol-gel method based on that
reported by Pacholski et al.'® with a slight modification to the precursor
concentration. A zinc precursor was prepared by dissolving 0.002 mol zinc
acetate dihydrate (technical grade, Riedel-de Haén) in 100 mL methanol and
stirred at 60°C. To this 0.002 mol potassium hydroxide (Fisher, laboratory reagent
grade) dissolved in 50 mL methanol was added drop-wise through filter paper.
The solution first turned turbid and then became clear after approximately 10 - 20
minutes. The reaction was kept at 60°C for 2 hr 30 min after which ZnO
nanoparticles started to precipitate from the solution. The solid was collected by
centrifugation and re-dispersed in methanol. The centrifugation/re-dispersion
cycle was performed three times. Finally, the nanoparticles were re-dispersed in
chloroform to a concentration of 40 mg/mL. The nanoparticles were stored in air

and stable for about two weeks.

4.2.2 Fabrication of PbS-ZnO heterojunction devices
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1.4 eV PbS QD at 37.5 mg/mL concentration was used for solar cell device
fabrication. PbS QD layers were fabricated using layer-by-layer spin coating as
described in Chapter 3. A 100 nm layer of ZnO was spin coated on top of the PbS
at 1000 rpm for 1 min. Al electrodes were deposited by thermal evaporation at
10¢Torr to a thickness of 100 nm at a deposition rate of 0.1 nm/s. Electrodes were

patterned using a shadow mask to define an active area of 0.03 cm?.

4.2.3 Solar cell device characterisation

Devices were mounted into a sealed chamber and continuously flushed with N
during testing. Capacitance-voltage measurements were performed with the
sample in the dark using an Agilent E4980A opt001 LCR meter at a bias
between -2 V and 2 V at 0.02 V intervals. The AC signal was set to 25 mV and

500 Hz.

For external quantum efficiency measurement, devices were illuminated by a
halogen lamp connected to an Oriel Conerstone 130 monochromator. The
intensity of the light source was calibrated using a Newport 818 UV enhanced
silicon photodetector for wavelength from 400 - 1075 nm and a Newport 918 IR
germanium photodetector for wavelength from 1080 — 1200 nm. The current

signal was measured with a Keithley 6845 picoammeter.

4.3 Characterisation of PbS-ZnO heterojunction devices

43.1 UV photodoping of ZnO
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A schematic of the device architecture and a cross-section SEM image of the
device stack are shown in Figure 4.1. It is known that oxygen absorbed onto the
Zn0O surface forms electron traps, decreasing the conductivity of the ZnO'. UV
photodoping has been reported as an effective method to cause oxygen
desorption from the ZnO surface, increasing the conductivity'>'4. The schematic
in Figure 4.2 illustrates the O: desorption process from the ZnO surface on
exposure to UV and re-absorption of O: when exposed to ambient conditions'.
UV-excited electrons generate free holes that could migrate to the ZnO surface

and free trapped O: molecules, leaving mobile electrons in the ZnO.

ZnO
PbS

PEDOT:PSS
ITO

Figure 4.1: Device architecture of PbS/ZnO heterojunction device and cross-section SEM

image of the device stack. (Scale bar = 300 nm)

o
@ Y~
: O, exposure

Figure 4.2: The physical process of ZnO UV photodoping and re-absorption of O..
Adapted from Lakhwani et al.?.
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Figure 4.3: (a) Js«c and AM1.5 efficiency as a function of UV exposure time; (b) light -V
characteristic curve of the best PbS/ZnO heterojunction device before and after UV
photodoping.

The photodoping of ZnO was performed in an N2 atmosphere by removing the
420 nm filter from the solar simulator. It is believed that only a fraction of UV
light was able to reach the ZnO, with the majority was being absorbed by the
glass, ITO, PEDOT:PSS and PbS QDs. Figure 4.3(a) shows the evolution of ]« and
PCE with exposure time. Figure 4.3(b) shows the | - V characteristic curves of the

best-performing device before and after UV doping. An undoped device
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produced a low short circuit current density (2.5 mA/cm?) and a poor fill factor
(36%). The UV illumination onto the device increases the photocurrent. The
current density saturates after 10 min exposure to UV. An increase in fill factor is
also observed, which can be attributed to a decrease in series resistance Rs from
94 to 32 () cm? as the ZnO became more conductive. A champion device was
obtained after careful selection of absorber layer thickness. The device has a
power conversion efficiency of 3%, producing a Js«c of 11.1 mA/cm?, a Vo of 0.55 V

and a FF of 51%.

Exposure of the devices to air allows oxygen to be re-absorbed on the ZnO
surfaces, leading to a rapid degradation of J.. However, the J« could recover

again once the device was brought into an N2 atmosphere and treated with UV.

4.3.2 Thickness optimisation

PbS thicknesses of 75, 125, 175, 250 nm were fabricated to identify the optimum
absorber layer thickness. This optimum thickness is expected to be the same or
similar to the charge extraction length such that the device has the maximum
thickness over which all charges can be collected while allowing it to absorb
more photons than a thinner device. All devices were measured after exposure to
UV for 10 min. The solar cell parameters versus PbS thickness are shown in
Figure 4.4. The device with 125 nm active layer thickness yielded the highest

efficiency.
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Figure 4.4: Device parameters as a function of absorber layer thickness.

Capacitance-voltage (C-V) measurements were performed to determine the

depletion width of the junction. In contrast to a Schottky junction device, the

depletion region can lie in both the PbS and ZnO semiconductor layers,

dependent upon the carrier concentration of each material’®>. The C-V curves of

the devices with different thicknesses were obtained at 500 Hz shown in Figure

4.5.
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Figure 4.5: C-V curves of PbS/ZnO heterojunction devices with different thickness.

Figure 4.5 shows that at reverse bias the two thicker devices (175 and 250 nm)

have nearly the same capacitance while capacitance of the two thinner devices

(75 and 125 nm) decreases with increasing device thickness. The heterojunction
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can be modelled as a parallel-plate capacitor, the capacitance of which is
determined by the width of the depletion region'®. The result indicates that the
two thinner devices are possibly fully depleted such that the capacitance is
determined by the distance between the two electrodes. The two thicker devices
consist of a depleted region and a neutral (non-depleted) region. The width of the
depletion region can be calculated based on the capacitance of a parallel-plate

capacitor,
A
e (4.1)

Carrier extraction via linear increasing voltage (CELIV) was employed to
determine the dielectric constant ¢ of the QD film. In this experiment, a triangular
voltage pulse is applied to the device with a rate of increase, R, and the
corresponding transient current density is monitored. The dielectric constant can

be obtained using!”
€ = jod/Re (4.2)

where d is the thickness of the QD film and jo is the current density, as indicated
in Figure 6. Calculating the ¢ for each of the different thicknesses, a € value of
2242 is obtained. This dielectric constant value is in agreement with the literature
value, 20, estimated by using Maxwell-Garnett effective medium theory by Tang
et al.'8. The estimated value is a combination of the dielectric constants of bulk
PbS and the ligands, assuming volume fraction of PbS is 50% in the matrix. Using
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the measured capacitance value 4.31 at zero bias (Figure 4.5) for the two fully
depleted devices, the depletion width is calculated, using equation (4.1), to be 136
nm, agreeing with observation from the C-V data (Figure 4.5), which suggests a

depletion width between 125nm and 175nm
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Figure 4.6: CELIV data of the 125 nm device. A transient current was produced (blue) by
applying a triangular voltage pulse (red).

External quantum efficiency was measured for the devices with different PbS
layer thicknesses to study the relationship between light absorption and charge

extraction (Figure 4.7).

For the thinnest 75 nm device, the most intense peak lies at around 430 nm. With
increasing device thickness, a red shift of this EQE peak is observed (moving
from 430 nm in the 75 nm device, through 500 nm and 600 nm in the 125 nm and
175 nm devices, to 720 nm in the 250 nm thick device), corresponding to a

decrease in EQE at the short wavelength region.
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Figure 4.7: External quantum efficiency spectra of PbS/ZnO devices with different

thicknesses.

A model is proposed here that across a QD absorber layer three regions could
exist in a heterojunction device depending upon the device thickness: a depletion
region, a quasi-neutral region and a dead zone. A diagram of this model is shown
in Figure 4.8. In a fully depleted thin device (e.g. the 75 nm device in our case),
charge carriers can drift across the whole layer by the built-in electric field at the
junction interface. When a device is made thicker, it could contain the complete
depletion region, beyond which there exists a quasi-neutral region, where
charges are able to diffuse into the depletion region and then drift to the
electrodes. The length of the quasi-neutral region is defined by the minority
carrier diffusion length which is reported at 10 - 20 nm for PbS QDs™. A device

that is thicker than the width of depletion region plus the quasi-neutral region
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will form a region where charges generated cannot be extracted. This region is

called “dead zone”? because all charges will recombine.

ITO/PEDOT ij\S ZnO Al

(i N ~

W AN\ NN\~

Dead zone Quasi-neutral Depletion region
region

Figure 4.8: The proposed model that a QD layer can consist of a depletion region, a quasi-

neutral region and a dead zone. (Schematic created by Dy Shawn Willis)

The above model must be considered in conjunction with photon absorption
profile of a semiconductor. High energy photons have a shorter absorption depth
than low energy photons?'. In the current device geometry, short wavelength
photons are absorbed at the front of the device near the ITO. Long wavelength
photons can penetrate further into the device, being absorbed closer to the
junction interface. It is possible that for a thin device long wavelength photons

penetrate through the whole device with only a fraction being absorbed.

The observed absorption spectra, shown in Figure 4.9(a) are consistent with this

idea. It is evident that a thicker device is in general absorbing more photons of
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wavelength up to 800 nm. The Beer-Lambert law can be used here to estimate the

absorption coefficient (a) by

abs = al, (4.3)

where abs is absorbance and L is the optical length, which is the PbS thickness in
this case. 1/a can be regarded as the optical penetration depth?. The a value for
each wavelength is extracted by plotting the absorbance against the device
thickness (Figure 4.9(b)). The estimated optical penetration depth from 400 to 700
nm is shown in Figure 4.9(c). The short wavelength light can penetrate a few
hundred nanometres into the PbS QD film, while long wavelength photons have
a penetration depth much greater than the QD film thicknesses reaching a few
thousand nanometres. As the device is made thicker, short wavelength photons
are absorbed in the dead zone and long wavelength photons excite charge
carriers in the extraction zone. This estimation also shows that a few micron thick
PbS QD film is required to absorb all the visible light. There are some limitations
of this technique: 1) the single pass absorption does not correct any reflection and
scattering by the samples (this can be corrected if an integrating sphere is used).
2) The absorber layers are too thin to have significant absorption of long
wavelength light. Therefore, the « value may be distorted at these wavelengths.
Besides the red shifts of the EQE peaks (Figure 4.7) of the thicker devices and the
excitonic absorption peaks at 950 nm for all devices, there are two noticeable

peaks at 470 nm and 500 nm wavelengths for the 175 nm and 250 nm devices,
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respectively. An explanation to this is that high energy photons can generated

longer-lived excitons that can migrate further than an exciton generated by low

energy photons?. The peak may exist in the two thin devices but are

overshadowed by the main peaks.
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Figure 4.9: (a) optical absorption spectra of PbS QD film with different thickness; (b)

absorbance versus optical length or PbS layer thickness at different wavelengths 300 nm,

400 nm and 500 nm; (b) optical penetration depth in PbS at different wavelength

measured by Beer-Lambert law.

To conclude the above discussion, for a thin device that is fully depleted, short

wavelength photons are absorbed and the photogenerated carriers have a high

possibility of extraction by the built-in electric field, giving rise to a peak in the

EQE spectrum at short wavelengths. However, long wavelength photons are not
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absorbed by a thin absorber layer. A thicker PbS layer can absorb more longer
wavelength photons but now short wavelength photons are absorbed in the dead
zone. Therefore, a thick device has lower quantum efficiency in the short

wavelength region causing a red shift of the EQE, as observed in Figure 4.7.

4.3.3 Implication of dead zone

The formation of a dead zone in the device limits the benefit of making the
absorber layer thicker to harvest more photons, particularly in the short
wavelength region for this bilayer device geometry®. The optimum
heterojunction device was found to have a PbS thickness of 125 nm, but in this
case a significant proportion of long wavelength photons pass right through the
device and are not absorbed. Based on the extinction coefficient of PbS QDs, it

will require a PbS film at least 2 um thick to absorb 90% of AM1.5 spectrum?.

One of the solutions is to introduce an inverted cell structure®?¢, in which the
metal oxide layer is fabricated in front of the absorber. This allows the junction
interface to be located in the front of the device where light is more intense.
However, a dead zone will still be present near the top electrode in such a device,

and extraction of charges generated by long wavelength photons will be limited.

An interpenetrated structure is an approach to overcome the dead zone. If the
junction interface can be distributed throughout the absorber layer such that
charges generated at every point of the absorber layer are close enough to the

junction interface, no light will be absorbed in a ‘dead zone” from which the
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charges cannot be extracted. The strategies to create interpenetrated structures
will be considered in the next two chapters. However, an optimised
morphological design of the interpenetrated structure requires a good
understanding of the junctions in the of QD solar cells (and hence what the
thickness of the charge extraction zone is, for example whether its operating
mechanism is excitonic or depleted p-n). This is because phase separation of
donor-acceptor must be in the same scale of charge collection length?”, which is

different for an excitonic and a p-n junction solar cell.

44 Operating mechanism of QD heterojunction

441 Introduction

The operating mechanism of quantum dot heterojunction is an area of debate:
whether it is excitonic'?% or depleted p-n®®. In an excitonic junction, charge
separation is achieved by diffusion of bound excitons to a materials” interface to
dissociate®. An electron is injected into the LUMO of an acceptor leaving a hole
in the HOMO of a donor. Choi et al."! observed a correlation of Vo with LUMO
offsets between PbSe QDs and ZnO rather than Fermi-level difference, indicating
an excitonic junction behaviour. In support of depleted p-n mechanism,
Pattantyus-Abraham et al.®> argue that FOrster energy transfer of excitons can
only occur over the distance of a few dots based on the transfer time and exciton
lifetime of PbS QDs, in contrast to the thickness of the most efficient device,

which is around 250 nm, near 100 dot-to-dot transfers.
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It is important to understand the device operating mechanism before further
structural optimisation. In an excitonic device, device structure must be
optimised with donor-acceptor phase separation at the same scale as the exciton
diffusion length. In a depleted p-n junction, a built-in electric field extends the
charge collection length further into the material; carriers only need to diffuse
into the depletion region to drift to the electrodes®. For this reason it is of interest
to probe the nature of the operating mechanism of the PbS/ZnO heterojunction.
In this study, a transitional behaviour of the junction operating mechanism from

excitonic to depleted p-n is observed, following UV doping of ZnO.

4.4.2 Excitonic to p-n junction transition through doping of ZnO

ZnO is inherently an n-type semiconductor but oxygen absorption on the surface
can trap electrons. Before UV illumination, ZnO is considered as an instrinsic
semiconductor’?. UV photodoping can raise the doping density of ZnO up
to ~10" cm?. In the study of the junction operating mechanism, the effect of ZnO
doping density on the interfacial charge separation mechanism is investigated by

employing capacitance - voltage and external quantum efficiency measurements.

First, capacitance - voltage (C-V) measurements were performed on the devices
before and after UV exposure. It is shown in Figure 4.10 that a near-constant
capacitance is observed for the device before UV doping. After UV doping the
capacitance initially increases and then begins to drop again at some forward

bias.
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Figure 4.10: Capacitance-voltage measurement of PbS/ZnO heterojunction device before
and after UV doping. (a) C-V; (b) C?-V, the black line shows the linear fitting of equation
(4.4).

In a heterojunction, when the acceptor has a doping density much higher than
the donor, Mott-Schottky analysis can be applied to determine the doping
density of the donor and the built-in potential of a p-n junction’. The capacitance

is determined by the width of the depletion region and can be expressed as!>%,

1 _20Vu=V) @
Cc? AzqssoNa '

where Vii is the built-in potential, A is the active area (0.02035 cm?), g is the
elementary charge and N is the doping density. The bias-dependent capacitance
at small forward bias of the UV-treated device is in agreement with equation (4.4)
demonstrating a p-n junction behaviour. By fitting the linear region of C-V curve,
one can calculate the Vi = 0.61 V and N. = 2.5 x 107 cm?®. The N. is close to the
result obtained from the Schottky junction device (1.4 x 107 cm®) in Chapter 3.

The Mott-Schottky analysis could not be applied to the device before UV doping.
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The extracted Vi value, 2.1V, is not considered valid, as it is much greater than

the difference between the VB of PbS (-5.1 eV) and the CB of ZnO (-4.3 eV).

Evidence of the change in charge separation mechanism after UV exposure is also
observed in the external quantum efficiency measurement. EQE spectra were
recorded as a function of UV exposure time (Figure 4.11). An overall low EQE is
observed in the undoped device or with short exposure time with only a peak at
600 nm evident. As UV doping progresses, the spectral response at short
wavelength increases with a peak at 450 nm evolving after 3 min. This effect can
be explained by the growth of a depletion region within the PbS QDs. As short
wavelength photons have short absorption length, the growth of the depletion
region improves the collection of charge carriers generated further away from the

junction. The overall EQE increase is attributed to the increased electrical

conductivity of ZnO.
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Figure 4.11: Evolution of EQE spectra with UV exposure time.
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The growth of a depletion region originates from the change of ZnO doping
density. The ZnO nanoparticles are initially intrinsic. Therefore, the depletion
region is located mainly within the ZnO layer as the doping density of PbS is
much higher. The ZnO does not absorb light at these wavelengths, so there are
no excitons generated in this depletion region to be separated. UV-doped ZnO
can reach a doping density up to ~10" cm?'?, two orders of magnitude higher
than that of EDT-coupled PbS QDs (~10' cm™) as calculated in Chapter 3. Most of
the depletion region will now be located in the PbS layer where the light
absorption occurs. The width of depletion within the PbS layer can be estimated

using the discrete boundary approximation?®,

(4.5)

where N is the doping density of ZnO. Only the depletion region within the PbS
is considered, as ZnO with a large optical band gap of 3.3 eV® has little
contribution to charge generation. Using equation (4.5), the width of depletion
region lying within the PbS layer as a function of ZnO doping density level from

10® to 10" cm™ can be plotted (Figure 4.12).

When initially ZnO is intrinsic the junction shows an excitonic behaviour, as
there is no depletion region in the PbS layer: only charge generated within the

exciton diffusion length of the junction can be extracted. When ZnO is doped to a
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level greater than that of PbS, the depletion width in PbS increased. Charge
extraction undergoes a p-n junction mechanism such that the built-in electric
field can extract charge carriers generated within the depletion region, and in

addition some may be extracted from the quasi-neutral region by diffusion.
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Figure 4.12: Width of depletion region in PbS as a function of ZnO doping density.
To summarise the above findings, the C-V measurement of the undoped device
shows a near-constant capacitance at reverse bias, indicating that there is no bias-
dependent depletion region (excitonic behaviour). The depletion behaviour is
observable when ZnO is doped. Furthermore, the EQE shows that increasing the
doping density of ZnO results in a greater spectral response from short
wavelength region indicating the formation of a depletion region in the PbS,
displaying a p-n junction behaviour. The doping density of PbS QDs is
influenced by the surface ligands and defect states, which could affect the nature
of the heterojunction. QD size could also be an influential factor, as the excitons

cannot separate at the interface if the LUMO of PbS lies below that of ZnO.

82



4.5 Conclusion

The PbS/ZnO heterojunction has significantly improved the photovoltaic
performance of PbS QD devices. All working devices had an average efficiency of
2.7+0.36% with a 3% champion device recorded after UV doping of ZnO.
However, device performance of the planar junction device geometry is limited
due to the formation of a charge extraction dead zone preventing the absorber
layer from being made thicker to enhance optical absorption. An interpenetrated
structure could enhance both photon absorption and charge extraction, which
will be studied in the following chapters. To inform the design of this penetrated
structure, a study was made of the operating mechanism of the PbS/ZnO
heterojunction, which was not previously well established. A transitional
behaviour from excitonic to depleted p-n junction was observed, which warrants

further device optimisation based on both mechanisms.
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Chapter 5 - PbS/ZnO Bulk Heterojunction

5.1 Introduction

Chapter 4 shows that a charge extraction dead zone exists in a planar junction
device, limiting the effective thickness of devices. In this chapter, an
interpenetrated donor-acceptor network using a PbS/ZnO QD blend was created
to extend the heterojunction interface throughout the active layer. The blend
morphology incorporates a large interface area and short exciton diffusion
distance such that excitons can easily diffuse into the junction interface for
dissociation’2. A bulk heterojunction would therefore allow more light to be
absorbed and more photocurrent to be extracted, as the device thickness is no
longer limited by the depletion width of the bi-layer junction. During the same
period in which this research was carried out, a QD BHJ using a PbS/Bi:Ss
nanocrystal blend was reported by Arup et al.?, showing an enhanced efficiency
from 2% to 5% as result of extended carrier lifetime due to fast exciton
dissociation. This is the only nanocrystal blend method to create QD BH]
reported to date. Most reports on QD BHJ require fabricating a nanostructured

template*® which is subsequently in-filled with QDs.
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The key aspects discussed in this study are: 1) whether using a BHJ can enhance
performance; 2) the morphology of PbS/ZnO blend; 3) the charge transfer process

within the BHJ.

5.2 Experimental methods

1.4 eV PbS QDs and ZnO nanoparticles are synthesised as described previously.
To fabricate BH] devices, both solutions were mixed according to ZnO weight
percentages and stirred overnight in a glovebox. Devices were fabricated using
sequential spin coating of the BH]J solution as described in Chapter 3. Atomic
force microscope images were taken using an AutoProbe CP (Park Scientific
Instruments) in tapping mode. Photoluminescence spectra were recorded on a
Princeton Instruments Acton SP2300 detector cooled by liquid N2. The sample

was excited by a 633 nm HeNe laser at a 45° incident angle.

5.3 Results and discussions

5.3.1 Device performance

A schematic of the BH] device structure is shown in Figure 5.1(a). The relative
concentration of donor and acceptor materials considerably affects the bulk
morphology and therefore the device performance’. It is postulated that if the
device is excitonic, an ideal morphology of a binary QD blend should have a
scale of phase separation within the exciton diffusion length while ensuring that
both phases can percolate to form transport pathways®’. A low ZnO

concentration would result in small islands of ZnO in a large PbS matrix, and
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poor percolation. On the other hand, when ZnO concentration is too high, PbS
“islands” will form, where free holes can be trapped. It is at intermediate ZnO
wt% concentrations that it is hoped that a bi-continuous phase structure will be
formed, and if the two components are not agglomerated, this phase structure
will be on a fine scale!. Figure 5.1(b) shows the J-V characteristic curves of the
BHJ devices with different ZnO concentrations. To ensure the charge extraction
in the bulk is excitonic, no UV photodoping was performed prior to |-V
measurement. It was found that UV doping of the BH] caused short circuit in the
device due to increased conductivity of ZnO, leading to current leakage. The
extracted solar cell parameters of the BHJ devices and a reference planar junction
device (0 wt%) are shown in Figure 5.1(c)(d). The mean device parameters (Js, FF,
Vo) of the 20 wt% ZnO device are higher than the other weight percentages and
hence leading to a higher average device efficiency, although with substantial
spread in the data. This composition dependence suggests the performance of the
BH] could be morphology-related in the manner described above. Interestingly,
the Ve of the 20 wt% BH]J is higher than the PbS-only (bilayer) device, reaching
0.4 V, though the Jic and FF are lower. A high concentration of ZnO shows a
drastic decrease in performance with the 50 wt% device having poor rectification
with the J-V curve showing almost a straight line. A crossover effect of the |-V
curves is observed at 0.5V, indicating that a secondary junction exists in the

device. This is likely due to a Schottky barrier present between the ZnO in the
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BHJ and the PEDOT:PSS!12 which is more likely to occur at this high ZnO

concentration.
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Figure 5.1: (a) Device schematic of a PbS/ZnO BH]; (b) -V characteristic curves of the
BH] devices with different ZnO concentration; (v) comparison of Jsc and PCE at different
ZnO concentrations; (d) comparison of Vo and FF at different ZnO concentrations.

To eliminate the barrier at the ZnO/PEDOT:PSS interface and reduce
recombination at the electrodes'®, a thin pristine layer of PbS acting as hole
transporting/electron blocking layer and a layer of neat ZnO as electron
transporting/hole blocking layer were employed to sandwich the BHJ such that
the contact of ZnO with PEDOT and PbS with Al (Figure 5.2(a)) can be isolated.
Figure 5.2(b) shows the |-V characteristic curve of a 20 wt% BH]J device with the
capping layers. The |-V curve of a PbS/ZnO bilayer device with the same
absorber layer thickness is shown for comparison. An increase in Vo from 0.40 V

to 0.59 V was observed by using capping layers with the FF increased from 35%
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to 46%, leading to an increase in overall efficiency reaching 1.8%. The V.cof the
BHJ devices exceeds that of the simple bilayer heterojunction by more than 0.1 V.
This increase is possibly driven by efficient exciton dissociation at the PbS/ZnO
interface. Photovoltage created by an excitonic process is usually higher as it
overcomes the limit of Vi from the band bending of a p-n junction!*. The overall
device efficiency is, however, significantly lower than the reference bilayer

device.
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Figure 5.2: (a) Schematic of using capping layers between the BH] and the electrodes; (b)
comparison of J-V characteristic curves of devices with and without capping ayers.

5.3.2 Spectral response measurement

Photocurrent spectral response measurement was employed to probe whether
the BHJ can extract charges generated in a dead zone. To rule out any
perturbation from the depletion region at PbS/Al interface, devices that are
thicker than the depletion width (80 nm as calculated in Chapter 3) were made
such that a field-free region will form at the front, where short wavelength
photons are mostly absorbed. In a planar junction device, the EQE intensity at

short wavelength will generally decrease with increasing device thickness, as
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charge excitation by short wavelengths is moving away from the junction and
eventually in the dead zone. This is seen in Figure 5.3(a) that a decreased EQE
intensity at 400 nm is observed for the Schottky junction device. The EQE spectra
of the BH] devices show different patterns of change when the device thickness
increases (Figure 5.3(b)). The 120 nm device shows a higher EQE at 400 nm
wavelength than that of the 90 nm device, suggesting charges are extracted from
the electric field-free region in the BHJ. With the thickness increasing from 90 to
120 nm more photons are absorbed. However, the EQE of the 180 nm device
drops to the same level as the 90 nm device. Therefore, further increasing the
thickness of the BH] does not contribute to more photocurrent generation from
the dead zone. At the same time, the EQE decreases at wavelength above 500 nm
for the two thicker devices, leading to overall decrease in efficiency. Therefore,
the benefit of having two junctions in the BH]J devices is undermined possibly by
poor morphology of the BH] film, leading to poor charge extraction, or interface
recombination that results in drastic decline in efficiency. Therefore, the study
now turns to examine the morphology and electronic properties of the BHJ and

understand their implication on further device optimisation.
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Figure 5.3: Thickness dependent EQE spectra: (a) PbS only devices; (b) BH] devices.
92



5.3.3 Analysis of QD BH]

5.3.3.1 Morphology study of PbS/ZnO BH]

20.0 nm 20.0 nm

b
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0.0 nm 0.0 nm

20 wt%

Figure 5.4: AFM surface morphology of BH] film as a function of ZnO composition.

The surface morphology of the BHJ film was examined with an atomic force
microscope (AFM) as shown in Figure 5.4. The AFM images were taken by Dr
Peter Kovacik at the Department of Materials, University of Oxford. The neat PbS
QD film shows a very smooth surface. Surface agglomerates (bright spots) start
to appear on the surface of the 10 wt% ZnO film. The agglomeration becomes
more pronounced at the surface of the BHJ layer, with the 20 wt% and 50 wt%
film showing very coarse surfaces. Base on the change in weight concentration,
these agglomerates should be predominately ZnO. The root mean square (RMS)
roughness of the 20 wt% layer is 3.25 nm, similar to that of the 50 wt% surface

(3.49 nm). This is significantly higher than the RMS roughness of the 10 wt%
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surface at 1.48 nm. Only the 20 wt% film shows clearly two separated phases
with the PbS domain size in the range of 20 - 50 nm. This could explain why the
20 wt% devices produced the highest efficiency for the BH]J. The 50 wt% shows
that ZnO agglomerates are dominating the morphology which creates shunt

paths in the device.

However, examining the PbS/ZnO blend dispersion cast directly onto a grid from
solution under a TEM (Figure 5.5) does not show aggregation of ZnO
nanocrystals. Individual ZnO nanocrystals with sizes around 5 - 10 nm are
scattered in the PbS matrix. Therefore, the aggregation of ZnO nanocrystals is
likely to have formed during the film deposition stage. A previous study has
observed a similar coarse surface morphology on a conjugated polymer/ZnO
composite film'®®. The study shows that surface coarsening is due to ZnO
aggregation and that using amines can improve the colloidal stability of ZnO in
the blend but does not reduce the extent of ZnO aggregation in the film due to
incompatibility between the ZnO surface and the conjugated polymers. In the
current system, the PbS QDs are coated with oleic acid molecules and expected to
have a similar hydrophobicity as the conjugated polymer chains. This
uncontrolled agglomeration of ZnO leads to poor phase separation that is
detrimental to charge transfer. In another study, Oosterhout et al.’* studied the

three-dimensional phase morphology of a P3HT/ZnO blend. They believe that
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the low efficiency of these devices using ZnO as electron acceptor comparing

with using PCBM is mainly due to coarse phase separation.

Figure 5.5: TEM micrograph of PbS-ZnO BH] solution. Scale bar = 30 nm.

5.3.3.2 Charge transfer from PbS to ZnO

The BHJ would have two possible routes (a depleted junction and an excitonic
junction) for charge separation (Figure 5.6(a)). First, a depleted junction is
established (illustrated in Figure 5.6(b) as the process (1)). In this process, free
electrons and holes are generated under the influence of the depletion region’s
electric field. A recent study suggests that this is by dissociation of excitons
through tunnelling between highly-coupled dots'. Charge extraction is achieved
by the built-in field drifting the holes to the ITO and electrons to the Al. In the
excitonic process (process (2) in Figure 5.6(b)), the intermixing of PbS and ZnO
facilitates fast exciton dissociation at the interface. In principle, the BHJ has two
junctions operating in parallel such that charges generated beyond the depletion

region can be extracted through an excitonic process.
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Figure 5.6: The proposed device operating mechanism that involves in two charge
separation processes: exciton dissociation at PbS-ZnQO interface and free electrons and
holes drift by the built-in field.

To understand the exciton dissociation process, photoluminescence was
measured to study the charge transfer at the type-II heterojunction. Figure 5.7(a)
shows the photoluminescence spectra of the EDT-capped PbS and OA-capped
PbS QD film. The emission peak at around 1100 nm can be attributed to the
band-edge transition in PbS QDs. The PL of EDT-coupled QD film shows a lower
intensity than the OA-capped QD film, suggesting the emission is quenched by
the charge transfer between electronically coupled-QDs!®, which becomes more
favourable with the shorter EDT ligands. With increasing ZnO concentration,
there is a small increase in the emission from PbS band-edge transition, as shown
in Figure 5.7(b), and the increase in the emission becomes more pronounced
beyond 20 wt% with a small red-shift in the spectra. The red-shift in the emission
is an indication of radiative recombination of intermolecular charge-transfer (CT)
states at the PbS/ZnO interface, suggesting geminate recombination of

coulombically bound electron-hole pairs’. Therefore, on inclusion of ZnO, inter-
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dot exciton dissociation (process (1)) is overtaken by the energy transfer from PbS

to ZnO (process (2)), resulting in CT states, which could recombine radiatively.
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Figure 5.7: (a) Photoluminescent spectra of OA-capped and EDT-capped PbS thin film;
(a) PL spectra of BH] film at different ZnO concentrations.

A recent study suggests that CT states are responsible for the low performance of
QD sensitised or hybrid photovoltaic devices®. A CT state consists of a localised
charge in the HOMO of PbS and an electron in the LUMO of ZnO. This geminate
electron-hole pair is tightly bound by coulombic interaction, requiring extra
energy to separate. Geminate recombination could also occur in exciton transfer
in coupled-QDs, however, is less likely as the recombination energy is competing

with the built-in electric field1&2.,

This above discussion suggests that charge separation via exciton dissociation
between PbS and ZnO is less efficient due to interfacial recombination. This can
be enhanced by using a p-n junction route such that the transport of charges is
assisted by a built-in field, which is sufficient to produce a large photocurrent

with minimum interface recombination. PbS QD devices using p-n or Schottky
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junction has achieved over 7% power conversion efficiency?? while PbS QD-

sensitised” and hybrid* devices have efficiency lower than 1%.

With an understanding of the operating principle, it is possible to rationalise the
design principle of an interpenetrated network for quantum dot heterojunction. It
is essential to engineer the bulk morphology to achieve a phase separation such
that the QD phase is fully depleted to sustain an electric field. This could
improve charge separation by increasing the interfacial area, and the depth into
the sample at which interface is present, while minimising the interfacial
geminate recombination. In the next chapter, an approach is proposed to
engineer the donor-acceptor morphology to achieve efficient charge separation in

QD BH]J devices.

5.4 Conclusion

This chapter explores a novel concept of an all inorganic quantum dot bulk
heterojunction solar cell structure using PbS and ZnO nanocrystals. The devices
show no improvement in performance compared with ordinary planar junction
devices. At this stage, controlling the morphology of the binary nanocrystal
blend has not been studied. Simple blending of these two particles leads to a
coarse surface, which is detrimental to the electronic properties. How to achieve a
bi-continuous morphology could be further examined by selecting capping
ligands or fine-tuning the acceptor concentration. The poor performance is also a

result of the generation of localised geminate pairs that promote interface
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recombination. The study leads us to consider more sophisticated means to

control the morphology of quantum bulk heterojunction.
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Chapter 6 - Templated TiO2/PbS Bulk Heterojunction

6.1 Introduction

In this chapter, a strategy to engineer the QD BHJ morphology is employed to
achieve enhanced light absorption and efficient charge separation. This is
realised by patterning the n-type semiconductor (TiO2) into a porous structure,
which can be in-filled by PbS QDs such that the domain size of PbS can be
controlled. It is widely accepted that the charge separation mechanism at the
PbS/TiO: interface is depleted p-n'=. Therefore, the domain size of PbS should
favour the formation of an electric field within the pores to achieve charge
separation over a larger volume of material than a simple bilayer structure. There
have been some reports on fabricating nanostructured metal oxide templates
using nano-lithography* or other solution-grown techniques®’. However, these
methods require either expensive equipment or extra fabrication steps, which
undermine the advantage of using solution-processed PbS QDs for low-cost
photovoltaics. In this study, the porous TiO:2 with controlled pore dimension is
created using a straightforward sacrificial lithography method using polystyrene

(PS) spheres.

The main questions to address in this chapter are: 1) What is the ideal pore size

that facilitates both light absorption and charge extraction? 2) Can QDs infiltrate
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the pores without changing the deposition method? 3) Can such a structure

improve the device performance?

6.2 Fabrication of templated TiO2/PbS devices

6.2.1 Methods

A schematic of the fabrication process is shown in Figure 6.1. TiO: substrates
were prepared by Dr Michael Lee from the Department of Physics, University of
Oxford. Fluorine-doped tin oxide-coated glass (Pilkington TEC 15) was rinsed
with milliQ water, acetone and ethanol and dried with clean dry air. The
substrates were treated by oxygen plasma for 5 min. A compact layer of TiO2 was
fabricated to isolate the contact between the PbS and FTO. The compact layer of
anatase TiO: was formed through spray pyrolysis of titanium diisopropoxide
bis(acetylacetonate) (Sigma-Aldrich) diluted in anhydrous ethanol at a
volumetric ratio of 1:10 using nitrogen as carrier gas. For a planar junction
device, a flat TiO2 layer was deposited by spin coating TiO: paste (Dyesol 18NR-
T) diluted in anhydrous ethanol at 1:4 by weight at 2000 rpm. For a porous TiO:
film, the same concentration of TiO: paste was mixed with polystyrene spheres
(Thermo Scientific, 300 nm) at 1:4 PS:ethanol concentration and spin coated on at
2000 rpm. The TEM image of the polystyrene beads was shown in Figure 6.1. The
layers were then sintered in air at 550°C for 30 min. The flat TiO: film is nearly
visually transparent, while the macroporous TiO: film is translucent containing

sub-micron voids acting as light scattering centres (Figure 6.2).

103



Polystyrene
beads

in TiO,-
ethanol

H Sintering

ﬁ Device assembly

Figure 6.1 TEM micrograph of polystyrene spheres (300 nm) and a schematic describing
the process of fabricating a templated porous TiO: film and device assembly.

1.4 eV PbS QDs were synthesised as in Chapter 3. Fabrication of solar cell devices
was performed under ambient conditions. PbS QD layers were fabricated by a
layer-by-layer spin coating technique. On a constantly spinning substrate, 1 drop
of 37.5 mg/mL PbS was dispensed through a 0.2 um PTFE membrane filter,

followed by 2 drops of 10% 3-mercaptopropionic acid (MPA) in methanol
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through a 0.45 um PTFE filter. The film was washed with 5 drops of methanol, 5
drops of toluene and washed again with 5 drops of methanol. The above cycle
was repeated to attain required thicknesses. It is found that the most efficient
device consists of 12 layers PbS. A high work function metal or semiconductor
(Au, Pt, MoOx) is required for top contact to form an Ohmic junction between the
PbS and the cathode®. Top electrodes containing 20 nm Au followed by 80 nm Ag
were deposited in an Edwards Auto thermal evaporator at 10 Torr at the rate of

1A/s.

Figure 6.2: (Left) flat TiO: film on an FTO substrate; (Right) macroporous TiO: film.

6.2.2 Determination of pore sizes and morphological characterisation

The optimum pore size and layer thickness of the porous TiO: needs to be
determined, with consideration of the device properties of light absorption
(volume fraction of PbS QDs, layer thickness), charge extraction (size of PbS
domain) and processing limitations (pore infiltration). First, the maximum radius

of the pores should be considered in conjunction with the width of depletion
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within the PbS, where collection of photogenerated carriers is most efficient. To
estimate the depletion length in PbS at a PbS/TiO: junction, capacitance-voltage
measurement on a PbS/TiO: bilayer device was performed and the Mott-Schottky
plot is shown in Figure 6.3. A bias-dependent capacitance at reverse bias is
observed indicating the PbS layer is not fully depleted at equilibrium. This
confirms that the PbS/TiO: barrier operates as a p-n junction as expected®. The
linear region at small forward bias can be fitted with depletion capacitance

equation as,

1_20Vy=V) 61)
c? AzqseoNa

It is assumed that almost all the depletion region occurs within the PbS as TiO2 is
usually more heavily doped!®!! reaching a doping density up to 102 cm?.
Vbi=0.65V and N. = 5.6x10' cm® are extrapolated from the linear region. The

width of the depletion region can be calculated by,

= 2eg9Vy; . (6.2)
qNq

The depletion width at equilibrium is measured to be ~150 nm. Therefore, a pore
size of 300 nm is desired as it maximises the PbS volume fraction within the TiO-,

while allowing for a fully depleted PbS region within the pores.
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Figure 6.3: Mott-Schottky plot of a PbS/TiO: planar junction device.
To have successful pore infiltration by QDs, one must ensure that all pores are
open, as closed pores embedded within the TiO2 would not be filled during the
spin-coating process (Figure 6.4). One way to ensure this is to make the TiO:
layer around 300 nm thick to create a monolayer of pores such that no voids are

formed after PbS deposition.

(@) (b)
Figure 6.4: (a) Voids are formed when closed-pores are in the layer; (b) by making the

TiO: layer sufficiently thin, a monolayer of pores with surface openings can be formed to

allow QDs pass into the pores.

The porous morphology was studied on a Zeiss NVision 40 focused-ion beam
(FIB) scanning electron microscope operated at 2 kV. The images were taken by
Dr Gareth Hughes at the Department of Materials, University of Oxford. The FIB

was used to prepare cross-sections of the films. Figure 6.5(a) shows a highly
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porous structured TiO: with pore size roughly mimicking the dimension of
polystyrene spheres. Some large pores can be seen, possibly due to
agglomeration of the polystyrene spheres. Spin coating of QDs onto the porous
TiO2 shows good infiltration into the porous structure with no voids formed
(Figure 6.5(b)). Back-scattered electron imaging allowed contrast between the PbS
and TiO: phases. The domain size of PbS is shown to be around 300 nm, as

expected. Figure 6.5(c) shows the cross-section of a planar junction device.

(b)

(o)

Figure 6.5: Scanning electron microscopy images of (a) porous TiO: cross-section and
surface; (b) secondary electron detector image of device cross-section of QD-filled porous
TiO: film; (c) secondary electron detector image of a cross-section through a planar
device. Scale bar = 300 nm.
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6.3 Device characterisation

6.3.1 Methods

Current — voltage characteristics were measured on a Keithley 2400 Sourcemeter
under simulated AM 1.5G sunlight at 100 mW cm? generated using an AAB
ABET Technologies Sun 2000 solar simulator and calibrated using an NREL
calibrated silicon reference cell with a KG5 filter to minimise spectral mismatch
(the mismatch factor was calculated to be less than 1%). To avoid over-estimation
of the active area resulting in an erroneous short circuit current density!>!3, the
solar cells were masked with a metal aperture to define an active area of 0.09 cm?

and measured in a light-tight sample holder to minimise any edge effects.

To measure the transient photocurrent and photovoltage decay, a white light bias
was generated using an array of diodes (Lumiled Model LXHL-NWES
whitestar). The perturbation source was generated from an array of red-light
pulsed diodes (LXHLND98 redstar, 200 us square pulse width, 100 ns rise and
fall time), controlled by a fast solid-state switch. The photovoltage decay was
measured on a 1 GHz Agilent oscilloscope across the high impedance (1 MQ)
port, while the photocurrent decay was measured through a low impedance port

(50 Q) to enable short circuit condition.

6.3.2 Results and discussion

Figure 6.6 shows the J-V characteristics of the highest efficiency porous and

planar junction devices. The table compares the device parameters and standard
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deviations extracted from the current density-voltage (J-V) characteristic curves
of all 10 working devices. The devices with the porous structure exhibit an
enhancement in short circuit current density under AM1.5G illumination. The
porous structure produced an average power conversion efficiency of 5% and a
5.7% champion device was recorded. The champion device has a J« of 19
mA/cm?, a Voe of 051V and a FF of 59%. An enhancement in fill factor is also

observed in the porous device, indicating reduced recombination.

20
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Figure 6.6: ] - V characteristic curves of the best porous and planar junction devices. The

table lists the averaged device parameters for comparison.

To understand the origin of the increased photocurrent in the porous TiO:
structure, external quantum efficiency (EQE) at wavelengths between 400 and
1200 nm (Figure 6.7(a)) was measured. The device with a porous structure
displays a higher EQE than the planar device across the whole range of
wavelengths, particularly at short wavelengths. To elucidate the EQE

enhancement, the optical properties of the devices were first examined.
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Figure 6.7(b) shows the absorption spectra of the planar and porous films. The
measurement is performed with and without an integrating sphere. Increased
absorption by the porous film is only observed below 700 nm. From the SEM
cross-section images it is clear that there is roughly the same thickness of PbS
pristine layers in both porous and planar devices. The difference being that the
porous structure allows this extra layer of fully depleted PbS in the device that
enhances absorption of the visible light up to 700 nm, contributing to
photocurrent generation. In a planar junction device, increasing the thickness will
have charges are generated beyond the reach of the electric field leading to an
increase in recombination. Furthermore, some enhancement of photocurrent can
be attributed to increased absorption through light scattering within the porous
structure. Yu et al."* suggest that a 300 nm pore size is most efficient in scattering
light of visible wavelengths!s. The porous TiO: film looks visually translucent as
the pores behave as scattering centres, leading to a better light management
within the device. This scattering could explain the particular enhancement of
absorption at the shorter wavelengths. The enhancement in EQE cannot be fully
explained by the optical effects alone, however, as the porous film does not show
higher optical absorption above 700 nm. Meanwhile, a higher fill factor suggests
repressed recombination in this device and therefore the electronic properties are

now examined.
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Figure 6.7: (a) External quantum efficiency of porous and planar devices from
wavelength 400 - 1200 nm; (b) absorption spectra of planar and porous device films, inset

showing the integrated sphere-corrected absorption spectra.

Using semiconductor process simulation, Kramer et al.* and Fan et al.’> have
shown an interpenetrated p-n junction device to be more efficient in charge
extraction by suppressing Shockley-Read-Hall recombination. A significant
increase in interface area means more carriers are generated in the vicinity of the
junction interface, where the electric field strength is higher than the region
further away from the junction. To measure whether the porous device can
reduce trap-assisted recombination, small perturbation transient photocurrent
and photovoltage decay measurements were performed on our devices'*'8, These
measurements allow us to monitor the fate of the exited carriers and to study the
recombination and transport properties of the PbS/TiO: heterojunction’. The
solar cells are illuminated under simulated sunlight at different illumination
intensities and “flashed” by a red light pulse generated by LEDs. The resulting
transient photocurrent and photovoltage decays are then measured. The mean
decay lifetime can be calculated by fitting the decay to an exponential function.

The light pulse excites additional electrons will decay with a lifetime 7.
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The transient photocurrent decay curves of both devices are shown in Figure
6.8(a), the inset shows a close-up of the initial decay region. Both devices have
rapid initial decay for 10 us as free electrons drift out of the PbS to TiO: to
produce current?® as well as rapid trapping of the electrons*. However, the
porous device shows a long-lived tail, with continuous charge extraction up to 3
ms. The origin of this long-lived photocurrent tail has been associated with a
slow de-trapping process®. This suggests that the BHJ has the ability to free
charges from traps to produce higher photocurrent. This is probably assisted by
the stronger electric field close to the interface of the BH]J such that trap-assisted
recombination is reduced. To further verify that this slow decay dynamic is trap-
meditated, the background intensity was varied as a means to change the charge
occupation density of the trap states in the semiconductors. Figure 6.8(b) shows
the transient photocurrent decay at different background light intensity. It is
evident that a slower decay rate is observed with decreasing background
intensity. At lower background intensity when more traps are unoccupied, there
is a higher probability for electrons to be trapped in these states. The calculated
decay lifetime of the planar device is 24 ps, while the porous structure is 280 ps,
suggesting rapid trapping of charges in the planar device, which subsequently
recombine. The extended lifetime in the case of porous structure suggests that the
trapped charges can be subsequently extracted. This is confirmed by transient
photovoltage decay measurements, which are performed to directly measure the

electron recombination lifetime under open-circuit conditions. Both planar and
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porous devices have the same recombination lifetime of around 20 pus when no

charge extraction occurs.

The light intensity dependence of the normalised ]« to ]« at 1 sun intensity is
shown in Figure 6.8(d). The data are fitted to the power law relationship J;. o I¢.
The porous device produced a nearly linear relationship (a = 0.92) suggesting the
device is operated with minimal recombination. High charge recombination in

the planar junction device is indicated by a sub-linear relationship!® with a = 0.78.
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Figure 6.8: (a) Transient photocurrent decay curves of porous and planar junction
devices; (b) transient photocurrent decay curves of a porous device at different
background illumination intensity; (c) schematic illustrating the charge generation
induced by the red-light pulse and the de-trapping and recombination process in the
depletion region. The de-trapping process is likely to occur closer to the interface where a
stronger electric field is predicted to be present; (d) intensity-dependent measurement of

normalized Js.

6.4 Conclusion
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By careful design of the porous structure in conjunction with the electronic
properties of the QD heterojunction, a significant improvement of the power
conversion efficiency has been demonstrated in the porous bulk heterojunction.
This is enhanced by a 30% increase in short circuit current and 10% increase in fill
factor, leading to an average 5.0+0.4% AM1.5 efficiency device with a 5.7%
champion device. The porous device allows a thicker fully depleted PbS QDs
layer to be incorporated in the device to absorb more photons while ensuring all
photoexcited charges can still be extracted. Absorption has also been enhanced
by the scattering effect of the pores. The BHJ structure also enhances the
electronic properties by incorporating a large interface, showing a drastic

increase in carrier lifetime resulting from de-trapping of charge carriers.
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Chapter 7 - Conclusions and further work

7.1 Conclusions of the thesis findings

The study in this thesis shows the great potential for using solution-processed
PbS quantum dots for next generation low-cost photovoltaics. The past three
years’ research has improved the power conversion efficiency of the PbS QD
solar cells from 1.8% of the Schottky junction device, to 3% of the PbS/ZnO
heterojunction device and to 5.7% of the structured bulk heterojunction TiO2/PbS
device. This enhancement in efficiency was achieved by 1) optimisation of
processing condition and parameters: this includes both synthesis and post-
synthesis procedure as well as assembly of QD thin film using spin coating and
solid-state ligand exchange; 2) optimisation of device architecture: from Schottky
junction to heterojunction to bulk heterojunction. The scientific findings of the

thesis can be summarised as follows:

1) Light absorption of the QD devices can be improved by increasing the
absorber layer thickness. However, the optimum thickness is limited by the
width of the depletion region, beyond which charge extraction is poor. Creating a
QD bulk heterojunction is an effective approach to overcome the charge
extraction length by incorporating a large interface in the device. This allows a

thicker device to be made while maintaining good charge collection ability.
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2) Designing a QD bulk heterojunction should be rationalised by understanding
the charge separation mechanism of QD heterojunction, which has been an area
of discussion. The study shows that PbS/ZnO heterojunction shows both
excitonic and depleted p-n junction mechanism depending on the doping density

of ZnO.

3) It is shown that efficient charge separation in QDs should be driven by an
electric field. Charge extraction via an excitonic route in the bulk heterojunction
PbS/ZnO made from the nanocrystal blend suffers from strong interfacial
recombination, resulting in low efficiency. Creating a porous TiO: template to
allow the phase separation between the donor and acceptor to match with the
depletion width can ensure the charge separation is electric field-driven even

within thick devices, and hence provides a route to higher photocurrents.

7.2  Further work

1) Deeper understanding of the QD operating mechanism.

A number of literature'? suggests that a p-n junction behaviour displays in a
quantum confined system is because the excitons have relative low binding
energy and can dissociate into free electrons and holes between highly coupled
PbS QDs. This question still remains debatable and varies for different types of
QD materials. Further experimental and theoretical study should be carried out

to investigate this hypothesis and draw a generalised picture. This will help
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researchers in materials selection and device architectural design for both QD

photovoltaics and light-emitting diodes.

2) Improving the materials” electronic properties.

Improving the charge carrier mobility and lifetime of semiconductor QDs as well
as their robustness to oxygen and moisture can be achieved by engineering the
surface properties of the materials. Modifying the QD surface using novel
organic or inorganic ligands can improve the surface passivation of QDs as well
as the charge transport in solid film. Bulk doping by using substitutional atoms

can also result in more intrinsic alteration to the QD properties.

3) Increasing light absorption.

The thesis reports studies of metal oxide semiconductors (ZnO and TiO2) as an
electron acceptor. n-type semiconductors with visible wavelength band gap can
be used to complement the absorption of PbS QDs. This includes n-type QDs
such as CdS, ZnS, SnS;, BizSs and etc., and some organic materials such as Ces0 and
Crn. These n-type absorbers can also be made into QD bulk heterojunction devices
to further improve absorption and extraction. Furthermore, QD tandem devices

will be the key to finally overcome the Schockley-Queisser limit.
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