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Abstract

In the solar energy arena, there is a considerable market for portable, lightweight, and
flexible solutions for solar energy harvesting, in which organic and perovskite
photovoltaics are two promising candidates. Cathode-bottom device architecture is
commonly used in organic and perovskite photovoltaics due to its long-term stability.
However, in this structure the electron transport layer (ETL) adjacent to the cathode
commonly requires high temperature annealing, which limits the use of flexible
substrates. In this thesis, low temperature processed ZnO thin films are applied as ETLs
in organic and perovskite solar cells with two fabrication methods employed: i) sol-gel

chemistry and ii) aqueous ammonia approach.

In terms of ZnO films by two methods, the relationship between the film composition
and the film properties (optical, electrical, surface morphological) is elucidated. The low
temperature processed ZnO by sol-gel chemistry, which was previously commonly
considered as amorphous ZnO, has been confirmed consisting of ZnO nanoparticles
embedded in an extended amorphous organic matrix in our study. The aqueous
processed counterpart has been confirmed containing only ZnO nanoparticles. The
distinct compositional difference of two low temperature processed films results in
some interesting comparisons, not only in the film properties but also when applied in
the organic and perovskite solar cells. In addition, the influence of film processing

temperature, in a range from as-cast to 450 °C high temperature, is investigated.

We have proved that sol-gel and aqueous processed ZnO films both are effective ETLs in
the application of OPVs. Specially, the work function of the ETLs shows significant
impact on the device performance. In the application of perovskite solar cells, despite
the intrinsic nature of the thermal instability of perovskite when fabricated on ZnO, the
Zn0O/PCBM bilayer ETLs with two ZnO processing routes both enable all-low-

temperature, thermal stable, low hysteresis and high performance devices.
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Chapter 1 — Introduction

Since the industrial revolution of the 18t century the rapid development of modern
industrial society has been driven by fossil fuels, however the demand for these finate
resources coupled with their environmental impact has led to a search for supplies of

clean, renewable energy.

In 1972, the report ‘The Limits to Growth’ by the Club of Rome simulated the
consequence of interactions between human and Earth’s systemslil. It led society and
governments beginning to sustainable development from a global perspective. One
major challenge of the sustainable development is the utilisation of renewable energy

sources.

Nowadays, the exploitation of renewable energy sources is driven not only by the
deceasing fossil fuel resources, but by increasing global populations and attempts to
moderate the anthropogenic global warming effect. There are numerous complimentary
solutions to deliver clean, renewable power including; wind, water, solar and arguable
nuclear power. In many cases the local environment dictates the optimum solution for a
given location. Whilst some solutions e.g. water based technologies (hydro/tidal) may
be suited to mountainous or coastal regions others, particularly those based on
harnessing solar energy are well suited in most locations and indeed have established a
market share in numerous global locations. In this thesis the research described is
focused on the development of new materials aimed at improving efficiency and lifetime
in two exiting areas of photovoltaics, namely organic photovoltaics (OPVs) and the

emerging perovskite photovoltaics.

In the following pages a background to photovoltaics is given, primarily to describe the
motivation for studying OPV and perovskite photovoltaics. In the latter sections, a
comprehensive literature review of organic and perovskite photovoltaics is given which
develops into tackling the research problem addressed during this research i.e. the
requirement for charge selective interlayers in both technologies. This develops into a
focused review of ZnO as an electron transport layer (ETL), where the specific material
properties and fabrication methods are described. The chapter concludes with a brief

outline of the thesis and an overview of the individual chapter contents.
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1.1 Photovoltaics

The photoelectric effect, first observed by Becquerel in 183921 and later described in
greater detail by Einstein in 190508], suggested a new area of science whereby energy
can be created by converting light into electricity. The first report of a photovoltaic cell
by Fritts in 1883, described selenium being inserted between two gold electrodes -

however this attracted little attention at the time.

What we may consider as the modern solar cell was first developed at Bell Labs during
the 1950’s based on the silicon p-n junction[4l. However, at the time the costs associated
with producing high quality silicon were prohibitively high, which hindered
development and subsequent commercialising. Since then, new photovoltaic materials
and fabrication techniques have been continuously investigated, with the aim to
decreasing the system cost until be competitive with other resources of electricity. Now
the cost of PV-produced electricity is commercially competitive although further cost

reduction and other challenges still remain.

Here a brief introduction of the widely studied photovoltaic materials is given. The
technological merits and relative disadvantages of each material will be discussed. In
order to facilitate a comparison between power conversion efficiency (PCE) here only

single junction devices are discussed.

1.1.1 Silicon solar cells

Silicon photovoltaics are the most mature technology, with their development extending
over some 30 years. Crystalline Si has an ideal bandgap (1.12 eV) based on the
terrestrial solar spectrum. The fundamental disadvantage is its indirect bandgap, such
that the absorption coefficient is relatively low, meaning layers (100-200 um) are
required to absorb sufficient light. Owing to the high carrier mobilities in crystalline Si,
(electron/hole mobilities are 1200 and 400 cm?2V-1s-1[5] respectively) the thick absorbing

layers do not cause significant bulk recombination.

In typical monocrystalline Si solar cells, n-type doped and p-type doped regions form a
homojunction, at which interface an electric field is generated. When light illuminates
devices photon absorption generates electron-hole pairs. Due to the low exciton binding
energy, charge carriers freely mobile in the crystal. When the charge carriers reach the
region of the junction they are separated into free electrons and holes, the built-in field
then moves electrons towards the n-type region and holes to the p-type region. Thus,
when connected to an external load, photogenerated current can be extracted to do
work. Today monocrystalline Si has already demonstrated operational efficiencies of
25.6%l6], which is still somewhat lower than the 29.4% theoretical limit based on the

Shockley-Queisser modell”l.
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In addition to monocrystalline Si solar cells, multicrystalline Si cells have also been
widely investigated, primarily due to their reduced manufacturing costs. At the time of
writing the record reported PCE of multicrystalline Si photovoltaics was 21.3% [8] .This
is mainly attributed to grain boundary effects that result in increased recombination and

ultimately reduced charge carrier collection.

Considering more recent silicon technologies the emergence of microcrystalline and
nanocrystalline devices, fabricated by chemical vapor deposition (CVD), have record
PCEs of 11.8%0°1. This is significantly lower than the other silicon technologies, owing to
the combination of lower film thickness and increased grain boundary losses; these
must however be offset over the reduced fabrication costs. Amorphous silicon (a-Si) can
also be made in thin film geometry, this is an interesting material as the optical
absorption is greater than crystalline Si. The bandgap of a-Si is somewhat higher than
the ideal value, typically 1.7 - 1.8 eV, nonetheless record PCE values of 10.2%/l¢l have

been reported.

As a consequence of the achievable performances, the established infrastructure and
more recently the declining raw materials and processing costs the global PV market is
dominated by crystalline silicon devices, some 90% of the total market share, where
multicrystalline and monocrystalline Si represent 65% and 35% respectivelyl10l.
Furthermore the high reliability and limited degradation - with lifetime guarantees of
25 years offered by manufacturers, it's easy to see why silicon technology currently

dominates.

Whilst silicon leads in the photovoltaic marketplace the ability to prepare thin film
devices is challenging for silicon-based technologies. It is in the realm of thin film
devices where the development of numerous technologies has accelerated over the past

few decades and where significant advancements can still be made.

1.1.2 Compound thin film solar cells

Compound thin film solar cells consist of a variety of inorganic, non-silicon, materials
where subtle changes in composition are made to achieve optimum performance. Thin
film devices require lower quantities of active materials, which impacts cost. Among
these devices GaAs has the highest PCE, with the record reported at 28.8%. This can be
partially attributed to the materials possessing a direct bandgap with an ideal bandgap
energy of 1.42 eVI¢l. The greatest limitation to this technology is the fabrication costs,
where CVD is routinely employed. These devices have however found applications in

space-limited, high-performance applications including terrestrial satellites.

Two other widely used III-V compound absorbers are InP (E;=1.35 eV) and GalnP
(Eg=1.81 eV), the record PCEs of these materials are 22.1%l¢] and 20.8%!¢], respectively.
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Here the presence of indium, which is an element that has become increasing scarce,

limits large scale production and implementation.

Cu(In,Ga)(Se,S)2 (CIGS) have a tunable bandgap from 1.0 - 2.4 eV, achieved by varying
the composition, specifically the In/Ga and Se/S ratios; the record PCE is 21.7%!lél. CIGS
films are normally deposited by evaporation or sputtering. However, similar to InP and
GalnP the presence of In presents a problem to long term development. Cu(Zn,Sn)(S,Se):
(CZTS) cells were developed as an In free alternative where In/Ga are replaced by Zn/Sn.
The band gap of CZTS is also tunable, from 1.0 - 1.6 eV with a record PCE of 12.6%l¢],
supporting similar fabrication methods as CIGS. As an environment friendly and low
cost material, CZTS is expected to have an impact in the marketplace, particularly if the

PCE can be further improved.

Another chalcogenide based material is CdTe, with a nearly ideal band gap of 1.43 eV.
The maximum reported PCE is 21.5%]6], very close to that of CIGS. Polycrystalline CdTe
films are commonly fabricated by evaporation from CdTe powder at around 300 °C[1l,
Today CdTe dominates the thin film solar modules that appear in the commercial
market, however continuous development of recycling systems are needed owing to the

presence of toxic cadmium and the scarce element tellurium.

1.1.3 Dye sensitized solar cells

Dye sensitized solar cells (DSSCs) were first reported by O’Regan and Gratzel in 19911121,
In DSSCs, a strongly absorbing dye is coated on a highly porous nanostructured
semiconducting scaffold (typically TiO;). Under illumination, electrons are
photogenerated from dye molecules and then are rapidly transferred to the oxide. The
dye is regenerated by redox couples in a surrounding electrolyte. The circuit is

completed by the diffusion of redox active species to the counter electrode.

The current PCE record for DSSCs is 11.9%l¢l. Although there is still room for efficiency
improvements DSSCs have already reached the commercial market as the first
generation of low-cost solar cells3]. There are further considerations that make DSSCs
attractive, including simple fabrication processes and tunable colour and opacities, the
latter two parameters being particularly suitable for building integration. In addition,
flexible devices can now be fabricated, where conventional porous TiO; is prepared at
reduced temperatures/!4l. Further development of this technology is required, for both
efficiency and stability improvement that can be achieved by optimizing the dye species,

electrolytes, metal oxides and electrodes.

1.1.4 Organic and perovskite solar cells
Organic photovoltaics (OPV) consist of a variety of combinations of organic small
molecules, conjugated polymers and fullerene derivatives. These technologies support
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large-area, high-throughput and low-cost fabrication on flexible substrates and
aesthetically can obtain colour tunability and variable opacity. The record PCE for OPVs
is currently 11.5%[151. In a typical OPV device there exists a complex multilayer structure,
where the core active layer is sandwiched between charge selective electrodes in
contact with each of the electrodes. Typically the thickness of the whole device
(excluding substrate) is less than 500 nm. New processing routes for the active
materials, for example droplet-based microfluidic reactors(tél and the development of
non-fullerene acceptor materials will significantly drive down device costs as OPV
technologies continue to develop. Issues associated with stability and lifetime remain

but in certain niche applications OPVs are having a commercial impact.

The emergence of so-called perovskite photovoltaics has had a tremendous impact on
the field of photovoltaics. The device structure is derived from DSSCs, where initially the
perovskite material was suggested as a replacement sensitizer, making these devices
true hybrid inorganic:organic systems. The active material adopts the perovskite crystal
structure (AMX3) in which A is an organic cation (typically CHzNH3), M is an inorganic
cation (typically Pb) and X is a halide. The highest reported PCE at present is
22.1%/M171118], Besides the remarkable efficiencies demonstrated in these novel systems
their synthesis by low-temperature routes is remarkably simple and colour tunability is
possible through compositional changes whilst solution processing supports large
volume processing. Further improvements in efficiency are predicted however the issue
of device instability following exposure to ultraviolet light, oxygen, heat and humidity
remain. Another challenge is to replace the toxic element Pb, where metals such as Bi

and Cs are some of the common candidates.

1.1.5 Motivation for organic and perovskite photovoltaics

Photovoltaic materials mainly have two aspects of application. One is large-area
photovoltaic system, to compete in electricity markets with other technologies. To
achieve this goal and become disruptive device, processing and materials cost require to
be addressed. Currently fabrication costs make only a partial contribution to overall cost
with component and installation making up some 50% of the total cost, a value that is
still increasing [191. Therefore efficiency remains a key target as potentially smaller cells

can be prepared, reducing material and installation costs.

Another important application of photovoltaic materials is flexible electronics, including
wearable devices, remote/isolated power generation systems, etc. Unlike large-area
photovoltaic system, the fabrication cost of solar cells themselves is the key factor in
flexible electronics. As a result, to decrease the cost, roll-to-roll, low processing
temperature, small material quantities and solution processing are expected during the
solar cell fabrication. In addition, device availability in a variety of transparencies and
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colours is important for a range of emerging applications. Therefore DSSCs, OPV and
perovskite photovoltaics are three promising systems to achieve these objectives. In
contrast to the rapid development of organic and perovskite cells, DSSCs have not
reported record PCE improvement since 2012. A key advantage to OPV and perovskite
cells is that simple device architectures can be implemented where remarkably thin
devices deliver comparable performances to many of the established inorganic systems
which provides a pathway for flexible devices that can be prepared by numerous high
volume processing techniques. For these reasons the emphasis of the research carried

out in this thesis is placed on OPV and perovskite photovoltaics.

1.2 Organic photovoltaics

1.2.1 Materials

There has been a tremendous emphasis on developing novel organic semiconducting
materials, including small molecules and conjugated polymers during the last decade.
Here, some of the more common p-/n-type materials are introduced and a detailed

description of the organic materials investigated during this research is given.

1.2.1.1 P-type small molecules

The first observation of utilising organic materials in solar cells was in 1975, where
small molecules using chlorophyll pigments were shown in single layer solar cells[20].
Although operational devices were demonstrated there was slow progress until some
10 years afterwards, where in 1986 Tang et al reached a breakthrough in devices using
a bilayer of copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative as

electron donors and acceptors, respectivelyl21l.

These early demonstrator devices relied on thermal evaporation to deposit the organic
active materials. More recently, and in this thesis also, the emphasis has shifted towards
solution deposition routes for active layer preparation hence more emphasis is placed
here on soluble small molecules. Among the solution processed small molecules, a series
of oligothiophenes have been investigated in detaill221[231124], The donor-acceptor type
small molecules containing solubilising substituents have been intensely developed that
are considered as promising materials for organic solar cells. Many structures have been
developed to date, including fused acenes, triphenylamine derivatives, merocyanine,
isoindigo, subphthalocyanine, diketopyrrolopyrroles, borondipyrromethene, perylene
diimides and oligothiophenes[2s1i26], Nowadays, OPVs based on soluble small molecules

have achieved high performances!?7], comparable with conjugated polymer systems.
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1.2.1.2 P-type polymers

Solution processed conjugated polymers are the best-studied electron donor materials
for OPVs. For conjugated polymers, if the repeat units enable m-orbital delocalisation,
electrons can move along the backbone of the chain. And if organized regions can be
formed as the polymer solidifies charge hopping between chains may happen by
inter-chain electronic coupling. The electric properties of conjugated polymers are

highly influenced by the inter-chain charge transport i.e. crystal packing is important(28l.

Among all the candidate materials, poly(3-hexylthiophene) (P3HT) is one of the most
commonly used semiconducting polymers and it was also used extensively in this work,
Figure 1.1. P3HT has a high hole mobility (up to 0.1 cm?V-1s-1)[29], In addition, P3HT is
easily synthesised and is commercially available in a range of molecular weights.
Bannock et al. reported the continuous synthesis of P3HT in droplet-based
microreactors, which significantly decreases the synthesis cost and dispersity[t6l. P3HT
is not only applied as active layer material in OPVs but also applied to organic field effect
transistors30] and as hole transport layer in solid-state dye-sensitized solar cellsi31l and

perovskite solar cells[32l.

P3HT PTB7

Figure 1.1 Chemical structures of poly(3-hexylthiophene) (P3HT) and polythieno [3,4-b]-thiophene-
co-benzodithiophene (PTB7).

Crystalline P3HT films show absorption with onset at 650 nm, band gap of 1.9 eV33l.
While for amorphous P3HT, the absorption onset is blue-shifted, caused by exciton

localisation which enhances absorption energy.

The properties of P3HT are highly influenced by the molecular structure. Because of the
asymmetry of the 3-hexylthiophene monomer, different dimer units can form with
different monomer couplings33134. Some combinations tend to form non-planar
conformations, which have a negative influence on charge transport. P3HT with higher
regioregularity shows better electronic properties due to improved film packingl35], and

also shows better OPV performancel36l.
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The molecular weight also influences the properties of P3HT, including melting point,
morphology, mechanical and electronic properties. For solar cell applications, P3HT
with higher molecular weight (> 30 kg/mol) shows higher charge carrier mobility,
originating from improved carrier transport between crystal domains by being

interconnected through chain entanglement[371.

Processing is important to the morphology control of P3HT and therefore has great
influence on electronic properties. There are many ways to deposit P3HT, including spin
coating, wire bar coating[38], inkjet printing[39], electrodepositionl4%], melt pressing[37] etc.
In solution based P3HT fabrication methods ie. those commonly used for OPVs in
research laboratories, precise control of the interaction between P3HT and solvents is
important. In general, slower solvent evaporation enables higher portion of crystalline
P3HT, which may enhance the charge transportl4ll. Post annealing is another method to
control the morphology. When the polymer film is heated above its glass transition
temperature ~140 °C the alkyl chains can move which has a positive impact on the

packing in crystallitesl42l.

Although P3HT has been well studied and shown good performance in OPV (efficiency
above 7%l431), P3HT still has intrinsic drawbacks. Importantly its relatively large
bandgap (1.9 eV) results in insufficient absorption in the near infrared (NIR) region and
therefore relatively low photocurrent is achievable. Another issues is the relatively large
highest occupied molecular orbital (HOMO), at around -5.2 eV which tends to result in
low open circuit voltage (Voc) as this parameter typically depends on the energetic offset
between the donor HOMO and the lowest occupied molecular orbital (LUMO) of the
electron acceptorl#l. To address these limitations, many new p-type polymers have been
developed. Polythieno[3,4-b]-thiophene-co-benzodithiophene (PTB7) is one of the most

promising candidates, Figure 1.1.

PTB7 has a bandgap of 1.8 eV and a HOMO level of -5.15 eVI45l. The hole mobility of
PTB7 neat films is also high, around 1 x 10-3cm2V-1s-146l, [n addition, a strong
absorption from 550 nm to 750 nm is recorded for PTB7[47l. Although PTB7 exhibits
relatively weak absorption from 300 nm to 500 nm, when combined with PC7:BM as an
electron acceptor (PC71BM has strong absorption in the visible region) the resulting

blend films show strong absorption from 300 - 800 nml[45].

Morphology control plays an important role in PTB7 based solar cells. For depositing a
PTB7:PC71BM bulk heterojunction film by spin coating, chlorobenzene (CB) is a typical
solvent. The morphology of the blend film can be effectively optimised by adding a small
amount of diiodooctane (DI0), a high boiling point solvent. The addition of DIO achieves

smaller PC71BM domains and therefore allows PC7:BM to more easily penetrate into

30



PTB7 domains. PTB7 only shows a small fraction (about 20%) of crystalline regions

while the majority of PTB7 is amorphousl(#8l.

The molecular weight of PTB7 is also another a key factor in the OPV performance. By
increasing the molecular weight of PTB7 from 18 to 128 kg/mol, the efficiencies of
PTB7:PC71BM cells were enhanced from 5.41% to 8.50%[491. The boosted performance
results from strengthened absorption, increased hole mobility of PTB7 and optimised

PTB7:PC71BM intercalating network with higher PTB7 molecular weight.

1.2.1.3 N-type materials

The n-type semiconductor plays an equally important role in OPVs. Fullerene based
acceptor materials are the most widely used in bulk heterojunction (BH]J) organic solar
cells. Although recently non-fullerene acceptors have attracted research attention for
both small molecule and polymer devicesl5%], fullerenes remain the best choices when
matched with most donor materials. Three commonly used fullerene derivatives,
PC¢1BM, PC71BM and IC¢1BA, are shown in Figure 1.2.

PCs1BM PC7:BM [C¢1BA

Figure 1.2 Chemical structures of PC¢1BM, PC71BM and ICs1BA, adapted from Refl511,

PCs1BM ([6,6]-phenyl-Cei-butyric acid methyl ester), a soluble Ceo derivative, was the
first acceptor material used in BH] OPVs in 1995 by Heeger et all52l. The electron
mobility of PCs1BM is relatively high, about 2 x 10-3 cm?2V-1s-1[53], The HOMO and LUMO
energy levels of PCs1BM are -5.93 eV and -3.91 eV, respectively>4. In addition to the
low-lying LUMO level which tends to decrease Voc, another drawback of PCs1BM is its
very weak absorption in visible regionl54. P3HT:PC¢1BM is the most widely studied BH]
OPVs, achieving PCEs > 4%[551. The off-set of the LUMO levels of donor and acceptor
normally only needs about 0.3 eV to dissociate the excitons at the donor/acceptor
interface, while for P3HT:PCe¢1BM, this difference is larger than 1 eV, this energy loss
decreases the Voc. Furthermore, the absorption of P3HT and PCs1BM does not match
very well for BH] active layer because of the P3HT absorption onset at 650 nm and

PCs1BM weak visible absorption.
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Compared to its corresponding Ceo analogue, PC7;1BM ([6,6]-phenyl-C71-butyric acid
methyl ester)[56] exhibits much stronger absorption in visible range (400 - 700 nm),
which makes it widely applied in solar cells with low bandgap polymer donors[54l.
However, PC71BM adopts similar electronic energy levels to PC¢1BM, the HOMO and
LUMO levels of PC71BM are -5.87 eV and -3.91 eV, respectivelyl54. The electron mobility
of PC71BM is around 1 x 10-3 cm?2V-1s-1[46], which is similar as that of PCs:BM. One
drawback of PC71BM compared with PC¢:BM is that with the increase of the fullerene
cage size the solubility in organic solvents and the miscibility with polymer donors both
decrease, which has been observed among PC¢1BM, PC7:BM and PCgsBMI571.

[C¢1BA (indene-Ceo biadduct) was initially designed for improving the performance of
OPVs reliant on P3HT as a donorls8l. Compared with PCs1BM, the LUMO of 1C61BA is
upshifted by 0.17 eV. Consequently, the Voc of P3HT based OPVs with 1Cs1BA reached
0.84 Vi8], while those with PCs1BM show 0.58 V. In addition, the synthesis of 1Cs:BA is
easier than that of PC¢1BM. IC¢1BA also has excellent solubility, even better than PCs1BM.
For carrier transport, [C¢1BA exhibits high electron mobility, around 1 x 10-2 cm2V-1s-1 in
pure films59. One drawback of 1Cs1BA is its weak light absorption in visible region, as
also with PCe1BMI60l. Another limitation is that although 1C¢1BA devices show excellent
performance (PCE < 6.5%l611) in P3HT based OPVs, the attempts to apply [C¢1BA to other
low bandgap polymers have not been very successful. Further studies on high
performance polymer donor materials which energy levels are well matched with

[C61BA (sufficient LUMO offset) are anticipated.

1.2.2 Device structure

In organic semiconductors, the binding energy of photoexcited excitons is typically too
high to allow excitons dissociate into free holes and electrons by thermal excitationlé2l.
However, the exciton dissociation can occur at an interface owing to the energetic offset.
This interface can be between donor/acceptor species or organic semiconductor/metal.

Hence, several device structures have been invented, as shown in Figure 1.3.
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Figure 1.3 Active layer structures for conjugated polymer solar cells: a) single layer cell; b) bilayer

cell; c) bulk heterojunction; d) ordered nanostructured cell, adapted from Refl631,

1.2.2.1 Active layer structure

The first OPVs were prepared as single layer structures, sandwiching a thermally
evaporated organic layer between two electrodes with varying work functionslé41(65l. For
conjugated polymer based cells with single layer structures, the V. is modest but the
photocurrent is typically quite lowl¢él. The difference between the effective photon
absorption (>50%) and the low PCE (1%) indicates the strong tendency of the

recombination of photoexcited carriers in the conjugated polymer layerl¢él.

Bilayer structures were then introduced by inserting an electron acceptor layer onto the
donor speciesl?ll. The objective of this work was to facilitate exciton dissociation at
donor/acceptor interface, due to the energy offset, then allow free charge to move
towards the opposing electrodesi63l. This strategy reduced the possibility of
recombination of the free carriers once they moved away from the interfaces because
almost no minority carriers are in the intrinsic organic semiconductors. Although
bilayer structure modifies the free carrier recombination in single layer structure, the
performance of bilayer OPVs is poor. This is because the exciton diffusion length of
typical conjugated polymers is only tens of nanometers(22l67] therefore only excitons
generated within the exciton length of the donor/acceptor interface have the chance to

create free carriers.

One primary way to promote more excitons to transfer into free carriers is to increase
the donor/acceptor interface area. Bulk heterojunction (BHJ) OPVs were designed to
achieve this goal, by intimately intermixing conjugated polymer donors with
polymerle8lied], fullerenel>2l or inorganic nanocrystall’?l acceptors. Undoubtedly, this
morphology was critical in the development of OPVs. The self-assembly of BH]J
nanomaterials is driven by spontaneous phase separation(’ll. One goal of tuning the

blend morphology is to allow every absorbing site in the active layer to be within its
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carrier photoexcitation recombination lengths to the donor/acceptor interface, which
means the length scale for phase separation should be in order of 10-20 nm. Another
goal is that the separated holes and electrons have fully percolated pathways to their
opposite electrodes, which means bicontinuous interpenetrating networks are needed.
To achieve these goals, the BH] film morphology can be controlled by tuning the phase
separation during the film formation or by the subsequent annealing of solid films[71l.
Specifically, the following parameters are typically fine-tuned: solvent, solution
concentration, chemical additives, donor/acceptor ratio, molecular structure of
materials and thermal/solvent treatment. Today, the organic solar cell with highest

efficiency (11.5%) still relies on the BH]J structurel71172],

In BH] devices, the donor and acceptor species are randomly interdispersed. In some
cases, some acceptors may be isolated, which leads to electron trappinglé3l. To overcome
this issue, ordered nanostructured solar cells have evolved. One advantage of ordered
nanostructured cells is that there are few isolated donors and acceptors. Another
advantage is that the sequential depositions of acceptors and polymers allow the fine
interfacial modification between donor/acceptor interfaces, which decreases the
recombination at the interfacesl’3]. Inorganic materials are typically used to form the
nanostructured scaffold due to the established synthesis techniquesl’4+-77l. Two
nanostructures are of great interest. One is the mesoporous scaffold (derived from
DSSCs), with pore sizes typically around 10s of nanometers, i.e. matching the diffusion
length of the conjugated polymers!’’l. The problem of such structures is that the
polymers are hard to fully penetrate into the mesopores(78l. The other is that conjugated
polymers and electron acceptors can hold straight pathways to opposite electrodes,
which minimises the charge mobile time thus reduces the recombination related to back
carrier transport(74-761[791, But the limitation is that the interspace of scaffold is hard to
be as small as that of polymer diffusion length thus leads to insufficient exciton
dissociation(751l76l, The contradiction between polymer infiltration and exciton diffusion
length hinders the development of ordered nanostructured cells. Breakthroughs on
longer exciton diffusion length polymers, interfacial modification, balanced

holes/electrons transport are expected.

1.2.2.2 Complete device structure

OPVs are multilayered structures, typically containing transparent substrates (glass or
plastic), transparent bottom electrode (transparent conducting oxide), active layer and
top electrode (typically a metal). Charge selective layers normally are also needed,
inserted between the active layer and electrodes. Due to different functions, they are
usually called electron transport layer (ETL) and hole transport layer (HTL). There are

two types of device structures according to the electrode positions, as shown in Figure
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1.4. In a conventional structure, the bottom electrode acts as anode with top cathode,

whist in inverted structure, the top electrode acts as anode with bottom cathode.

Figure 1.4 Conventional (left) and inverted (right) device structures of organic solar cells.

The early studies of OPVs mainly focused on the devices with the conventional structure
due to the popular use of high work function indium tin oxide (ITO) as transparent
bottom anodelésl. One drawback of conventional structure is that the top cathode is
typically low work function metal such as Ca, Ba or Al which tends to oxidise when
exposed to the air. With the development of bulk heterojunction cells, inverted device
structures achieved more attention due to their long-term stability. High work function
top anodes (Au, Ag etc.) in inverted structure show improved chemical stability. In
addition, although high work function ITO changes the role to bottom cathode in
inverted structures, the energy alignment can be modified by interfacial modification[80]
or the insertion of ETL[#4l. Hence, in the OPV part of this study, the inverted architecture

was investigated.

1.2.3 Device operating principles

In this subsection, a brief description of the device operating principles of BH] OPVs is
provided, where three primary processes are required for converting sunlight directly
into electrical power: a) absorption of photons by the active layer; b) photogenerated
charge separation and the generation of mobile carriers; c) charge collection. The
absorption by typical photoactive organic materials has been briefly introduced in
subsection 1.2.1. Hence, here we give more discussion about the latter two steps. Before

that, an introduction of major device parameters is given.
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1.2.3.1 Current density — voltage characteristics

A typical current density (]) - voltage (V) curve of solar cells is shown in Figure 1.5.
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Figure 1.5 Representative current density vs. voltage of a solar cell.

The short circuit current density (Jsc) is the current density when no external field is
applied. At this time, the driving force of charge drifting is the built-in internal field. Jsc is

influenced by photon absorption, charge separation and collection.

The open circuit voltage (Voc) is the voltage when the current is zero, which is the
maximum voltage output provided by the solar cell. In BH] OPVs, Vo is related to the
offset between the LUMO of the acceptor and the HOMO of the donor(8ll. Vo also can be
influenced by the carrier recombination, work function of electrodes, interfacial dipoles

etc.

The fill factor (FF) is the ratio between the actual maximum obtainable power and the
product of Jsc and Voc. FF reflects the competition between the carrier recombination
and sweep-out of the photoinduced carriers. FF can be tuned by both series resistance
(Rs) and shunt resistance (Rsh) that is introduced in the following sections. It is also

influenced by the balanced mobilities of electrons and holes in the active layer.

The power conversion efficiency (PCE) can be calculated from the equation,
PCE = JscVocFF/Power (solar in), in which JscVocFF is the maximum power created in the

external circuit.

The series resistance (Rs) is associated with the bulk resistance of the active layer,
functional layers and electrodes, contact resistance of every interface and the probe
resistancel82l. The shunt resistance (Rsn) comes from the carrier recombination and the
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consequent leakage current in the device. The values of Rs and R can be roughly

estimated by the reciprocal of the slope of J-V curves when ] = 0 and V = 0, respectively.

1.2.3.2 Photogenerated charge separation and the generation of mobile carriers

The mobile carrier generation of bulk heterojunction OPVs comes from two pathways,
shown in Figure 1.6: one is the ultrafast electron transfer over distances of ~10 nm
between the polymer electron donor and the fullerene acceptor; the other is the exciton

diffusion and the subsequent dissociation at the donor/acceptor interfacel71l.

Ultrafast electron transfer is considered to result from the fundamental quantum
uncertainty principlel83l. The photoexcited state is a delocalized coherent state, which
lifetime is sufficiently long for participating in electron transfer from electron donor to
fullerene acceptor before the collapse of the coherent statel’ll. The phenomenon of
ultrafast electron transfer has been observed by different measurements, with timescale
less than 100 fs[841(85],

The other pathway, with slower dynamics (50-500 ps), originates from the diffusion of
the localised excitons which remain after the collapse of the initial delocalised coherent
statel83]. The excitons diffuse to the interface of the heterojunction and are split due to
the interface energy offset, leaving holes on the donor side and electrons on the acceptor

side.

Ultrafast electron transfer

. t<100fs t~ns- s
Excited state and Mobile carrier |~ Energy out
charge transfer Exciton diffusion sweep out by
t~50-500 ps the built-in

electric field

hv
Recombination

Ground State

Figure 1.6 Carrier dynamics of typical bulk heterojunction OPVs.

1.2.3.3 Carrier collection at electrodes

Charge carrier collection at the electrodes is a competition between sweep-out by the
internal field and recombination losses before and after mobile carrier generationl71], as
shown in Figure 1.6. For sweep-out, it is proportional to the magnitude of the built-in
electric field. It is also influenced by the mobility and therefore by the intrinsic material
properties and the morphology in the heterojunction. The estimated timescale of
sweep-out is less than 1 psisel.
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Recombination can occur both during the generation and the sweep-out processes of the

mobile carriers. It mainly has four kinds871:

i) Diffusing excitons recombine before they reach the donor/acceptor interface. The
recombination can be by an Auger process, i.e. an exciton in polymer can recombine
with a hole and similarly an exciton in fullerenes can recombine with an electron. This is

a bimolecular recombination.

ii) When the exciton reaches the donor/acceptor interface, it splits into a hole in the
polymer and an electron in the fullerene, which are considered to be bound geminate
electron-hole pairs. The built-in electric field reduces the barrier for separation of the
electron-hole pair. So the mobile carrier collection decreases with forward bias, which is
a monomolecular recombination process caused by the reduced field ionisation of

geminate electron-hole pairs with the reduced internal field.

iii) Now the electrons and holes are already separated by ultrafast electron transfer or
exciton diffusion and they are mobile in acceptor and donor domains, respectively.
However, there is still a possibility that a mobile electron and a hole will meet at the

interface and recombine. This is a non-geminate and bimolecular recombination.

iv) Recombination also can occur through interface defect states. In this case, it
supposes that there are defects or impurity states energetically within the interface gap
and physically near the interface so that can trap electrons and holes and consequently

lead to recombination.

1.3 Perovskite photovoltaics

1.3.1 Materials

1.3.1.1 Crystalline structure

The perovskite crystal structure can be described as an AMX3 unit cell, where A is a large
cation, M a metal cation and X an oxide or halide series anioni88l. They form a MXe
octahedral structure where M is in the centre and X is located in the corner (Figure 1.7).
The extended MX¢ three-dimensional structure is also shown in Figure 1.7. The
component A fills the space surrounded by the adjacent octahedron. To make sure a
closed packed perovskite network, the size of cation A is of great importance as it should
be smaller than the interstitial space. It will also have great influence on the modulation
of material’s physical properties such as electronic and optical aspects. In the case of
hybrid perovskite photovoltaic materials, cations A are normally methylammonium
(MA), formamidinium (FA) or Cs®9. Cation M is typically a divalent metal ion such as

Pb2+, Sn2+ etc. Halogen X anions are Cl;, Br- or I. Indeed as the field rapidly develops
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so-called mixed perovskites are emerging where one or more metal, halogen and cation

are incorporated into the same structure.

The organic/inorganic perovskites tend to form a two-dimensional layered structure by
continuously alternating the inorganic and organic layers. This can be obtained by
cutting the 3D structure along <100> direction. The so-called “perovskite sheet”, which
is the inorganic layer containing corner-sharing MXs octahedra, is subsequently
sandwiched by organic molecules layers88l. This inorganic framework now is
considered as highly dynamic, flexible and ‘alive’ (can respond to external stimuli) that

is responsible for the ion migration in perovskites.

Figure 1.7 Left: Three-dimensional representation of basic perovskite structure AMXs. Right:

Extended network model, adapted from Refl88].

The lattice parameters of typical perovskite materials have been measured. For
CH3NH3Pbls, a tetragonal perovskite structure is formed (a = 8.855 A and ¢ = 12.659 A).
In such structures typical laboratory X-ray diffraction (XRD) peaks, using a Cu Kq source,
appear at 14.00° and 28.36° degrees 26 for the (110) and (220) planes, respectively. For
CH3NH3PbBrs, a cubic structure is formed with a lattice constant of 5.9 A. Diffraction
peaks are seen at 14.77, 20.97, 29.95, 42.9, and 45.74°, assigned as the (100), (110),
(200), (220), and (300) planes, respectivelyl90l.

1.3.1.2 Optical properties

Perovskite materials have shown a broad (panchromatic) absorption window in the
solar spectrum. Figure 1.8al%1l illustrates the absorption spectrum of CH3NH3zPblz from
the ultraviolet to near infrared region via steady-state UV-visible spectroscopy. There
are two distinct maxima, at 480 and 760 nm[1-93], Figure 1.9 shows the effective
absorption coefficient of a CH3NH3Pbls perovskite thin film by photothermal deflection
spectroscopy (PDS), which also has two similar peaks[®4. A high absorption coefficient
with particularly sharp onset is obtained when compared to other typical photovoltaic
materials. Besides, CHsNH3Pbl; is inferred to be a semiconductor with a direct bandgap

according to both the experiments (Tauc plot)[95] and the calculationll.
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from Refl°l]; (b) Images of mesoporous TiO2/CHsNH3Pb(I1-xBrx)s on FTO substrates, adapted from
Refl89; (c) Variation of absorption of TiOz/CH3NHsPb(I1-xBrx)s3 layers, adapted from Refl89],

Continuous tuning of the bandgap is achieved in alloyed perovskite materials where two
halide species are incorporated[88l. The corresponding variation of UV-vis absorption
spectra is shown in Figure 1.8c in the case of mesoporous TiO;/CH3NH3Pb(I1«xBry)s. The
colour of the devices can be modified by tuning the composition of the alloy, as shown in
Figure 1.8b. The absorption band edge shifts from longer wavelength (x=0, 1.58 eV) to
shorter wavelength (x=1, 2.28 eV). This corresponds to the previous papers that the
band gaps of CH3NH3Pbls and CH3NH3PbBr; were 1.5 and 2.3 eV, respectivelyl90197],
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Figure 1.9 Effective absorption coefficient of a CHsNH3Pbls perovskite thin film by photothermal

deflection spectroscopy compared with other typical photovoltaic materials, adapted from Refl94l,

1.3.1.3 Electronic properties

The exciton binding energy of CH3NH3Pblz is determined to be only 16 meV at low
temperature and even smaller at room temperaturel®8l. This leads to spontaneous free
carrier generation after light absorption. The typical organic/inorganic halide

perovskite materials such as CH3NH3Pblz show ambipolar charge transport properties.
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In the early stages of perovskite development excellent electron-transport properties
were demonstrated and efficient PV devices were fabricated by introducing an
insulating alumina (Al;03) scaffold instead of the TiO, mesoporous structurel®z. The
conduction band of Al;03 is much higher than the LUMO of perovskites, which means no
electron injection from the absorber to the scaffold happens. Meanwhile, good
hole-transport properties were demonstrated in an efficient perovskite solar cell with
5.5% PCE which has a simple TiO;/CH3:NH3Pbls/Au configuration without any hole

transport layerl93l.

Now the electrical properties, especially the carrier mobility, are much better
understood, although new works continue to appear describing transport properties in
these fascinating materials. The electron and hole mobilities of perovskites are nearly
balanced and extremely high, although the fabrication methods show great influence on
the values measured®. Carrier mobilities of perovskite are estimated to be
12.5 cm?2V-1s1 for polycrystalline thin films[100 and as high as 164 cm2V-1s1 for single
crystalslt0l], In addition, balanced long-range electron and hole diffusion lengths are
observed above 100 nm for CH3NH3Pbls films and above 1 pum for ‘CH3zNH3Pbl34Cl
films[10211103], While for single crystals, the carrier diffusion length is considered to be as
large as 175 pm although further corroboration is expected[l0ll. This indicates the
perovskite materials break the bottleneck of short diffusion length that limits the typical

solution-processed active layer materials for example polymers.

Lead based halide perovskites always behave as intrinsic semiconductors[?9], with trap
densities as low as 1010 cm-3[104], Also, the carrier concentration in perovskites is
remarkably low, around 109 - 1014 cm-3[1051, As for the defect chemistry, ion migration is
considered as an important issue for perovskites. However, there is still a controversy:
some believe charged point defects are available in the latticel1051106] while some think
only the whole formula units are removed (MAX, PbX; or MAPbX3) and leave a partially

hollow latticel991.

1.3.1.4 Processing methods

The traditional deposition method for perovskite films is a single-step spin-coating
processl92193]. For example, in the case of CH3NH3Pblz, a precursor solution of equimolar
CH3NH3l and Pbl; in y-butyrolactone (GBL) is spin-coated onto the substrates, typically
pre-deposited oxide films. Then the films are dried at room temperature to form solid
state CH3NH3Pbl3, and subsequently annealed in argon at 100 °C. However, this method
causes uncontrolled precipitation of the perovskite leading to a variation in morphology.

This finally leads to a wide variation in the performance of solar cells.
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Later a two-step sequential deposition technique has been developed, which improved
the PCE of the devices consisting of perovskite and mp-TiO; films to above 14% with
good reproducibilityl107l. Specifically, Pbl, was initially spin-coated on mp-TiO; films,
subsequently dipped into a solution of CH3NHsl causing the formation of CHzNH3PbI;
when two components are mixed. This raises better control over the morphology and
higher stability compared to conventional methods. However, this method is not
suitable for the situation of planar surface, as larger Pbl, crystallites will cause

incomplete conversion to CHz3NH3PblIs.

Solvent engineering has also been developed for solution-process fabrication. For
example, the use of a mixed solvent of dimethylsulphoxide (DMSO) and GBL followed by
toluene dripping forms an extremely uniform and dense CH3NH3PbI3 layer, as shown in
Figure 1.100198. The precursor solution is prepared by mixing MAI and Pbl; in
DMSO:GBL co-solvent. During the spin coating, first GBL, which has a higher evaporation
rate than DMSO, is evaporated. Then toluene, that does not dissolve perovskite but is
miscible with GBL and DMSO, is drop cast on the film during the substrate spinning. The
toluene dripping quickly removes the residue DMSO solvent and forms an intermediate
phase MAI-Pbl;-DMSO. Finally, the complex turns into crystalline perovskite by

annealing at 80-100 °C, with a device efficiency above 16%[108],

100 °C
—

© mw o ws
2 < 5 100 °C
Perovskite solution Spinning Toluene Intermediate Dense and uniform
spreading dripping phase film perovskite film

Figure 1.10 Scheme of ‘toluene dripping’ solvent engineering process, adapted from Refl108],

Using vacuum techniques a dual-source vapour deposition method was also utilised for
simple planar heterojunction perovskite solar cells resulting in PCE values < 15%I109],
Here the perovskite absorbers were deposited from the evaporation of PbCl, and
CH3NHzl at the same time, onto the TiO;-deposited FTO films within a high-vacuum

chamber.

1.3.1.5 Exploration of new perovskite materials

Until now, much attention is still directed to the archetypal perovskite CHsNH3PblIs.
However, efforts have also been made on other perovskite materials. AMX3 perovskite
structure is proven that all three lattice positions could be fully replaced thus forming a

solid solution. For the X site, researchers now believe that a solid solution can be formed

42



only from halides adjacent in the periodic tablel®9. The previously reported
CH3NH3PbIz.4Clk perovskitel®2l now are considered as two-phase composites[?l although

the reason of enhanced device performance by involving Cl is still under debatel110][111],

In the case of the A site, in addition to methylammonium (MAPbX3)[112], other cations
has also been introduced to form solid solutions such as caesium (CsPbX3)[113] and
formamidinium (FAPbX3)[114l. In the case of M site, Sn was investigated to replace Pb
because Sn is somewhat more environmentally friendlyl115lit16l, Researchers also
synthesised solid solutions CH3NH3Sn1_4PbxI3[117l. However, the compound is likely to
form Sn*+ due to oxidation and thus displays metal-like conductivity, which decreases

the performance of the devices.

Although to date the highest certified efficiency (20.1%) is achieved by FAPbI3[118],
blends of mixed cations and mixed halides are considered as promising materialsl!19].
New perovskite materials with a combination of excellent device performance, more

eco-friendly and good environmental stability, are still to be pursued.
1.3.2 Device structure

1.3.2.1 Active layer structure

There are two typical active layer morphologies of perovskite solar cells: mesoporous
and planar structures, as shown in Figure 1.11. The mesoporous structure initially came
from that using perovskite as sensitiser for mesoporous TiO; in DSSCs[?0. Then by
increasing the degree of pore filling the morphologies changed from
perovskite-sensitised[®0] to perovskite-filled®2], and finally to completely perovskite
filled with a perovskite capping layer(120l. The mesoporous scaffold materials originally
are semiconducting TiO; that transport electrons from perovskite even though
perovskite itself have the ability to do it(1211122], [nsulating Al,O3 has also been developed
as the scaffold, at present perovskite needs to transport electrons itselfl2l. In addition to
mesoporous structure, other nanostructures have also been investigated, such as

nanosheets[?3], nanofiber(123] and nanorods[1241[125],

The planar structure refers to the structure without nanostructured scaffold. In this
structure the perovskite functions in a manner similar to that in the early Al,03 based
devices, not only as the light absorber, but also as electron and hole transporters. Crystal
size is one important difference between mesoporous and planar perovskite films
varying from 60 nm of mesoporous structure to above 500 nm of planar structurel!26l,
The relative contribution of surface influence increases with the decrease of crystal size.
D’Innocenzo et al infer the optoelectronic properties of the perovskite may be tuned by
the crystal sizel127]. To date high efficiency devices have been achieved by both planarii2s]
and mesoporous structures!!!8l. However, the mesoporous scaffolds typically need high
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temperature annealingl18], which deviates from our aim in this thesis i.e. to prepare low
temperature processed solar cells. In addition, the mesoporous electron transport layer
is more necessary for photoactive materials with too short carrier diffusion length but
here we utilise MAPDbI3 that has long diffusion length. Hence the planar structure was

identified as the candidate architecture for the work in this thesis.

Recently, the BH] has also been used in perovskite solar cells, by mixing PCBM in
perovskite active layer(129. PCBM plays an important role in improving the active layer
quality by filling vacancies and pinholes among perovskite grains, forming a film with

large grain and fewer grain boundaries.

Back electrode Back electrode
Blocking layer Blocking layer

ocking layer Blocking layer

Figure 1.11 Active layer structures for perovskite solar cells: left) mesoporous cell; right) planar

cell.

1.3.2.2 Whole device structure

Because the perovskite initially comes from the device with mesoporous TiO as bottom
electrode, the so-called conventional (n-i-p) perovskite device structure is the structure
with the bottom electrode acts as cathode with top anode, which is opposite to the
organic solar cells, as shown in Figure 1.12. The first conventional perovskite cell with
planar structure was reported using FTO/compact TiO;/perovskite/spiro-OMeTAD
/Aul120l, Later doped Ti0:[130] and other oxides such as ZnOI[131] and SnO,[132] were also
involved in this structure. However, a hysteretic response between reverse and forward

scans during J-V characterization was observedI133],

Interestingly, the J-V hysteresis in planar structured devices can be largely suppressed
by inverting (p-i-n) the structure, as shown in Figure 1.12, where the fullerene layer is
typically on top of perovskitel!34. Fullerene deposited on perovskite is considered to
passivate the charge trap states on the surface and grain boundary of the perovskite

layer that is an important origin of the J-V hysteresis.
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Figure 1.12 Conventional (n-i-p) (left) and inverted (p-i-n) (right) device structure of perovskite

solar cells.

The conventional device architecture provides easy access to solution processed devices
and facilitates the investigation of the role of low-temperature processed ETLs. The
solution-based oxides typically require a polar solvent in the oxide precursor solution.
The polar solvent may dissolve the perovskite film hence we cannot deposit the solution
with polar solvent on top of perovskite, as in an inverted structure. While oxide
nanoparticles can be deposited on top of the perovskite by dispersing nanoparticles in
non-polar solvent and use in inverted perovskite structurel!3s], the complicated
synthesis of oxide nanoparticles violates the aim of this thesis. In addition, considering
typical planar conventional perovskite device faces the J-V hysteresis problem, we also

seek to reduce the J-V hysteresis by tuning ETL in conventional structure.

1.3.3 Device operating principle

In this subsection, a brief description of the device operating principles of perovskite
solar cells will be introduced. The operating principle of perovskite planar
heterojunction cells has been proven similar to thin-film p-i-n heterojunction cells with
a high electronic quality ‘i’ layer, achieved from the electron beam induced current
(EBIC) mappinglt3¢l. Although OPVs have a typical p-n heterojunction that differs from
that of p-i-n of perovskite cells, the perovskite device working principle still can be
described in a similar manner to OPVs: a) absorption of photons by the active layer; b)
photogenerated charge separation and the generation of mobile carriers; c) collection of
holes at anode and electrons at cathode. The absorption of typical perovskite materials
has been briefly introduced in subsection 1.3.1. Hence, here we will give more

discussion about the latter two steps.

1.3.3.1 Photogenerated charge separation and the generation of mobile carriers

Under light illumination, the perovskite absorbs light and subsequently electron-hole
pairs are created nearly instantaneously'37l. There has been some controversy over
whether bound excitons are created, transported to the heterojunction and then
dissociate at the interface, or free carrier charges are spontaneously produced in the

bulk of the perovskite materials. Now it is clear that the exciton binding energy
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Eg << kgT at operating temperaturel®sl. It is demonstrated that equilibrium exists
between free charge carriers and excitonic species under illumination. The ratio of free
charges to excitons nearly reaches 100% under device operating condition and the
exciton population only becomes dominant when the temperature is reduced to below
120 K127, Here we only use 3D CH3NH3Pblz as an example. The situation may be

changed in lower dimensional perovskite networks due to enhanced exciton binding.

The generation of free electrons and holes by exciton dissociation happens around 2 ps
after photoexcitation[1001(138], After the generation of free charge carriers in the
perovskite region, they move towards opposite electrodes. This movement in bulk
perovskite is very fast, with the timescale around 1 fs[1%¢], This may benefit from the high
carrier mobilities and long carrier diffusion length of both electrons and holes in
perovskites. When the carriers arrive the interfaces between CHz:NH3zPbls and ETL/HTL,
the time for carriers to pass the interfaces depends on the ETL/HTL materials. For
instance, electron injection from CHzNH3Pbls to TiO; is on the sub-ps timescale while the
injection from CH3NH3Pbl; to PCBM is slower, typically ~100s ps. The hole injection
from CH3zNH3Pbl; to Spiro-OMeTAD is also ultrafast, on the sub-ps timescale. Thus, the
electron and hole transport in bulk perovskites and at the carrier injection interface are

both very fast.

In addition to the electron and hole transport, in perovskite there is still the issue of ion
transport. The ion transport in perovskites is much slower, with a timescale of around
1 pslto¢], Now ion transport can be considered the most likely origin of the slow part of
the J-V hysteresis[106l. Although the ion migration results in defects, fortunately these
defects do not lead to deep electronic states in the band gap so that Shockley-Read-Hall

type nonradiative recombination is avoidedIt¢],
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Figure 1.13 Carrier dynamics of typical perovskite solar cells.
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1.3.3.2 Carrier collection at electrodes

As mentioned in the OPV discussion, here we focus on the carrier recombination losses
before being swept to the external circuit. Compared with BH]J OPVs, the recombination
pathways of perovskite should be less. One reason is that the active layer in an OPV is
the bulk blend of donor/acceptor two materials while that in latter situation is typically
only one perovskite bulk layer. Another reason is that both excitons and free charge
carriers play important roles in OPV, while in perovskite, such as CHsNH3Pbl3, we could

only consider free carriers.

Typically, carrier generation and recombination can be simulated in parallel via
dn/dt = G-kin-kzn2-ksn3, where n is the total carrier concentration dependent on time, G
is the carrier generation term, ki, kz, k3 are the monomolecular (first order), bimolecular
(second order) and three-body Auger (third order) recombination rate constants,
respectively(39l. The monomolecular part is related to trap-assisted or geminate/
excitonic recombination; the bimolecular part is related to nongeminate or
exciton-exciton annihilation; the Auger part is related to nonradiative three-carrier

interactions.

There remains some controversy as to which term dominates the recombination
process in perovskite cells. Some believe that bimolecular recombination is dominant in
free electron-hole recombination, measured at excitation fluence among 0.2 - 10 pJ/cm?2
(or corresponding to carrier densities of 1016-18 cm-3)[1401[141], While some others believe
that monomolecular recombination dominates the recombination in operational
perovskite cellsl1391[142-144], The monomolecular term dominates for n < 1016 cms3,
bimolecular term dominates for n in the range of 1017-19 cm-3, Auger term dominates for
n > 1019 cm30144], Characteristic charge density in CH3NH3Pblsz solar cells at one sun
intensity is around 1013-15 ¢m-3[139] so that monomolecular process is dominant under

normal situations.

The electron-hole lifetime in perovskites is long, in the order of 300ns to
microseconds[102]. The low recombination rate in perovskite may originate from several
aspects: i) the structure of octahedral distortions and molecular dipoles leads to
fluctuations in electrostatic potential, which separates electrons and holes in real
spacell45]; ii) relativistic splitting of the conduction band suppresses the recombination
at the valance and conduction band edges because of momentum selection rules in
reciprocal spacell4¢]; iii) efficient carrier extraction via electron and hole selective
layers[149]; iv) extremely low intergrain potential barrier (< 45 meV) in polycrystalline
CH3NH3PDbI;3 films(103],
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1.3.3.3 J-V hysteresis

An anomalous phenomenon of current-voltage hysteresis in perovskite solar cells was
first reported by Snaith et al in 2014[147]. Many potential origins of the hysteresis have
been developed however it is not yet completely understood. Until now, among all
candidates of causes, mobile ionic species is most likely responsible for the phenomenon.
When an electric field is applied, positive and negative ionic species will move towards
opposite directions[148l. This leads to the p-type and n-type doping of perovskite near
two carrier extraction layers. Thus, one direction of electric field possesses favourable
electronic contact while the other direction possesses unfavourable electronic contact,

which results in hysteresis.

The J-V hysteresis has been found more obvious at lower temperature, which may be
caused by ion migration rate reducing with temperaturel!49]. In addition, the contact
between the perovskite and carrier extraction layers shows significant influence on the
hysteresis. Mesoporous TiO; based n-i-p perovskite cells possess negligible hysteresis at
room temperature as the pathways for unimpeded electron extraction are enhanced[18],
PCBM is also found to alleviate hysteresis in both n-i-p and p-i-n device structures, by

passivating perovskite defect sites[1341[150],

1.4 Interfacial layers in organic and perovskite solar cells

The utilisation of interfacial layers has been identified as an essential method for
optimising the performance of OPV and perovskite solar cells. In this section, first the
roles of interfacial layers will be discussed. Then the hole and electron transport layers
will be separately introduced, especially those utilised in this project. Those materials

which can be solution processed will also be emphasised, based on the aim of this thesis.
1.4.1 Functions of interfacial layers

1.4.1.1 Tuning energy level at the active layer/electrode interface

Suitable energy level alignment at the active layer/electrode interface has been proven
important to enhance charge collection and Voc of devices in OPV and perovskite solar
cellsi?5t, The intrinsic Voc is mainly determined by the material properties and
morphology of the active layer. However, the actual Voc obtained is usually lower than
the ideal situation. A reduced barrier on contact with the electrodes, typically Ohmic
contact, is expected to get the maximum Voc. One effective way is modifying the work
function of electrode by inserting interfacial layers. The underlying mechanisms of

inserting work function modification layer (WML) are shown in Figure 1.14152],
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Figure 1.14 Schematics of possible mechanisms for work function modification by interlayer,

adapted from Refl152],

Figure 1.14a describes the formation of electrical double layer between metal and a
doped semiconductor. A bias-dependent carrier depletion region is formed in the doped
semiconductor at the interface. Figure 1.14b shows the work function tuning can also
happen via dipole formation by charge transfer between the electrode and the interlayer.
Another mechanism to modify the work function is the spontaneous orientation of
dipoles in the interfacial layer deposited on the electrode, either be throughout the
whole layer as Figure 1.14c or only at the interface as Figure 1.14d. The distinction of
these two situations is whether the work function is continuously dependent on the

interlayer thickness or just an abrupt change at the initial stage.

After modifying the work function of electrodes, another important issue is how this
influences the adjacent photoactive layer. For weakly interacting interfaces, which is
suitable for many metal oxide/organic interfacesl!s3], the energy alignment trend is
shown in Figure 1.15. The figure illustrates that the electron-injection and hole-injection
barriers are linearly dependent on the electrode work function within the middle region.
However, the alignment between the HOMO and the Er remains constant with further
increase of electrode work function (called ‘pinning’) when the electrode work function
exceeds a certain threshold value. This threshold value depends on the organic
molecules. The same pinning behaviour is also shown between Fermi level and LUMO

levels.
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The origin of pinning is considered to be the combined effects of the molecular
ionisation at the organic/electrode interface and capacitive charge redistribution in the
electrodel’54. The pinning effect has been observed in organic small moleculeslt53],

polymers(t55] and also hybrid perovskite materials[56],

Fermi level pinning is important to designing solar cells to get maximum Voc. For OPVs,
the way to achieve maximum Voc is to tune the work function of the electrodes to enable
the HOMO level of the donor and LUMO level of the acceptor pinned to the
corresponding electrodes, as shown in Figure 1.15. In this case, the Voc mainly depends
on the intrinsic properties of photoactive layer, without loss from the electrode energy
level mismatch. Thus, the ideal situation is low work function cathode and high work

function anode.
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Figure 1.15 (a) energy level diagram of organic/electrode interfaces. EA: electron affinity, IE:
ionisation energy; (b) energy alignment trend in week interacting interfaces, showing linear and
pinning regimes; (c) energy level diagram in the case of OPV; (d) the dependence of Voc on energy

level alignment. All figures are adapted from Refl154],

1.4.1.2 Charge carrier selectivity
Another role of interfacial layers is to improve the charge carrier selectivity of

corresponding electrodes thus impeding unfavourable charge recombination or exciton
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quenching at the active layer/electrode interfaces, which enhances the fill factor and the

rectifying behaviour of the solar cells.

We use organic solar cells as an example to explain the energetic requirement of the
charge selective layer, as shown in Figure 1.16[154], The situation in perovskite solar cells
is easy to deduce from it. The interlayers can be classified as hole transport layer (HTL)
and electron transport layer (ETL) based on the nature of the collected charges. For an
ideal HTL (the orange region in Figure 1.16), it should be a p-type semiconductor with
its HOMO level near the HOMO level of donor; meanwhile its LUMO level should sit
above the LUMO level of donor. In such way, this interlayer can only collect the holes
and also block the electrons. The same rule should be applied to the ETL, an n-type
semiconductor with its LUMO level aligning with the LUMO level of acceptor and its
HOMO level below the HOMO level of acceptor.
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Figure 1.16 Schematic energy level diagrams of charge selective interfacial layer in OPV, adapted

from Refl154],

1.4.1.3 Other interlayer functions

Modifying the photoactive layer morphology is another important function of carrier
transport layers. The degree of wetting of the active layer precursor solution on beneath
interlayer has significant influence on active layer surface morphology. Insufficient
wetting may cause the formation of pinholes, which is detrimental to the device
performance. An example of CH3NH3Pblz surface morphology by SEM with different

wetting is shown in Figure 1.17.
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Figure 1.17 CH3NHsPbls surface morphology by SEM with good (left) and bad (right) wetting of

perovskite precursor solution on lower interlayer.

Some interlayer materials also play the role of surface trap state suppression of active
layers. The trap states at the surface may cause carrier recombination, thus lead to
carrier losses. Surface passivation has been shown to remarkably increase the device

performance for perovskite solar cells[1341[157],

Enhancing device stability is another expected function of the interlayer. The
modification of the adhesion between active layer and electrodes can improve the
durability and stability of devices(1581159], The interlayer can also protect the active layer
from the permeation of oxygen and water as organic and perovskite photoactive
materials are typically sensitive to theml!51160l, In addition, some interfacial layers
attached to the light-incident electrode side can absorb the UV light and enable visible
light pass, thus protecting the active layer from the exposure of UV light.

Optical effects are also introduced by interlayers to improve light harvesting in
photoactive layers. An interlayer can be utilised as an optical spacer to tune the optical
and electrical field distribution in solar cells[2”] and LEDsI161l. The intensity of the optical
field within the active layer can be reinforced because of the optical interference effects
by the insertion of interlayers. Surface plasmon resonance effect is another origin of
light absorption enhancement within a device brought about by incorporating
interlayers, ie. by placing metal nanoparticles into the interlayer(162l. Luminescent
materials, functioning as spectral converters (upconversion, quantum-cutting and
down-shifting), are also placed in interlayer in solar cells[!¢3l. The aim is to minimise the
absorption losses derived from the intrinsic absorption wavelength limit of photoactive

material compared with the broad solar spectrum.
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1.4.2 Hole transport layer

1.4.2.1 Organic materials

Organic small molecules and polymers can act as efficient HTLs. Spiro-OMeTAD
[2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spiro-bifuorene] is a well known
organic small molecule HTL , initially used in dye-sensitised solar cells to replace the
ionic liquid(64l. The chemical structure is depicted in Figure 1.18. The solubility of
spiro-OMeTAD in chlorobenzene is moderate, around 30 vol %l65l. This enables
spiro-OMeTAD can be deposit on top of perovskite films by solution process because
perovskite material typically cannot be dissolved in chlorobenzene. The glass transition
temperature (Tg) is 125 °C and the melting point (Tw) is 248 °Clt6l. The HOMO and
LUMO energy levels of spiro-OMeTAD are -5.12 eV and -2.05 eV, respectivelyl166l. Pure
spiro-OMeTAD shows low conductivity (about 4.4 x 10-5 S cm-!) and low hole mobility
(4 x 10-5 cm2V-1s1), which impedes the carrier collection in the devicell¢7l. Doping with
ionic additives has been investigated as an effective way to increase the conductivity of
spiro-OMeTAD. Bis(trifluoromethylsulfonyl) amine lithium salt (Li-TFSI) and
4-tert-butylpyridine (TBP) are typical dopantl!68], enhancing the conductivity by around
two orders of magnitudell69] and accelerating the oxidation of spiro-OMeTAD under
001671, The hole concentration in spiro-OMeTAD can be further increased by the
insertion of cobalt-based co-dopant whose role is to promote the spiro-OMeTAD

one-electron oxidation reactionl167],

One downside of Spiro-OMeTAD is its high cost derived from the complicated synthesis
and purification processl67l. Also, the ionic additive in Spiro-OMeTAD, Li-TFSI, shows
hygroscopic nature, which limits the device long term stability when exposed in airlt70l,
Despite these disadvantages, spiro-OMeTAD with Li-TFSI and TBP as additives has still
been chosen as hole transport material in perovskite devices in this work because it is

well studied and provides a frame of reference for us to compare our ETL behaviour

with published work.
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Figure 1.18 Chemical structures of (left) Spiro-OMeTAD, adapted from Ossila website; (right)
PEDOT:PSS, adapted from Refl171],
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Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is perhaps the
most widely used polymer hole transport material, it has been widely applied in DSSCs,
OPVs, perovskite PVs, supercapacitors, fuel cells, etc.[l7t] The chemical structure of
PEDOT:PSS is shown in Figure 1.18. PEDOT:PSS possesses high conductivity, ranging
from 102 to 103 S cml, varied by the synthesis process and additives(!7tl. The high
conductivity results from the efficient p-type doping of PEDOT by PSS, forming
PEDOT+:PSS-11511. PSS also acts as polymer surfactant, to promote the dispersion of
PEDOT in solvents, typically water. The work function of PEDOT:PSS is around
5.0-5.2 eV171], The carrier mobility of pristine PEDOT:PSS is moderate (0.045 cm?2V-1s-1),
while boost to 1.7 cm?V-1s-1 owing to the increased crystallinity and ordering of PEDOT

nanocrystals by adding co-solventsl[172],

One disadvantage of PEDOT:PSS is that the PSS component is acidic and hygroscopic in
nature, which tends to show a negative influence on the device stability[173l. In addition,
the solvent of PEDOT:PSS is normally polar solvent, such as water, limiting its
application on top of organic and perovskite photoactive layer by solution process. To
avoid the utilisation of polar solvent, the polymerisation of the EDOT (3,4-ethylene-
dioxythiophene) monomers directly into PEDOT is an alternative pathway, including
electrochemical, oxidative, reverse micro-emulsion and vapor phase polymerisationl171l.
However, high performance solar cells with PEDOT by this pathway is still lacking to
date.

1.4.2.2 Inorganic materials

Inorganic materials have also been well developed as interfacial layers due to their good
environmental stability and ability to precisely control their electronic structure,
particularly when compared with the organic counterparts. Transition metal oxides are
the most widely used among inorganic interlayer materials. For hole extraction metal
oxides, they are divided into p-type and n-type based on their distinct energy
alignments. N-type hole extraction oxides show large work function with deep-lying
conduction and valence bands. Fermi-level pinning occurs when the LUMO of n-type
HTL matches the HOMO of photoactive layers. Typical n-type hole extraction oxides
include MoOx, CuOx, VOx and WOs. P-type hole extraction oxides possess upshifting
energy levels compared to n-type counterparts. Fermi-level pinning happens when the
HOMO of p-type HTL matches the HOMO of photoactive layers. NiOx and CrOx are typical
p-type HTLs.

Molybdenum oxide (MoOx) is well studied as hole extraction layer due to its high
transparency with optical bandgap around 3.0 eV[174l. The work function of Mo0O3, about
7 eVI153]117511176] js sufficiently large for hole injection. MoO3 is an n-type semiconductor,
with HOMO level at -6.7 eV and LUMO level at -9.7 eVI175l. The fabrication methods of
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MoOx are numerous, including thermal evaporation[174], atomic layer depositionlt77] and
solution processing from precursor solutions[l78] or nanoparticle suspension
solutions[179]. In this project MoOx was selected and deposition carried out by thermal
evaporation. This is particularly suitable as the evaporation temperature of MoOx is low
(melting point 795 °C). And the precise control of evaporation process, including
chamber pressure, deposition rate, in-situ film thickness monitoring, etc., enable good
reproducibility, allowing the focus of the research to be on how the ETL impacts device
performance. In addition, in-situ deposition of MoOx and subsequent metal electrode in
vacuum avoids contamination of freshly evaporated MoOx films by ambient atmosphere
that could influence the MoOx film work function and energy alignment(180l. Evaporated
MoOx films possess mainly Mo¢+ with very little Mos+, detected by XPS, which is close to

the stoichiometric MoO3[174],

Apart from transition metal oxides, there are other promising inorganic hole extraction
materials. One, graphene oxide (GO), is investigated owing to the two-dimensional
structuresl(!8t]l, The work function of pristine GO is around 5 eV, which is suitable as hole
extraction layer(1811182], However, pristine GO is insulating in nature, which limits the
thickness in devices to around 1-2 nml183l. The challenge of uniformly depositing such
layers hinders the development of GO in large-scale production. Reduced GO (rGO),
achieved by thermal or chemical reduction methods, show improved conductivity
compared with pristine GO[84. Blending GO with conductive materials is another
effective way to increase the electrical conductivity. PEDOT:PSSI85], Au
nanoparticlesl!8s], single walled carbon nanotubes (SWCNT)[8¢ etc. have been
investigated as fillers. Solution processed graphene oxide nanoribbon has also been
applied in hole extraction layer, showing good electrical properties with proper energy

alignment(1871,

Copper thiocyanate (CuSCN), a p-type semiconductor, is another promising HTL
material. It has been applied in OPVI188], OLEDI!89 and perovskite PVs[1901191], CuSCN is
transparent within the entire visible region, with an absorption onset at 3.8 eV[189. In
addition, the raw material cost of CuSCN is low and the film fabrication can be achieved
by the low temperature solution process in airl(189. However, the evaporation rate of
CuSCN in typical solvent, such as dipropyl sulfide, is relatively fast, which influences the
film morphology control. Copper selenocyanate (CuSeCN), analogous to CuSCN, is also
considered as HTLs. Recently, we developed initial work using PEDOT:PSS/CuSeCN
bilayer as HTL in perovskite solar cells, showing improved Voc (1.00 V) compared with
pristine PEDOT:PSS (0.91 V), Figure 1.19.
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Figure 1.19 Representative J-V curves with device structure ITO/HTL/CH3NH3Pbls/PCBM/LiF/Al.
1.4.3 Electron transport layer

1.4.3.1 Organic materials

Organic small molecules and polymers can also act as ETLs. For small molecules, they
can be divided into fullerene derivatives and non-fullerene oligomers. PCBM is a typical
fullerene derivative material, utilised not only as electron acceptor in OPV (see
subsection 1.2.1.3) but also as an excellent electron extraction material in perovskite
solar cells. When PCBM is deposited on top of perovskite films in inverted device
structures, the perovskite trap density at surface and grain boundaries is reduced by
some two orders of magnitude, Figure 1.200134. The ]J-V hysteresis is significantly
reduced by the trap passivation. PCBM is reported to fill traps and macroscopic cracks
between perovskite grains thus analogous bulk heterojunction perovskite-PCBM devices
are created, resulting in high FF and high Jsc with little hysteresis/129l. Apart from
inverted device structures, PCBM is also applied in conventional device structures,
beneath perovskite films[19211150]. High efficiency with little hysteresis are also achieved.
However, in this structure, the thin PCBM (~10’s nm) compared with thick perovskite
layers (~100’s nm) illustrates trap passivation in perovskite grain boundary is not the
only origin for the enhanced performance. The involvement of PCBM is believed to cause
efficient charge extraction, which enables the device less sensitive to the device

polarisation[150],
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Figure 1.20 (a) Perovskite inverted device structure with PCBM (b) J-V characteristic curves for

devices with PCBM show reduced hysteresis. Both adapted from Refl134],

Besides typical fullerene derivatives that use nonpolar solvents, water/alcohol soluble
fullerene derivatives have also attracted much attention. Water/alcohol soluble
fullerene  derivatives are  generally  modified Ceo/C70  species[l9]  or
fulleropyrrolidines(194, and can be applied on top of the active layer of polymer solar

cells or on the bottom of perovskite layer of perovskite solar cells.

Another important small molecule electron extraction material is non-fullerene
oligomers, containing non-conjugated oligomers, perylene-diimide (PDI) based salts and
other polycyclic aromatic compoundsl(t5tl. The purpose of introducing these materials is
mainly to tune the interface energy alignment between the active layer and the
electrode. For the amino-containing non-conjugated oligomers, the density of amino
groups can influence the interfacial dipole formation at BHJ/Al interface, which leads to
work function shifting[195]. For the PDI based salt, PDINO also can tune the work function
from its ionic feature, with relatively high intrinsic conductivity owing to PDI units
self-organised m-stacking. Other polycyclic aromatic compounds, for example a
conjugated zwitterion Rhodamine 101 material, formed strong dipoles at the active

layer/electrode interface due to the zwitterionic moiety(19l.

For polymers acting as electron extraction materials, they can be mainly divided into
two categories: polyelectrolytes (PEs) and neutral polymers. There are three main kinds
of polyelectrolytes for electron extraction, including polythiophene (PT) - based
conjugated PEs (CPEs)[197], poly [(9,9-bis(3'-(N,N-dimethylamino) propyl)-2,7-fluorene)
-alt-2,7-(9,9-dioctylfluorene)] (PFN)-based CPEs[198] and non-conjugated PEs[199]. Most

PE electron extraction materials can be easily dissolved in alcohol-based solvents.

For neutral polymers, the typical materials include polyethylenimine ethoxylated /

branched polyethylenimine (PEIE/PEI), polycarbazole (PC)-based and PFN-based
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compounds. Most neutral polymer electron extraction materials can be dissolved in
alcohol with acetic acid (AcOH) as an additive to increase the solubility. PEIE/PEI have
been widely utilised to reduce the work function of metals, metal oxide, conjugated
polymers and graphenel200l, The chemical structure of PEIE/PEI is shown in Figure 1.21.
These polymers are insulators with large bandgaps so they should be considered as
surface modifiers rather than charge injection species. The mechanism of work function
shift by PEIE/PEI comprising of two parts: i) the ethylamine molecular dipole along the
direction vertical to the substrate; ii) the interface dipole due to a slight electron
transfer from the amine-containing polymers to the electrode surface. In particular,
PEIE/PEI is widely used as surface modifiers of ZnO, both in organic solar cells[201] and

perovskite solar cells[202],

1,
Hiﬁfﬁ%pww
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Figure 1.21 (a) chemical structures of PEIE and PEI; (b) Proposed model of molecular dipole (MD)-
induced and interface dipole (ID)-induced WF reduction on ZnO surface. Photographs adapted from

Refl200],

PC-based derivatives have also been investigated as ETLs. Phosphonate side chains are
typically used to decorate PC homopolymers and copolymers. These hydrophilic side
chains can supply a sub-gap state for electron transport and change the ITO work
function by introducing interfacial dipoles(203]. For PFN-based ETLs, intrinsic PFN can
tune the work function of ITO to facilitate Ohmic contact at the interface between ITO
and the active layer(204l. The PFN derivative PFN-OX shows good solvent resistance due
to the crosslinking and it also can modify ZnO as electron extraction layer for better

device performancel205],

1.4.3.2 Inorganic materials

Inorganic electron extraction materials have been widely investigated due to the
excellent environmental stability and electrical properties. Apart from the most
frequently studied transition metal oxides, reduced graphene oxide (rGO) based
materials have also shown the potential as ETLs. Unlike the aforementioned pristine GO
with a large work function (~ 5.0 eV) that is suitable for hole extraction layer,
Caesium-neutralised GO (GO-Cs) possesses a much lower work function (4.0 eV),
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making it suitable as an ETLI2%¢l. Hybrid electron extraction layers have also been
developed by mixing r-GO with other materials, such as rGO-TiO;, rGO-ZnO and
rGO-pyrene-PCBMI151]l. Cs,CO3 is another promising electron extraction material, with
tunable work function by annealing temperaturel207l. CsCO3 has been utilised both in
OPVI207] and perovskite solar cells208], However, the poor hole blocking ability of Cs,CO3

limits its wide application.

Metal oxides are still the most popular electron extraction materials when compared
with organic and other inorganic counterparts, owing to their superior air stability,
visible transparency, low synthesis cost and suitable energy level alignment with active
layer materials. Most studies on metal oxide electron transport layer are centred around
three materials: TiO2, SnO; and ZnO. These three materials all fulfil the requirements of
ETLs for organic and perovskite solar cells defined in this project: low costs of raw

material and synthesis, low temperature fabrication and solution processing.

TiO; is transparent in the visible region, with band gap 3.2 eV for the anatase phasel209],
TiO; possesses a conduction band minimum (CBM) and valence band maximum (VBM)
levels at -4.2 eV and -7.4 eV, respectivelyl210l. Although typical TiO. requires high
annealing temperature (above 500 °C), low temperature processed titanium oxide has
been successfully applied in both OPVI211] and perovskite solar cells[2121i213], For OPV, the
device performance with TiO2 and ZnO are comparablel214]. For perovskite cells, TiO; is
the most widely used ETL. Perovskite films show good chemical stability when
deposited onto TiO». Although the mobility of nanoporous TiO; is comparable with those
of nanoporous ZnO and SnO;[215], the oxides in this project will have a planar
morphology, here it should be noted that the electron mobility of TiO; (bulk single
crystal) is about 102 times lower than that of ZnO and SnO[215], In addition, the atomic
orbitals which contribute to the CB in TiO; differ from ZnO and SnO,. Where the CB of
TiO; purely comes from Ti 3d orbitals[2091 in ZnO and SnO; the CB is made up of Zn and
Sn s statesl216l, The CB minima of ZnO and SnO; localised on the metal s states are
free-electron-like states. Because of the spherical symmetry of s states, the interaction
between two metal s states is only influenced by the metal-metal distance and is not
influenced by any angular disorder. Thus, the effect of disorder on the s-states
dominating CB minimum is very small. So even amorphous ZnO and SnO; are expected
to possess considerable electrical properties, compared to TiO,. One more limitation of
TiO; is that perovskite solar cells with mesoporous TiO; suffer from instability induced
by UV light when cells are encapsulated(217]l. Surface adsorbed oxygen can be desorbed
under UV illumination, which exposes the deep trap states. These electronic trap states
then facilitate the recombination of photogenerated electrons, which decreases the

carrier collection at the electrodes.
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Sn0; is also a promising n-type semiconductor, with large bandgap (3.8 eV)[215]. Apart
from its high bulk electron mobility (240 cm?2V-1s-1) and s-like CB minimum, the
advantages of Sn0O; include chemical compatability with perovskites and UV stability.
Low temperature, solution processed Sn0O; as an ETL has resulted in perovskite solar
cells with high efficienciesl21811219], Albeit perovskite planar devices with SnO by atomic
layer deposition (ALD) showed negligible J-V hysteresis[220], planar perovskite cells
using solution processed SnO; without surface modifier still faces the problem of
hysteresis, the same as those with planar TiO; and ZnO. In addition, the CB minimum of
SnO; is no less than 300 mV deeper than those of TiO; and ZnOI2151(216](221], as shown in
Figure 1.22a, which makes it unsuitable for many polymer solar cells - causing

considerable Voc loss and consequent low efficiency.
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Figure 1.22 (a) Energy level alignment with CBs and VBs of TiO2, ZnO and SnO2; (b) the
proton-transfer reaction at the perovskite (upside)/Zn0O (downside) interface, red ball: O, white ball:

H, adapted from Ref [222],

As for ZnO, this widely studied material combines excellent electron mobility
(205 cm2V-1s-1)[223]1 and s-like CB minimum. The CBM and VBM of ZnO are
-4.19 eV and -7.39 eV, respectivelyl224], similar to those of TiO, suitable energy level
alignment for electron extraction with most polymer and perovskite active layers, as
illustrated in Figure 1.22. Low temperature, solution processed ZnO planar layers have
also been applied both in OPVI225li226] and perovskite solar cells!1921131], However, ZnO
has been shown to cause perovskite thermal instability when perovskite directly contact
with ZnOI222], The origin of this perovskite thermal instability is the proton-transfer
reaction at the perovskite/ZnO interface due to the basic nature of the ZnO surface, as

shown in Figure 1.22b.

The merits and limitations of TiOz, SnO; and ZnO as ETLs for OPV and perovskite cells
are summarised in Table 1.1. Energy alignment, electron mobility and s-like CBM are
more likely intrinsic properties of bulk materials, which is not easy to modify provided

no deliberate doping were involved. However, the problem of active layer chemical
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instability caused by the direct contact between oxide and active layer may be solved by
the interfacial modification. In addition, the decomposition of perovskite on ZnO has
been proven reversible and it can be prevented provided a limited volume solvent
annealing process is employed[227l. Thus, we chose ZnO as the research object in this

project. More details of ZnO will be introduced in the next section.

Table 1.1 Comparisons between TiOz, SnO2 and ZnO as electron extraction layer for OPV and

perovskite solar cells (positive v/ ; negative x)

Energy alignment with Active layer Electron s-like CBM
most active layer materials | chemical stability mobility
TiO, v v X X
Sn0; X v v v
Zn0 v x v v

We introduced the interfacial layer in organic and perovskite solar cells in this section. A
summarised energy-level diagram of representative materials discussed above is shown

in Figure 1.23.
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Figure 1.23 Schematic energy-level diagram of representative materials: ITO[44], ZnO[224], PCe1BMI54],
PC71BMI[54], IC61BAI44], P3HTI44], PTB7(228], MAPDbI3[151], FAPbI3[151], MAPbBr3l151], Spiro-OMeTADI!66] and
MoOx[1751,
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1.5 ZnO properties and processing methods

1.5.1 ZnO properties

1.5.1.1 Crystalline structure

The thermodynamically stable crystal structure of zinc oxide at ambient conditions is
hexagonal wurtzitel229. Other ZnO crystalline structures include cubic zinc-blende,
obtained by growth on cubic substrates, and rock salt which is obtained at high
pressures; both are metastablel229. In the wurtzite structure, each zinc ion is
surrounded by four oxide ions at the corners of a tetrahedron, and vice visa. The lattice
constants at room temperature are measured and calculated (a= 3.2475 ~ 3.2501 4, c=
5.2042 ~ 5.2075 A)2291 and the density is 5.605 g cm-3(230], The crystal structure is
shown in Figure 1.24. The alternating distance between closed packed 0% and Zn2+ faces
is 0.69 A and 1.99 A respectivelyl231, The asymmetry in the c-direction results in
polarity, the plane perpendicular to the c-axis is composed fully of either oxygen or zinc
ions[230]. This polar plane also has the highest surface energy!232l. Thus the growth of ZnO
tends to proceed in the <001> direction in order to minimise the area of high-energy
surface, which results in the self-assembly of ZnO nanorods. Other ZnO nanostructures
include nanowires(233], nanotubes(234], nanoflowers(235], mesoporous filmsl23¢],

nanosheetsl(237], honeycombI238], nanorings(239], nanopropeller arrays[240l etc.

[1oo]

Figure 1.24 Stick and ball representation of ZnO crystal structure: yellow ball Zn, red ball 0. Adapted

from Ref [241],

1.5.1.2 Optoelectronic properties

Zn0 is a wide band-gap semiconductor whose E; is about 3.2 eV at room
temperaturel242l. This value corresponds to a wavelength of 387 nm, which means the
optical absorption of ZnO is in the UV spectrum. In other words, ZnO is transparent to
visible light and can thus be the charge transport layer at the transparent electrode.
Bandgap engineering is also widely used in ZnO. For a wider band gap, Mg.Zn1-O alloy

is a candidate due to the introduction of MgO (Eg 7.7 eV) [229]1243], For a narrower band
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gap, CdxZn1-,0 is widely studied (Eg of CdO 2.3 eV) to adapt the optical absorption to the

visible spectrum/244],

Zn0 is an intrinsic n-type semiconductor. In general, unintentionally incorporated
impurities are of two kinds: one from intrinsic crystalline defects and the other from
extrinsic dopants. The position of defects in the energy level diagram plays an important
role in the contribution to conductivity. The defects near the CB are called shallow
donors which are likely to produce free charges and the ones far from CB are called deep
donors which are less likely to increase conductivity. For intrinsic defects, two types are
shown to be prevalent in ZnO: zinc interstitials and oxygen vacancies(230l. Both kinds of
defects are influenced by the amount of oxygen, which is observed in experiments that
growth and annealing conditions can tune the conductivity[245l. For extrinsic dopants,
the most prevalent kind is hydrogen that forms hydroxyl type acting as shallow
donorsl246l, Nitrogen atoms are also inadvertently introduced as a complex[247]. In
another aspect, intentional impurities are investigated in order to change the electrical
properties of ZnO. On one hand, conductivity can be enhanced with donor elements
(Group III, like All248], Gal2491 or halogen species like FI2501 and Cli2511). Transparent
conducting oxide AZO is derived from this[?52l. On the other hand, acceptor elements
(Group V, like NI253], PI2541 or monovalent metal like Lil255] and Nal25¢]) is doped into ZnO
to try to invert it into p-type semiconductors. This still remains a challenge due to the
compensation with intrinsic n-type donors[257l. In this project, deliberate doping will not
be involved, but the influence of chemical composition on ZnO electrical properties and

related solar cell performance will be investigated.
1.5.2 ZnO low temperature processing methods

1.5.2.1 Vacuum techniques

There are many methods to deposit ZnO planar films at relatively low temperatures.
Vacuum deposition techniques include atomic layer deposition (ALD)[258], chemical
vapour deposition (CVD)[259 and pulsed laser deposition (PLD)I2601 . One advantage of
these vacuum techniques is the ability to precisely control the film properties by tuning
reaction conditions, such as processing temperature and oxygen partial pressure. Also,
vacuum techniques allow ZnO films to be deposited on environmentally sensitive
photoactive layers. Our group has successfully deposited ZnO on P3HT films by PLD, as
shown in Figure 1.25al260], Recently, we also deposited ZnO on perovskite films, shown
in Figure 1.25b. By careful control of ZnO deposition condition, no structural damage of

underlying perovskite film is seen.
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200 nm

Figure 1.25 (a) TEM image showing ZnO deposited on P3HT by PLD, adapted from Ref(260]; (b) SEM
image showing ZnO deposited on CH3sNHsPblz by PLD.

However, the fabrication costs when using vacuum techniques is high. In addition, the
film area of uniform deposition is typically small in vacuum techniques, which limits the
application of large-area solar cells. Thus, ZnO with low-temperature and solution
processing methods are pursued. These methods mainly include colloidal nanoparticles,
hydrothermal synthesis, electrodepositon, sol-gel processing and ammine-hydroxo zinc

solutions, which will be separately introduced below.

1.5.2.2 Colloidal nanoparticles

The fabrication of ZnO planar layers can be achieved through spin casting using
dispersed ZnO nanoparticle solution. The ZnO colloids are synthesised through the
hydrolysis and the subsequent dehydration of thermodynamically unstable Zn(OH)..

The reaction is as following:

Zn2+ +20H- = Zn(OH); =Zn0+H,0 Eqn 1.1

The precursors of ZnO nanoparticle solutions typically contain zinc acetate dihydrate
with a strong base and tetramethyl-ammonium hydroxidel!51l. The colloidal solution
also can be achieved using alcoholic solutions, without strong base and other
additivesl[261l, For the morphology, the crystalline orientation of ZnO nanoparticle film is
random, similar to ZnO powder diffraction pattern. ZnO films by colloidal ZnO
nanoparticles now have been successfully employed to both OPVI226] and perovskite

solar cells[131],

One advantage of colloidal nanoparticles is that the small crystallite size (< 5 nm)
enables closely packed nanoparticle films with low film thickness (< 20 nm). In addition,
the film processing temperature when using colloidal nanoparticles can be as low as
room temperaturel13ll. However, the synthesis route of dispersed ZnO nanoparticle
solution is relatively complex, including long reaction duration, precipitation, washing
and dilution procedures, which will increase the fabrication cost of whole solar cells.

Moreover, ligand-linked nanoparticles typically need high temperature annealing
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procedure, while ligand-free nanoparticles usually have the problem of poor dispersion

stabilityl2621263],

1.5.2.3 Hydrothermal synthesis

Hydrothermal growth, also called chemical bath deposition, is an aqueous method
leading to the formation of solid colloidal metal oxide or hydroxide via the forced
hydrolysis process of metal salts at a proper temperature. Hydrothermal deposition can
be applied to different substrates, including conducting and non-conducting, rigid and
flexible substrates(264. This technique is suitable for various oxides, such as ZnOl75],
Ti0[265] and other transition metal oxides(266]. For ZnO, the typical synthesis is based on
the following reactions, using zinc nitrate as a zinc precursor and hexamethylene
triamine (HMT) as an oxygen precursor to slowly provide OH- ions to the solutionl267l,

The synthesis temperature is around 70-95 °C.

(CH2)6N4 + 6H20 = 4NH3 +6HCHO Eqn 1.2
NH3z +H20 = NH3-H,0 = NH; + OH- Eqn 1.3
Zn(NO3); — Zn2+ + 2NO; Eqn 1.4

Zn%* +20H- = Zn(OH)2 = ZnO+H,0 Eqn 1.5

By adjusting the synthesis conditions, we can tune the ZnO morphology from 1-D
nanorods to 2-D nanowalls and even the compact layer, as shown in Figure 1.26. All
three structures possess preferred c-axis orientation. However, the compact layer by
hydrothermal growth is not very suitable for organic and perovskite PV applications.
First, uniform films with low thickness (< 100 nm) are not easy to achieve due to the fast
reaction rate. The film thickness by hydrothermal growth is typically several hundreds
nm. Second, the hydrothermal growth needs nucleation sites, which makes it hard to

directly proceed on bare ITO/FTO substrates. A seed layer is typically needed.
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Figure 1.26 SEM images of different ZnO morphologies by hydrothermal synthesis: (a) nanorods; (b)

nanowalls; (c) compact layer.

1.5.2.4 Electrodeposition

Electrodeposition typically employs a three-electrode geometry: a working electrode
that ZnO will deposit on, a counter electrode to apply current and a reference electrode
to monitor the process. The current between the two submerged working and counter
electrodes drives the formation of ZnO from Zn2?*. An example is given with a simple
aqueous zinc nitrate electrolyte, with the reaction equation shown belowl(268l. The

reaction temperature is 80 °C.

Zn(NO3)z = Zn2+ + 2NO3- Eqn 1.6
NO3- + H20 + 2e- —» NO2- + 20H- Eqn 1.7
Zn2* + 20H- - Zn (OH): Eqn 1.8
Zn(OH)z = ZnO + H,0 Eqn 1.9

Similar to hydrothermal growth, ZnO film by electrodeposition also exhibits a preferred
c-axis orientation. Although ZnO electrodeposition has the advantage of low
temperature solution processing, it is also not an ideal method for this project.
Electrodeposited ZnO films require an electrically uniform conducting substrate so that
the nucleation and crystallite growth proceed simultaneously at all positions over the

film. However, ITO cannot fulfil this requirement very well because it has been shown
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that electron transfer only happens at around half of the ITO active sites[269. It is
therefore difficult to obtain uniform ZnO films on ITO substrates by electrodeposition,
which limits the application of this method on organic and perovskite solar cells. As a
result, perovskite solar cells with ZnO by electrodeposition only showed a relatively low
PCEs of 5.54%I2701,

The following two subsections separately introduce ZnO film formation by sol-gel
processing and ammine-hydroxo zinc solutions. These two methods are both low
temperature and solution processes. In addition, compared with colloidal nanoparticles,
their precursor solutions for film casting are one-step prepared. Also, compared with
hydrothermal synthesis and electrodeposition, they can deposit compact and thin films
on ITO substrates. The combination of these advantages makes them ideal methods for
fabricating ZnO electron transport layers in organic and perovskite solar cells. Thus,

these two methods are chosen to be used in this project.

1.5.3 ZnO films by sol-gel method

Here a sol-gel process is a method to produce solid materials from solutions via sols or
gels as intermediates. The process often involves the conversion of molecular
precursors into an oxide network. Sol-gel methods can be divided into two kinds: the

classical sol-gel method and the non-hydrolytic sol-gel method[209.

The sol-gel method for ZnO films in this thesis is the classical method, therefore the
non-hydrolytic method are not discussed in much detail. In general, the non-hydrolytic
sol-gel process involves the transformation of the precursor dissolved in an organic
solvent excluding water or a basel2711[272]273], Non-hydrolytic hydroxylation reactions
and aprotic condensation reactions are the important reaction paths for this method.
The non-hydrolytic sol-gel methods have two advantages: one is the precise control of
the particle size and shape; the second is the slow reaction rate due to the moderate

reactivity of the precursors.

Compared with the non-hydrolytic methods, the classical sol-gel process was developed
much earlier but is still under intense study because of the complicated interaction
principles due to the formation of various oligomeric species(274l. The classical sol-gel
process is the transformation of a precursor into an inorganic solid via hydrolysis and
condensation reactions[275127¢l, There are different routes to fabricate metal oxide films,
as shown in Figure 1.27. For ZnO film formation by the classical sol-gel methods, the
route can be summarized in three processes: (1) the preparation of the precursor
solution; (2) the xerogel film deposition of the prepared sol on substrates; (3)

transformation into dense film by annealing.
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Figure 1.27 Various ways to form metal oxide films by sol-gel methods, adapted from Refl209],

First, we summarise the nature of precursor in ZnO films by sol-gel methods. In a
general sol-gel process, a molecular precursor goes through the following processes in
the solution: (1) hydrolysis of the molecular precursor; (2) polymerization with a
suitable reagent, forming oxo-, hydroxyl, or aqua bridge; (3) condensation by
dehydration; (4) nucleation and growth(2771278], From the ZnO sol-gel literatures, the

starting materials are normally zinc salts in alcoholic solutions.

The anion in zinc salts has been reported to be very important for the preparation of the
precursor solutionl2791(280], Several zinc salts have been investigated as precursor: nitrate,
chloride, perchlorate and acetate. Among them zinc acetate dihydrate is the most
frequently used. The acetate can act as the stabiliser of the colloidal sol so that the
system with acetate is more reproducible under a large range of experimental
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conditions when compared with other anions[280l. In the sol formation, complexes are
made with acetate and zinc cations, forming as basic zinc acetate ZnsO(Ac)s, ethoxy
acetate (EtOZnAc), and hydroxyl double salt Zns(OH)s(Ac):¢2H:0 (Zn-HDS) etc,
dependent on the synthesis conditions[281liz82], Whatever their formation is, these
complexes go through hydrolysis and polymerization, which forms the sol containing

zinc oxide nanoparticles.

For the solvent to dissolve the zinc salts, alcohols are normally used, such as
methanoll283], ethanoll28011284], 1-propanol(285], 2-propanoll286], and 2-methoxyethanoll287-
289], Additives are often used in the classical ZnO sol-gel process, playing the roles of
facilitating the zinc salt dissolution and/or stabilizing the dispersions of colloids. Alkali
metal hydroxidesl290, alkanolaminesl287-289], alkylamines[291], acetyacetonel292] etc. are
reported to be used. The additives can avoid the fast precipitation of zinc hydroxide by

chelating and stabilizing ligands.

Here the combination of zinc acetate dihydrate (ZAD), monoethanolamine (MEA) and
ethanol are used as an example. ZAD has a limited solubility in ethanol without additives
or heating. MEA as the additive can help ZAD to be completely dissolved(293]. In addition,
the amino groups and the hydroxyl groups in MEA can coordinate the zinc atoms,
enhancing the solubility and stability against hydrolysis[287l. The proposed reaction
mechanism of this combination is shown in Figure 1.28[284l, Because of the very little
water that only comes from the zinc acetate dihydrate, the reaction rate of forced
hydrolysis and condensation is relatively low. The acetate group can complex Zn?*. MEA
also plays the role of a complexing agent and slows down Zn2+ condensation. But the
addition of MEA also increases the pH, which may boost the ZnO formation. HO- wants to
combine with Zn2+ and form ZnO by hydrolysis and condensation. Hence, actually these
three species (Ac, MEA, HO-) compete for the Zn2*. Small zinc-oxo-acetate oligomers
tend to form in the initial stage, from gradual forced hydrolysis of Zn-Ac or Zn-MEA
complexes during aging[284. Then the condensation of the hydrolyzed products forms
colloids or precipitates. Acetate-capped nanometric particles probably are formed in

dilute solutions, which is deduced from the SEM and FTIR information[2801[284],
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Figure 1.28 Description of the chemical equilibria in the initial solution (precursor: zinc acetate

dihydrate; additive: MEA; solvent: ethanol), adapted from Ref1284],

After solution preparation, the films are fabricated by different ways, such as spin
coating, dip coating and spray pyrolysis. Spin coating is the most widely used technique

due to the low consumption of raw materials and uniform film surface.

The deposited films normally require heat treatment to thermally convert the
precursors and ensure full functionality. To obtain polycrystalline oxide films, the heat
treatment usually contains two steps. First, a preheating process is applied for solvent
evaporation and organic residue decomposition. Second, a postheating process is
applied for the crystallisation of oxide films and the complete removal of organic
residues. The processing temperatures of two steps are critical to the film composition
and the crystalline orientation. We use the combination of ZAD+MEA+2-methoxyethanol
as an example. The boiling points of 2-methoxyethanol and MEA, are 125 °C and 171 °C,
respectivelyl294l. The decomposition of zinc acetate is around 240 °C[294. However, due
to the complexation of zinc cation with MEA and acetate, MEA and acetate group have
been proved to remain in the films up to 300 °C[295], The decomposition starts at 300 °C
by breaking the bonds in the complexes containing MEA and acetate. Zinc complex with
MEA is reported to be completely decomposed at around 400 °C[295l. The nucleation and
crystal growth occur accompanying with the decomposition. However, it is difficult to
separate these processes because the nucleation and crystal growth has begun before
the complete decomposition at 300 °C. The crystallization of ZnO is observed to be
complete between 400-500 °Cl295],

1.5.4 ZnO film by carbon-free chemistry

Unlike the sol-gel approach that has been developed for many years277], ZnO
carbon-free chemistry is relatively newl2%I. The ZnO carbon-free method is a method
based on ammine-hydroxo zinc solutions as precursors. This method enables the ZnO
crystallisation at low temperature (< 150 °C) by the metal-ammine decomposition and
hydroxide condensation/dehydration processes. The fast and low-energy kinetics of
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these reactions provide superior film morphologies: low surface roughness and high
film continuity by preventing long-range anisotropic particle growthiz%I. Although the
thickness of ZnO films by this method is limited by the low solubility of precursor at
room temperature, this approach can fabricate ultra-thin and compact layers, which is
very suitable for thin film transistor(296-2991 and thin film polymer/perovskite solar
cells[300]301], And ammine-hydroxo zinc solutions now can form films either by inkjet

printing(2°¢] or spin-coating[298l,

There are two typical synthesis routes of ZnO formation by carbon-free chemistry. One
is two-step process: synthesising Zn(OH). precipitate at first and then adding it into
aqueous ammonia to form ammine-hydroxo zinc solutionsl2%I. The Zn(OH). precipitate
can be prepared by the reaction between Zn(NO3), and NaOH. The reactions can be

expressed as follows[296]:
ZH(NO3)2(aq) + ZNHOH(aq) - Zn(OH)z(s) + 2N3N03(aq) Eqn 1.10
Zn(OH)z(S) + XNH3(aq) d Zl’l(OH)z(NH3)X(aq) d ZnO(s) + XNHg(g) + HzO(g) Eqn 1.11

Unlike the aforementioned first method that requires precipitation, washing and
dilution procedures to prepare precursor solution, similar to nanoparticle preparation,
the other one is one-step process: dissolving ZnO powders directly into aqueous
ammonia at temperatures below 15 °C. The reaction of this minimalist approach can be

expressed as followingl[297]:
NH3 + H20 — NHy4* + OH-, NHs*(aq) & NHz@g + Hf g Eqn 1.12
ZnOs) +4NH3z(aq) + 2H*(aq) = Zn(NH3)42*(aq) + H20 Eqn 1.13
Zn(NH3)42* + nOH- = [Zn(NH3)4-n(OH)n]2 + nNH3 (n=1~4, n is close to 4 at high PH)
Eqn 1.14
Zn(OH)4% — ZnO + H;0 + 20H- (when n=4) Eqn 1.15

The candidates of the complex with zinc ions are NHz and OH- ions. When the pH of the
zinc solution is 11~12, NHs is replaced by OH- ions. As a result, Zn(OH)4?- is formed and

then easily decomposed into ZnO at low process temperaturel2971,

As stated above, although both are simple, low-cost, low-temperature and solution
processes, Zn0 sol-gel and carbon-free chemistries are different. The most significant
difference is the reaction kinetics. For sol-gel method, the reaction is slow and energy
intensive. Thus during the formation of polycrystalline films, the particles have enough

time to move to the positions to allow lowest surface energy, normally resulting in
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highly (002) oriented films. While for carbon-free chemistry, the reaction is rapid and
low-energy. The consequential polycrystalline films processed at low temperature
although also present hexagonal wurtzite structure, the orientation is relatively random,

similar to the powder patternsi2%l,

1.6 Summary

Flexible electronics is an important application of photovoltaic materials. The
fabrication cost of solar cells, rather than power conversion efficiency, is the key factor
in flexible electronics. Organic and hybrid perovskite solar cells are two promising
systems for low fabrication cost due to their advantages including roll-to-roll, low
processing temperature, small material quantities and solution processing. In organic
and perovskite solar cells, charge carrier transport layers are commonly needed to
enhance the carrier extraction and therefore improve the power conversion efficiency.
Metal oxides are widely studied as electron transport layers owing to their superior air
stability, low synthesis cost and visible transparency. In this project, zinc oxide is chosen
as the ETL material because it combines suitable energy alignment, excellent electron
mobility and s-like CB minimum. Two ZnO film fabrication methods, i.e. sol-gel
processing and carbon-free ammine-hydroxo zinc solutions, are investigated due to
their low temperature solution processing, easy preparation of precursor solution and

compact thin film morphology.

In summary, low temperature, solution processed ZnO thin films are investigated as
ETLs for organic and perovskite solar cells in this thesis. Two ZnO film fabrication
methods are employed: sol-gel chemistry and carbon-free approach. The aim is to
investigate the influence of ZnO ETLs on organic and perovskite solar cell properties and

to make high performance devices with ZnO ETL optimisation.

Chapter 3 investigates the sol-gel derived ZnO thin film. The influences of processing
temperature on the film properties, including crystallinity, chemical analysis, surface

morphology and optical/electrical properties, are explored.

Chapter 4 investigates organic solar cells with sol-gel derived ZnO as ETLs. Two types of
OPVs are employed, one is prototype P3HT:IC61BA system and the other is
high-performance PTB7:PC71BM system.

Chapter 5 investigates perovskite solar cells with sol-gel derived ZnO as ETLs. The
influence of sol-gel ZnO with different processing temperatures on thermal stability of
adjacent perovskite is studied. In addition, an interfacial modification is introduced
between perovskite and sol-gel ZnO, showing improvement on both perovskite thermal

stability and device performance.
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In Chapter 6, first the thin film properties of ZnO by carbon-free chemistry are

investigated. Although both processed at low temperature, ZnO films using sol-gel and

carbon-free chemistry show distinct properties. Then the ZnO films are employed to

organic and perovskite solar cells, with similar interfacial modification for perovskite

works as that in previous chapter.
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Chapter 2 - Characterisation Techniques

2.1 Structural characterisation

2.1.1 X-ray diffraction
X-ray diffraction (XRD) was utilised to investigate the crystallinity (crystallite size,
orientation and texture) of ZnO planar films. It was also used to study the crystallisation

of perovskite films and decomposition of perovskite films influenced by the ZnO layer.

Data were collected using a Panalytical X'Pert Pro diffractometer equipped with a
monochromated Cu K, source (K->L, wavelength 0.15406 nm). Kg (K->M, 0.13923 nm)
radiation was removed using a nickel filter. The accelerating voltage and beam current

were set at 40 kV and 40 mA, respectively. Diffraction was carried out in the °20

configuration.

A typical XRD pattern for crystalline ZnO is shown in Figure 2.1. Orientations of all
diffraction peaks are illustrated. From the data, peak intensity, position and width are

used to analyse the crystal structure.
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Figure 2.1 A typical XRD pattern of ZnO powders.

The mean crystallite size, D, is determined by the Scherrer formula:

KA KA
D = Go)cos @ = [Ba0)—Bu20)Icos (6) Eqn 2.1

where D is the mean crystallite size, A the X-ray wavelength (0.15406 nm), 0 the Bragg
angle, 3(26) the full width half maximum (FWHM) in radians. Considering the
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instrumental broadening, $(26) equals to the difference between original FWHM {3, (26)
and the instrumental broadening i(26). In our case, $i(20) = 0.09°, measured from Si
(111) single crystal at diffraction peak at 28.5°. K is a shape factor, typically 0.9 for an
assumption of spherical crystallites. From Figure 2.1 the extracted data of three typical

peaks are shown below.

Table 2.1 The grain sizes calculated from XRD patterns by the Scherrer formula

Peak Position (°20) | B0 (26) hkl D (nm)
31.96 0.19 100 82.6
34.61 0.18 002 92.5
36.44 0.21 101 69.7

2.1.2 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to investigate the crystallinity of
ZnO films on the nanoscale. Similar to SEM, TEM uses an electron beam to analyse the
sample, but the accelerating voltage used is higher and images are formed using
electrons transmitted through the sample, leading to a thickness limit of generally less
than 200 nm. To comply with this requirement, ZnO films were first deposited on
glass/ITO substrates. Cross-sections were then cut from the substrates using a Helios
NanoLab DualBeam. The subsequent cross-section thinning was carried out using ion
beam accelerating voltages of 30, 5 and 2 kV. TEM and Scanning TEM (STEM) imaging
was carried out using JEOL 2100F at 200 kV. Lattice fringes and fast Fourier transforms
were used to investigate the amorphous/nanocrystalline nature of the films. Great care

was taken to minimise the sample exposure to the electron beam.

2.2 Chemical analysis

2.2.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed to understand the composition

and bonding of ZnO films fabricated by both sol-gel and carbon-free methods.

A typical XPS system is composed of a monochromated X-ray source, a cylindrical
mirror analyser (CMA) and a detector(ll. First, the sample is irradiated by the X-ray.
Then, photoelectrons are emitted with a kinetic energy (KE) from the sample surface
(typically within 1-10 nm). Next, the emitted photoelectrons need to pass through the
CMA. The CMA can be tuned to select photoelectrons with specific KE to pass through.
Finally, the passed photoelectrons are collected by the detector.

Zn0 films for XPS measurement were deposited on conductive ITO substrates. All

spectra were recorded on a Thermo Scientific K-Alpha* X-ray photoelectron
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spectrometer operating at 2x10° mbar base pressure. This system incorporates a
monochromated Al K, X-Ray source (hv = 1486.6 eV) and a 180° double focusing
hemispherical analyser with a 2D detector. The X-ray source was set to 72 W, operated
at 6 mA emission current and 12 kV anode bias. Data were acquired at 200 eV pass
energy for survey scan, 20 eV pass energy for core level using an X-ray spot size of 400
um2. A flood gun was applied to minimise sample charging. All data were analysed using

the Avantage software package.

2.2.2 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was used to investigate the composition
of ZnO films, especially the residues from precursor solution, as a further confirmation

of XPS results.

In this work, the specific chemical bonds were studied to infer the existence of precursor
residues by investigating the absorption at characteristic resonant frequencies of
chemical bonds. The FTIR measurement was conducted in ATR mode (Attenuated Total
Reflectance). Compared to the traditional FTIR in transmission mode, ATR-FTIR is more
sensitive to the sample surface, which is suitable for our smooth film sample. ZnO films
were deposited on Si substrate for FTIR measurement. The test was conducted in air,

with an instrument (NICOLET iS10) from Thermo Scientific.

2.3 Surface morphology characterisation

2.3.1 Scanning electron microscopy

The morphologies of ZnO and perovskite films were investigated using scanning
electron microscopy (SEM). A Leo Gemini 1525 Field Emission Scanning Electron
Microscope (FESEM) was used with accelerating voltage fixed at 5 kV. The field emission
gun was held at high vacuum at all times, ~ 10-7 Pa. And the sample chamber was held at

~10-3 Pa during imaging.

Before characterisation, 5 nm chromium thin films were coated onto the samples by
sputtering to increase surface conductivity for better image quality. To reduce the
electron charging effect under electron beam irradiation, the edge of the substrate
surface was coated by conductive carbon tape that the other side was connected to the
aluminum sample holder. During characterisation, secondary electrons (SE) were
recorded for imaging. Secondary electrons are produced within only several nanometers
of the sample surface, with typical energies < 50 eVI2l. There are two secondary electron
detectors in this SEM machine: one is mounted at a low angle to the sample surface; the

other is positioned in-lens. The in-lens detector can capture more secondary electrons
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created at the sample surface, which enables higher image resolution. Thus, we used

in-lens detector for imaging.

Image contrast is related to the sample surface morphology. Greater exposed surfaces
receive more electron irradiation and subsequently generate more secondary electrons,
which shows brighter pixels in the images. Working distance can influence the depth of
field and resolution. A large working distance results in a large depth of field and a
reduced resolution, which is suitable for complex nanostructure imaging. A small
working distance increases the resolution because closer distance between sample and
detector allows for more secondary electrons to be captured, which is more suitable for
samples with low roughness. In our project, we only detected ZnO and perovskite film
surface so that the working distance was set as low as 5-7 mm. For magnification, low
magnification enables large area to be detected, although resolution is reduced, which
was used to confirm the uniformity of large area films for the application in solar cells.

High magnification was used to observe fine surface detail, such as estimating grain size

and surface roughness.

Figure 2.2 SEM images: (a) a working distance of 5.6 mm showing low depth of field; (b) low
magnification (10k) showing large area film uniformity; (c) high magnification (100k) showing film

morphology details.

Data analysis of estimating the average granular size of films was conducted using the
program Image]. At least three areas were characterised for each sample to make

generalisation among entire sample.
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2.3.2 Atomic force microscopy

Atomic force microscopy (AFM) was used to investigate the surface morphology of a
variety of films used in this work. Compared with SEM, AFM provides more detailed
height information and related surface roughness. In addition, it is not necessary for the
sample films to be conductive in AFM measurement. In principle, AFM comes from how
the sample surface interacts a tip. The tip is attached to a cantilever and scans over the
sample. A laser is incident on the cantilever and then is reflected onto a photodiode
detector. The cantilever is bent with different sample surface heights thus the incident

plot of laser on the photodiode is moved, which in turn builds the image of the samplel3l.

Laser Y-axis adjust

Photodiode adjust X
asel X-axis adjust

KEY

1. Laser

2. Mirror

3. Cantilsver
£ Tilt Mirror
5. Photodetector | |

4.00 nm
3.50
3.00

2.50

2.00
1.50
1.00

Head X-axis stage adjust Head Y-axis stage adjust 0.00

Figure 2.3 left) Schematic of the relationship among laser, cantilever and photodiode, adapted from
Refl4]; right) An example of AFM image showing high resolution on height, measured on an ITO

substrate surface.

The AFM measurement (Bruker Multimode Nanoscope) was conducted under tapping
mode that minimised the tip contamination and sample surface damage. The
measurement parameters were set identically for the same sample materials. And the
scanning areas for all images were 2x2 pm2. The image processing was carried out with
a Gwyddion software suite. In this work, the homogeneity and surface roughness were
investigated by AFM. For homogeneity, pin-holes in carrier transporting layers and
photoactive layers can result in leakage current in solar cells. For surface roughness, a
highly rough film can lead to incomplete interface contact and thus influence charge

carrier extraction.

The surface roughness can be quantified by AFM, typically using the root-mean-squared
(RMS) roughness:
RMS = |+¥1 72 Eqn 2.2
= [nXi=1Zi qn 2.
where n is the number of points and z; the height of the ith point.

93



2.4 Optical techniques

2.4.1 Ultraviolet-visible spectrophotometry
Ultraviolet-visible spectrophotometry (UV-Vis) (Agilent Technologies Cary 5000
UV-Vis-NIR Spectrophotometer) was used for measuring optical transmission of

electron extraction layers and estimating optical bandgaps of ZnO films.

A monochromator composed of white light lamp and diffraction gratings is used to
provide a monochromated beam with tunable wavelength. After passing a sample, the
intensity of incident light is recorded by a photodiode. By comparing the obtained
pristine signal with a reference of 100% transmission and a light-blocked reference (0%
transmission) as background signals, the light transmittance at a certain wavelength is
achieved. By changing the beam wavelength, a transmission spectrum is collected in an

interested wavelength region.

For investigating the transmission of electron transport layers of solar cells, the layers
were deposited on glass/ITO substrates. An air reference was used for 100%
transmission. While for investigating the optical bandgap of ZnO films, the layers were
deposited on quartz substrates. A quartz substrate was used for 100% transmission.
The scan range was typically 200 - 1100 nm for this research, with a 1 nm step width.

The diameter of the spot that the light was passing through samples was 5 mm.

If we ignore the loss of reflectance and scattering, which is suitable for planar thin films,

the absorption coefficient a can be described from Beer-Lambert law:

a=—zIn(T) Eqn 2.3

where t is the film thickness and T is the transmission. A direct bandgap (direct allowed

transition) semiconductor satisfies the following relationshipls!:
[a(hv)]? « (hv — E,) Eqn 2.4

where a is the absorption coefficient, h is the Planck’s constant, v is the frequency of
light and E; is the optical bandgap. By plotting (ahv)? against hv, the value of optical
bandgap can be estimated by extrapolating the linear portion of a curve with the hv axis,
which is called Tauc plot. An example of transmission spectrum and related Tauc plot of

ZnO film is shown in Figure 2.4.
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Figure 2.4 Transmission spectrum and corresponding Tauc plots of ZnO films on quartz substrates.

2.4.2 Contact angle measurement
Contact angle analysis was conducted to investigate the wetting of polymer blend or
hybrid perovskite precursor solution droplets on electron extraction layers. Low contact

angle and thus good wetting are desirable, as shown in Figure 2.5b.

The contact angles were obtained utilising an optical microscope (Veho Discovery
VMS-004), by dropping solution droplets (fixing at 5 pL) on film surface. Considering the
rapid evaporation rate of organic solvents, the processes of dropping solution droplets
were recorded as videos. All images with different substrates were captured at the same

time after the droplet dropping. Data analysis was made by the Image] software, with

the ‘contact angle’ plugin.

(a) (b)

Figure 2.5 Original pictures of precursor droplets on film surfaces: (a) relatively poor wetting; (b)

relatively good wetting.

2.4.3 Line profilometry
The thickness of thin films was obtained using a Dektak 150 stylus profilometer. The
working mechanism is similar to that of the AFM. A tip was put in contact mode with a

sample and then moved as a line across the film surface. The topographic variation of
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the film surface induces a vertical displacement of the tip, recorded as a function of

distancelsl.

The topographic variation of the film sample was obtained by exposing a step between
the substrate and the film. For ZnO, a diluted nitrate acid was used to remove the ZnO.
Then DI water and isopropanol were used to rinse the film surface. For active layer, the
step was obtained by carefully scratching with a scalpel. Each sample was measured as

least 10 times to give an average value of the sample thickness.

2.5 Electrical characterisation

2.5.1 Kelvin probe measurement
Kelvin probe measurement was used to investigate the work function of electron

transport layers in this work.

When a metal tip is electrically contacted with a sample (metal/semiconductor) with a
different Fermi level (Er), charges move towards the material with larger work function,
until Fermi level keeps the same across the two materials. If the tip and the sample are
fabricated into a parallel plate capacitor, equal and opposite charges form at two
surfaces. This generates a contact potential difference (Vcpp) between two materials. The
measurement of Vcpp can be done by applying an external DC bias Vy on the metal tip
with the same value as Vcpp but opposite direction, at which point the surface charges

disappear.

In actual measurement, the tip is forced to vibrate to generate varying capacitance by
changing the distance of plates. Because the charge of the capacitor remains constant at
a certain Vy,, based on equation C=Q/V, the voltage between the tip and the sample
plates is varied during tip vibration, resulting in the peak-to-peak output voltage (Vpp).
Vp is set to a range of potentials and when V,, = 0, Vi, equals to - Vepp. Hence, the Er
difference of tip/sample is extracted. By measuring a calibrated reference with known
work function, provided the work function of the tip is constant, the work function of

the sample can be acquired.

To avoid the charging effect and to show the same condition in actual solar cells, all ETLs
for Kelvin probe measurement were deposited on ITO substrates. The measurement
was conducted in air, with a Kelvin probe instrument (KP technologies, SKP 5050). A
stainless steel tip (tip diameter: 2 mm) approaches the sample surface to get electrical
contact (0.2-2 mm). The values were calibrated using a highly ordered pyrolytic

graphite (HOPG) as a reference, with known work function value (4.48 eV)[71.
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2.5.2 Thin film transistor
Thin film transistor (TFT) was involved in this work only for investigating the electron
mobility of ZnO films. From the transfer characteristics, the mobility in the saturation

region (Vp = Vg-V71) can be extracted as followsi8l:

w
Ip = 2 Cip(Vg — Vry)? Eqn 2.5
so that pegr = ;—él (d—iil‘l;:“)z Eqn 2.6

Where L is the saturation mobility, L the channel length, W the channel width, C; the
capacitance per unit area of gate oxide, Ipsa: the saturated drain current, Vg the gate

voltage and Vru the threshold voltage.

Coplanar bottom-gate structure thin film transistors (TFT) were fabricated on
end-of-line test substrates (Fraunhofer, IPMS 5). The substrate (gate) was n-doped
silicon and the gate oxide was 230 nm SiO,. Contacts (Drain/Source) were 30 nm Au
with 10 nm high work function adhesion layer (ITO). The channel length was 5 or 20 um
and the channel width was 2 mm. ZnO films were spin casted directly on the substrates
in the air, no encapsulation layer or any type of protective layer. The TFT devices were
measured at ambient atmosphere using a probe station (MMR Technologies, LTMP-4)
and a semiconductor parameter analyzer (Agilent, 4155C) with a software Desktop Easy

Expert.

2.5.3 Hall effect measurement

Hall measurement system was used to investigate the resistivity, carrier concentration
and Hall mobility of ZnO films. First, the resistivity was obtained using the Van der Pauw
method. Then a 1.2 T (RMS) AC magnetic field was applied and the measured Hall

voltage was used to calculate carrier concentration and Hall mobility(1l.

The films for Hall effect measurement were deposited on 1x1 cm? quartz substrates and
indium was used for contacts on the four corners. The Hall measurement (Lakeshore
8400 system) was conducted in AC mode to eliminate systematic voltage errors that

otherwise dominate signals from low mobility samples.

2.5.4 Four point probes

The sheet resistance of ITO films under different annealing conditions was characterised
by a four-probe method. Four probes are arranged linearly with equal distance from
each other (probe diameter 0.3 mm, spacing 0.6 mm). A constant current (I) supplied by

a Keithley 2400 Source Unit is passed through the outer two probes and the potential
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drop (V) across the inner two probes is measured. The sheet resistance can be

presented as
R=p/t=kxV/I Eqn 2.7

Where p is the resistivity of the sample, t is the film thickness, k = /In2 = 4.532 is a
geometric factor®l10], Normally 10 (V, I) values in the current range of 0.01 - 1 mA were

measured for each sample.

2.6 Solar cell characterisation

2.6.1 Current density — voltage characteristics

Current density - voltage (J-V) characteristics were measured using a xenon lamp at
AM1.5 G solar illumination (Oriel Instruments). The measurement distance was
adjusted to obtain an irradiation of 100 mW/cm-2 (1 sun), which used a silicon
reference cell to calibrate. The testing was in the range between -1.5V to 1.5V with a
Keithley 2400 source meter. Power conversion efficiency (PCE), open circuit voltage
(Voc), short circuit current density (Jsc), fill factor (FF), series resistance (Rs) and shunt
resistance (Rsu) were calculated using the J-V results. The values of series resistance and
shunt resistance are estimated by the reciprocal of the slope of ]-V curves when ] = 0 and

V =0, respectively. Generally, at least 5 devices were applied for each set of conditions.

2.6.2 Transient photovoltage and photocurrent measurement

Transient photovoltage (TPV) and transient photocurrent (TPC) measurements were
used to determine the charge carrier density and lifetime in OPV devices employing
different ZnO films. For TPV, white-light illumination was provided by a ring of 12 white
LEDs capable of a power up to 7 suns, calibrated to device performance to 1 sun
equivalent as measured under simulated AM1.5 illumination. An optical small
perturbation (keep same pulse intensity for all light bias conditions) was then applied to
the device on top of the illumination background using a pumped Nd:YAG laser (532 nm,
5 Hz, pulse duration < 1 ns). Voltage transients were measured on a Tektronix TDS

3032B oscilloscope.

Because the TPV process was held in open-circuit condition, the charges generated by
the small perturbation were forced to recombine. Through measuring the lifetime of
extra carriers photogenerated by the laser pulse, the total lifetime of charge carrier

within the device were able to be determinedI[11l,

The steady-state carrier density was determined by differential chargingl!ll. Through

measuring the small perturbation charge (AQ) and voltage change (AVy), the
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differential capacitance can be determined as C = AQ/AV,. Then charge density can be

integrated:

n=-——J c(vHav, Eqn 2.8

where A is the device area, e electronic charge and d the device thickness.

TPC was used to determine the AQ, measured at relatively low light intensity to
minimise the influence of recombination(!ll. The experimental setup of TPC is the same
as TPV, except an additional resistor with small load (R, = 50 Q). The voltage (Vi) across
this additional resistor was also monitored with the oscilloscope. AQ was calculated by

integrating the current transient (I = V./ R.) with respect to time.

2.6.3 Transient absorption spectroscopy
Transient absorption spectroscopy (TAS) was used in this work to investigate the

charge carrier extraction ability of ETLs from perovskite active layer.

TAS is a pump / probe optical technique to study the decay dynamics of the
photogenerated charges which in turn to understand the photophysical processes in a
systeml!2l. A short excitation pulse is used to excite the electrons depending on the
wavelength of interest and a continuous beam is employed to probe the decay of the
excited electrons. Electrons in perovskite are mainly excited from its VB and the excited
electrons become charges in only around several pslii3l. However, the response time of
our TAS machine is in microsecond timescale. Hence, the recombination of the charges
is mainly probed within our instrument respond time. In this work that ETL/perovskite
bilayer stacks are investigated, there are two pathways of the recombination of charges:
one is in the bulk perovskite material; the other is the electron transfer from perovskite
to ETLs. Provided the perovskite films are the same, TAS allows a comparison of the

extraction of electrons in perovskite of different ETLs.

For experiment setup, the excitation wavelength of pumped Nd:YAG laser (Lambda
Photometrics) was set at 500 nm, with a pump intensity of 7 uJ cm-2, a pump duration of
5 ns and a repetition frequency of 20 Hz. A 100 W quartz halogen lamp (Bentham, IL 1)
was used as the probe light source. The probe light passing through the sample film was
detected by a silicon photodiode (Hamamatsu Photonics, S1722-01). After amplification
(Costronics Electronics), the signal was collected with an oscilloscope (Tektronics,

TDS220). For all tests, samples were put in a N, atmosphere.
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Chapter 3 - Sol-gel derived ZnO Film Properties

3.1 Introduction

This chapter shows a systematic investigation on ZnO films by sol-gel methods. First we
carried out an assessment of the crystallinity, macroscopic view by X-ray diffraction and
microscopic view by transmission electron microscopy. Then the chemical analysis on
ZnO films is made to confirm the presence of unreacted precursor/solvent dependent on
the annealing temperature, using both X-ray photoelectron spectroscopy and Fourier
transform infrared spectroscopy. Subsequently, the optical properties are presented via
UV-vis spectroscopy and room temperature photoluminescence, to figure out the film
transmittance. The estimated optical band gaps from optical analysis are combined with
the previous microscopic structural characterisation and chemical to reveal what the

low temperature processed film by sol-gel method exactly consists of.

Next, the film surface morphology, containing surface roughness, uniformity and
granular size, is figured out by scanning electron microscopy and atomic force
microscope. In the end we investigate the electrical properties. Bottom gate, bottom
contact thin film transistors with ZnO films are utilised for revealing the ZnO electron
field effect transport behaviour. AC Hall measurement is also conducted to obtain the
resistivity, mobility and carrier concentration of the ZnO films. The Fermi levels of ZnO
films on ITO substrates are also calculated from the contact potential difference

measured by Kelvin Probe in air.

3.2 Experimental methods

3.2.1 Precursor solution

Sol-gel solutions were prepared by mixing zinc acetate dihydrate (ZAD) and 2-amino
ethanol (MEA) in 2-methoxyethanol as the solvent. Equimolar ZAD and MEA were
weighed and subsequently added with 20 ml 2-methoxyethanol to make solutions with
a range of concentrations. The solutions were stirred overnight in dark, air, at room
temperature. To ensure ageing effects do not cause any variation, solutions were used
for spin coating only on the day following preparation. Before spin coating, the solutions

were filtered through a 0.45 pm PTFE filter.

3.2.2 ZnO film formation
ZnO films were formed by spin coating using a static loading method. The spin coating
parameters included a 500 rpm loading for 12 s and a 3000 rpm spinning for 30 s with

an acceleration rate of 500 rpm/s. Three coatings were applied to achieve a dense layer
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for the studies in Chapter 3 and 4[1l. The back of substrate was cleaned using
isopropanol after every deposition to ensure optical properties were not compromised.
The films were also preheated at a given temperature for 10 min on a hotplate (VWR)
after each coating. Some samples were also treated with postannealing (Carbolite 5L
RWF) at 450 °C for 1 hour in air with a cooling gradient of 5 °C/min to 300 °C, then left to
cool to room temperature. Dense and planar ZnO layers were formed with a thickness

corresponding to the solution concentration used.

All subsequent tests were conducted in ambient air and at room temperature unless

specified.

3.3 Results and discussion

3.3.1 Crystallinity

A range of complementary measurements were carried out on the ZnO layers beginning
with an assessment of the crystallinity by X-ray diffraction (XRD). The influence of
processing temperature on the crystallinity of ZnO films was investigated, as shown in
Figure 3.1. The precursor solution concentration was fixed at 0.75 M, which resulted in
films with thickness > 100 nml2l i.e. sufficient for XRD signal detection. The ITO
diffraction peaks are indicated by asterisks. No peaks corresponding to crystalline ZnO
are seen in the XRD patterns of the films deposited < 300 °C. Films deposited at 300 °C
and those with additional postannealing at 300 °C show similar behavior, only very
weak (002) peaks of ZnO are observed. In contrast, a strong ZnO (002) peak is shown in
the film deposited at 300 °C and postannealed at 450 °C, consistent with the reference
pattern (ICSD 01-076-0704). The results are consistent with the literature which
suggests that the conversion from amorphous to the crystalline state starts within the
temperatures range of 200-300 °C and is completed within the range of 400-500 °CI3l.
Thus, from the XRD results the ZnO films at 110 °C appear to be macroscopically

amorphous.
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Figure 3.1 XRD patterns for ITO and ITO/ZnO stacks with the same thickness under different heating

conditions (* ITO diffraction Peaks).

The influence of film thickness of ZnO 450 °C (preheat at 300 °C and postheat at 450 °C)
was also investigated by changing the concentration of precursor solution, as shown in
Figure 3.2. The details of film thickness measurement are presented in Appendix A. The
films with Zn concentrations of 0.3 M, 0.5 M and 0.75 M all show strong ZnO (002) peaks
and the XRD features of the films with a Zn concentration of 0.11 M are difficult to detect.
The grain size of ZnO layers was calculated by the Scherrer equation, Eqn 2.1. A slight
increase in the do2) crystallite size from 37.8 nm (0.3 M) to 46.2 nm (0.75 M) could be

observed from Table 3.1.
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Figure 3.2 XRD patterns for ITO and ITO/ZnO stacks with different thicknesses under the same

heating conditions (preheated at 300 °C and postannealed at 450 °C). (* ITO diffraction Peaks)
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Table 3.1 The d(ooz) crystallite sizes calculated from XRD patterns for seed layers preheated at 300 °C

and postannealed at 450 °C, refers to Figure 3.2.

Concentration of sol solution 0.1M 0.3 M 0.5M 0.75M
Thickness of seed layers (nm) 33.0 61.0 88.2 158.7
FWHM (°26) 0.31 0.29 0.27
Grain size (nm, from (002) peak) --- 37.8 41.6 46.2

From the above figures, the ZnO (100) and (101) peaks are indiscernible for all ZnO
films due to the optimisation by precisely adjusting the preheating temperature to
300 °C. Instead, for the films preheated at 350 °C, the peaks of ZnO (100) and (101) can
be observed, as shown in Figure 3.3. The higher preheating temperature (>300 °C) may
disturb the preferential (002) growth as the evaporation of the solvents and the thermal
decomposition of the zinc acetate may happen abruptly and simultaneously with the
crystallisation[ll. This comparison proves that the preheating process is a crucial step to
govern the orientation of the crystallitesl2l. The most appropriate temperature of
preheating should be higher than the boiling points of additives and solvents and near
the crystallization temperature. In the case of combination of ZAD + MEA +

2-methoxyethanol, around 300 °C is the optimal preheating temperatureltl2]i4],
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Figure 3.3 XRD patterns for glass/ZnO stacks with different preheating temperatures.

To further detect the nanoscale crystallinity, the ZnO films at 110 °C were measured by
transmission electron microscopy (TEM). Structural characterisation of macroscopic
view was carried out by XRD as shown above which indicated ZnO at 110 - 300 °C are
amorphous and ZnO at 450 °C is crystalline. However, the TEM result here indicates that
from microscopic view films processed at 110 °C are comprised of ZnO nanocrystals

embedded in an amorphous matrix. Figure 3.4 shows a 110 °C annealed ZnO layer

104



between the ITO and PTB7:PC7:BM layers within the device. The presence of
nanocrystalline areas can be clearly seen within the 110 °C ZnO layer. A selection of
lattice fringes has been labeled with the measureable lattice spacings, annotated
corresponding to wurtzite ZnO. The Fast Fourier Transform (FFT) inset further

demonstrates the presence of multiple crystals within this layer.

Figure 3.4 TEM image showing the 110 °C annealed ZnO layer between the ITO (left) and

PTB7:PC71BM (right) layers within the device.

From Figure 3.4, an amorphous area is also observed where the fringes disappear and
between discrete crystalline regions. Thus, the ZnO 110 °C film is assumed to be a
mixture of nanocrystalline ZnO and amorphous material. This is further supported by
the scanning transmission electron microscopy (STEM) dark field image, as shown in
Figure 3.5, from the varying brightness within the ZnO 110 °C films. In addition,
Figure 3.4 and Figure 3.5 indicate the pinhole-free and compact coverage of ZnO layer
and the subsequent PTB7:PC7:BM. No disorder is detected on both ITO/ZnO and
Zn0O/PTB7:PC71BM interfaces. These result in the excellent organic solar cell
performance that is discussed in the next chapter. To investigate what exactly the

amorphous substance is, chemical analysis was conducted.
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Figure 3.5 STEM dark field image of full device showing, from left to right, the ITO, ZnO (110 °C),

PTB7:PC71BM, MoOs and Ag layers.

3.3.2 Chemical analysis

To understand how the composition of the films changes with processing temperature
we performed X-Ray photoelectron spectroscopy (XPS) analysis of the different samples.
XPS spectra of C 1s and O 1s core levels are shown in Figure 3.6 and Figure 3.7,
respectively. Both the carbon and the oxygen signals are dramatically affected by the
processing temperature. For the C 1s spectra, films treated at 110 °C, there are two
distinct peaks; the peak at higher binding energy 288 eV is characteristic of the C=0 in
the carbonyl group and is therefore ascribed to acetate precursor still present in the film.
The lower energy signal (285 eV) originates from C-C bonds (including any surface
carbon contamination). Both signals diminish as the temperature is increased. Albeit
showing lower intensity, C=0 signal is also present the films treated at 200 and 300 °C.
Although the decomposition temperature of zinc acetate is 240 °Cl1], the C=0 signal still
exists for films at 300 °C. This is probably because more energy is needed to break the
bonds in zinc complexes containing acetatel23l. The sample annealed at 450 °C show an
almost absent signal for the C=0 component, suggesting that the precursor is practically
all removed between 300 - 450 °C.

The O 1s spectra follow similar behaviour; the sample treated at 110 °C shows a number
of overlapping peaks, one at lower binding energy assigned to the Zn-O (oxide) peak and
one at higher binding energy assigned to the carbonyl group. There is also likely to be
small contributions from -OH, trace precursor and sub-stoichiometry of the oxide,[5] but

a detailed peak-fitting analysis of the O 1s core level is beyond the scope of this work.
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What can clearly be seen though is a systematic decrease in the intensity of the carbonyl
peak as the temperature increases relative to the Zn-O (oxide) peak, in agreement with

the signal from the C 1s peaks.
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Figure 3.6 ZnO XPS spectra of C 1s, with different processing temperatures.
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Figure 3.7 ZnO XPS spectra of O 1s, with different processing temperatures.

[t is also observed that the binding energy (B.E.) position of the Zn-O (oxide) peak shifts
from lower to higher binding energy upon annealing from 110 °C to 450 °C. This is
indicative of a shift in the Fermi level position, which we would expect to manifest itself
as a rigid shift of the core levels, and is indeed what we see in the Zn-O (oxide)
environment of the O 1s. The same trend of peak shift is also observed in Zn 2p signals,
Figure 3.8. The 2p1/; and 2p3/; peaks both show a 0.3 eV shift towards higher binding

energy with the increase of ZnO processing temperature, i.e. from 1020.8 to 1021.1 eV
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for 2pi> and from 1043.9 to 1044.2 eV for 2ps3,, peaks. Therefore as a function of

annealing we observe an increase in the work function of the material.

5
6x10 ZnO (110 °C) 2p3/2 peaks
;) -ZnO (200 °C)
5x107 ZnO (300 °C)
2 1 ZnO (450 °C)
£4x10°% |
% 2p, - peaks
O3x10°
2 |
€ 2x10°
g
z |
1x10°
1 \Q
0

1050 1045 1040 1035 1030 1025 1020 1015
Binding Energy (eV)

Figure 3.8 ZnO XPS spectra of Zn 2p, with different processing temperatures.

N 1s signals are shown in Figure 3.9, to probe the existence of MEA. An obvious N 1s
signal is seen for ZnO (110 °C), which is diminished for ZnO (200 °C) and is negligible
for ZnO at 300 °C. The weak signal at ZnO (450 °C) may come from the background
environment. The results indicate ZnO at 110 and 200 °C have MEA residues but

removed for processing temperature above 300 °C.
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Figure 3.9 ZnO XPS spectra of N 1s, with different processing temperatures.

FTIR spectroscopy was also performed, attempting to further confirm the presence of
unreacted precursor/solvent with the processing temperature changing, as shown in
Figure 3.10. The as-deposited film and those < 300 °C show strong -OH and C=0

stretching features, both diminishing with processing temperature increase and
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eventually disappearing at 450 °C due to the formation of crystalline ZnO. The C=0
stretching result is in agreement with the C 1s analysis by XPS. Therefore, the

amorphous substance in low temperature processed ZnO contains organic residues.
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Figure 3.10 FTIR spectra of ZnO with different processing temperatures.

To be specific, due to the boiling point of solvent 2-methoxyethanol is 125 °C and that of
stabiliser MEA is 171 °C, the ZnO 110 °C films should be nanocrystalline ZnO with
amorphous substance containing 2-methoxyethanol, MEA and acetate ligand. For ZnO
200 °C, 2-methoxyethanol should be removed after sufficient evaporation, while MEA
and acetate residue still exist due to the complexation of zinc cation with MEA and
acetate, respectivelyl23l. This is also in agreement with the TGA results of zinc acetate
dihydrate, as shown in Appendix A, which indicates that the decomposition of zinc
acetate starts at around 200 °C and the full transfer to ZnO finishes at around 370 °C.
ZnO 300 °C may be a nanocrystalline film which still has a little acetate residue. For the
ZnO 450 °C, the thermal energy is sufficient for the formation of polycrystalline ZnO film

at macroscopic view.

Hence, from the combined TEM, XPS and FTIR analysis we conclude that the film
processed at low temperature is a mixture of nanocrystalline ZnO and amorphous
organic substance. With the temperature increase, the organic residues gradually
diminish and the ZnO nanoparticles get together until a sufficient energy to form the

highly (002) oriented polycrystalline ZnO film.

3.3.3 Optical properties
For the typical solar cell architecture, the incident light needs to transmit through the
transparent conducting electrode and electron transport layer before reaching the

photoactive layers. Thus, the high optical transparency of the oxide layer is required in
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the wavelength range of the photoactive material absorption. First, the transmission of
ZnO films under different heat treatment conditions was investigated, against an air
reference, shown in Figure 3.11. To accurately consider the situation in solar cells, films
were deposited on ITO substrates. At all deposition temperatures from 110 °C to 450 °C
high transmission is obtained in the visible region. Highly uniform, planar films are

deposited which is confirmed from the Fabry Perot oscillations observed.
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Figure 3.11 UV-vis spectra for Glass/ITO/ZnO stacks with different processing temperatures.

For the Tauc plot analysis, films were deposited on quartz substrates. The Tauc plots
((a(hv))2~hv) and the estimated E; of different films are shown in Figure 3.12, against a
quartz reference. The measured absorption edge of ZnO (200 - 450 °C) is around
380 nm, which is close to the intrinsic bandgap of ZnO. The calculated optical bandgaps,
based on Eqn 2.3 and 2.4, are largely consistent at approximately 3.25 eV. But E; of the
Zn0 processed at 110 °C is somewhat higher at 3.38 eV. This is in agreement with our
TEM image that the crystal size is only several nanometers in 110 °C ZnO layers, derived
from the quantum confinement of ZnO nanoparticlesléll’l. Also, the difference of bandgap
between 110 °C and higher temperature may originate from that the nanoparticles are
surrounded by the amorphous organic substance in the 110 °C film. However, for higher
temperature the nanoparticles are connected more firmly as organic residues are

decreased therefore confinement effect is diminished.
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Figure 3.12 Tauc plots calculated from ZnO on quartz substrates.

The optical bandgap variation with ZnO processing temperature was further confirmed
from the room temperature photoluminescence (PL) results. With 325 nm as excitation
wavelength, the near-band-edge (NBE) emission of 110°C ZnO shows blueshift
compared to that of ZnO with higher temperatures, as shown in Figure 3.13. All spectra

are normalised to the peaks in the NBE region.
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Figure 3.13 Room temperature PL spectra of ZnO films with different processing temperatures, all

normalised to the peak intensity in the NBE region.

The transmission spectra of ZnO planar films with different thicknesses against an air
reference were also investigated, as shown in Figure 3.14. All the films were processed
at 450 °C. An ITO substrate with same 450 °C annealing was set as a control sample. The
transmission exceeds 80% in the visible region for all the samples. The interference
between the top and the bottom surfaces of the film could be speculated due to the
observed fringes in the curves. The fringes vary with the film thickness, which can
modulate higher transmission in the wavelength range where the active materials

absorb light in solar cells.
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Figure 3.14 UV-vis spectra for Glass/ITO/ZnO stacks with different thicknesses.

3.3.4 Surface morphology

The morphology of ZnO layers on ITO substrates was characterised by scanning electron
microscopy (SEM). The morphology of ZnO films with different heat treatment
conditions is shown in Figure 3.15. The films become denser with the increase of
processing temperature, companying with the decomposition of organic residuesBBl. At
the temperature of 110 °C, a large amount of organic residue still remains which results
in smooth films. As the temperature is elevated to 200 °C, obvious feature appears with
the decomposition of precursors and the vaporisation of solvents that will result in a
densification in the film. For the film at 300 °C, clear grains can be observed. A
significant increase of grain size occurs with the films at 450°C. This results from the

completed crystallisation of ZnO under enough annealing temperature and time.
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Figure 3.15 SEM images of ZnO layers with different processing temperatures.

The surface morphology was also investigated by atomic force microscope (AFM). The
AFM images of ZnO films (around 60 nm) with processing temperatures are shown in
Figure 3.16. The as-deposited film reveals a large surface roughness. For the films
processed between 110 and 450 °C, the typical rms roughness values are similar, in the
region of 2 nm under 2x2 pm? area. Surface roughness of ZnO layers by sol-gel has been
proved to have influence on the device performance of inverted organic solar cellsi8l. So

our films exclude the influence of surface roughness on device performance.

114



33.1 nm 13.6 nm
30.0 12.0
25.0 10.0
20.0 8.0
15.0 6.0
10.0 4.0
l ;_Zﬁ_UU nm 0.0 0.0
% 18.8 nm 19.7 nm
7Zn0 200 "€* 18.0
16.0
RMS=1.58 nm 16.0
144 14.0
i 2.0
10.0 10.0
8.0 8.0
6.0 6.0
i - . 4-0 4-0
500 Am 0.0 G

Figure 3.16 AFM image of ZnO films on ITO substrates, inset is the RMS of the films.

The surface morphology of layers with different thicknesses was also investigated by
SEM. Dense and uniform films are obtained in large area, as shown in Figure 3.17. The
grain size determined from the SEM images is shown in Table 3.2. The grain size
increases with the increase in film thickness, which is consistent with the trend obtained
from XRD. Although the trend of the results by XRD and SEM is the same, the values
estimated from XRD are higher than that from SEM. This may come from that the grain
size evaluated by XRD is in the z-axis direction while the grain size evaluated by SEM is
in the x-y plane. And XRD results show highly (002) oriented films thus the grain size

values from XRD is higher.
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Figure 3.17 SEM images of ZnO layers prepared from concentrations indicated, measured thicknesses (a)

58 nm; (b) 90 nm; (c) 158 nm.

Table 3.2 The grain size calculated by SEM images for films at 450 °C

Concentration of sol solution 0.1M 0.3 M 0.5M 0.75 M

Thickness of seed layers (nm) 33.0 61.0 88.2 158.7
Average grain size (nm) --- 34.2 38.3 40.1
Standard deviation (nm) --- 7.3 7.4 7.1

3.3.5 Electrical properties

All tests of electrical properties here were conducted at room temperature, in which
temperature the ZnO electron conduction mechanism is the transport in the conduction
band (above 250 K)©l.

Bottom gate, bottom contact thin film transistors (TFTs) of ZnO films with different
processing temperatures were prepared to investigate the electron transport properties
of these materials, as shown in Figure 3.18. The transfer curves for the TFT with ZnO at
110 °C showed no field effect and the measured channel current was at the detection
limit of the measurement apparatus. This originates from that the electrons need to pass
through a long channel (20 pm) that is a mixture of nanocrystalline ZnO and amorphous
organic substances. Between 200 and 450 °C there is a steady current increase as

temperature is increased with field modulation observed at 200 and 300 °C while not at
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450 °C. At 450 °C the films exhibit a very small channel current dependence on the
applied gate field, however over the large gate voltage range applied these TFTs were
always on - indicative of a large free carrier concentration. A change in film composition
with increasing temperature will be occurring and the enhanced current observed in
high temperature devices is a combined effect of improved crystallinity and intrinsic
defect concentration as well as the removal of unreacted precursor residue and solvent.
Enhanced electron transport as the annealing temperature increases from 110 °C to
300 °C is also demonstrated from the field effect mobility calculated from saturation
region based on Eqn 2.6, Figure 3.19. While further annealing at 450 °C results in a

decreased mobility compared with 300 °C processed films.
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Figure 3.18 Transfer curves of TFT with ZnO films in saturation region, Va =45 V.
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Figure 3.19 The field effect mobility of ZnO films calculated from the transfer curves of TFTs.

In parallel addition to TFT measurements we used AC Hall to measure resistivity, Hall
mobility and carrier concentration of our ZnO. Here measurements could only be
obtained on the 300 and 450 °C heated ZnO owing to the high resistivity of the other

films. The high resistivity of low temperature processed films may come from the
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solvent and unreacted precursor residues. The results are shown in Table 3.3. The
carrier concentration of ZnO (300 °C) is lower than that of ZnO (450 °C), which is in
agreement with the TFT transfer curves. This may derive from the change of intrinsic
defects or trap states under higher temperature annealing in air{101i11]l, The Hall mobility
also shows the same trend with the field effect mobility that the mobility of ZnO (300 °C)
is higher than that of ZnO (450 °C). Although the ZnO at 450°C has improved
crystallinity, the ZnO at 300 °C still has a higher mobility that may benefit from the ZnO
intrinsic nature that the conduction band minimum state is dominated by Zn s orbital so
that the disorder of ZnO crystalline structure has rather weak influence on electron
transportl12ll13], Another possible reason is that the electron transport in measurements
of TFT and Hall effect are both in lateral direction that is perpendicular to the film
orientation of highly oriented (002) ZnO (450 °C), i.e. grain boundary effects.

Table 3.3 Resistivity, mobility and carrier concentration of ZnO films by Hall measurement

ZnO0 (300 °C) Zn0 (450 °C)

Resistivity (£ cm) 1.65 x 104 2.29 x 103

Hall Mobility (cm? / V' s) 1.17 x 101 2.61 x 102
Carrier Concentration (cm-3) 3.23 x 1015 1.04 x 1017

The Fermi levels (Er) of the ITO substrates and ZnO films on ITO were calculated from
the contact potential difference measured by Kelvin Probe in air. The reference used
was freshly cleaved highly oriented pyrolitic graphite (work function = 4.47 eV). The
data reveal interesting shift in Er as the ZnO processing temperature is changed, Figure
3.20. Heating from 25 to 110 °C results in a slight Er reduction, from -4.23 to -4.13 eV,
however continued heating induces a monotonical shift of Ef, to —4.6 eV for the ZnO at
450 °C, which is in excellent agreement with the XPS results. We attribute the Er changes
to the compositional and structural modifications occurring during the heat treatment

which can be separated into three parts;

(1) ZnO 110 - 200 °C: The work function difference between 110-200 °C may be
attributed to the presence of residual unreacted precursor. The MEA boiling point is
170 °CMl The low work function of ZnO at 110 °C may come from MEA, which has been
demonstrated previously as a work function modifier and a dispersal solvent for ZnO
nanoparticles!!4l. Interfacial dipoles may form between electron accepting ZnO (oxygen
parts) and the electron donating amine group (nitrogen parts)[5l. This may be because

the electronegativity of O element is stronger than N. DEA (diethanolamine) has also
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been proven to reduce the cathode work function when doped into ZnO filmsl/t6l. In
addition, the surface modifiers based on polymers containing simple aliphatic amine

group could substantially reduce the work function of metals and oxides(5l.

(2) ZnO 200 - 300 °C: The WF difference between ZnO (200 °C) and ZnO (300 °C) may be
partially attributed to the residual hydroxyl species acting as shallow surface donorsl17-
19], This is ascribed to the partial decomposition of the acetate species which starts to
decompose at 190 °C and finishes at 310 °C[20l. In addition, MEA is completely removed
in the range of 200 - 300 °C, according to the aforementioned chemical analysis, which

also contributes to the WF shift.

(3) ZnO 300 °C - ZnO 450 °C: The ZnO at 300 °C is more heavily n-doped by native
defects, including Zn interstitials and oxygen vacancies, which are partially recovered in

Zn0 at 450 °C by the enhanced thin film crystallinity(%11.21],
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Figure 3.20 Work functions of the ITO and ITO/ZnO films by Kelvin probe.
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3.4 Conclusions

Zn0, electron transport material in organic and perovskite solar cells, has been
fabricated using a sol-gel method. The thin film properties were investigated as a
function of processing temperature. For low temperature processed ZnO film derived
from sol-gel method, although it macroscopically shows amorphous by X-ray diffraction,
the microscopic view from transmission electron microscopy confirms it actually is
nanocrystalline ZnO embedded in an organic amorphous matrix. The chemical analysis
by X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy
reveals that the amorphous organic substances gradually diminish with processing
temperature increase. The enlarged optical band gap at low temperature processing is

observed by both UV-vis spectroscopy and room temperature photoluminescence,
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confirming the existence of nanoparticles with several nanometers crystal size due to

quantum confinement.

With increasing processing temperature, the organic substance is gradually removed
and the nanocrystalline domains are interconnected to form larger grain size. Thus, the
composition of the film is changing from a mixture of organic amorphous/nanoparticle
at 110 °C to a polycrystalline and highly (002) oriented ZnO layer without organic
residues at 450 °C. Specifically, ZnO (110 °C) contains ZnO nanoparticles with
2-methoxyethanol, MEA and acetate ligand. ZnO (200 °C) contains ZnO particles with
reduced MEA and acetate. ZnO (300 °C) contains ZnO particles with a trace of acetate

residues. ZnO (450 °C) is pure polycrystalline ZnO.

While within the whole processing temperature region we focus on, the films all show
excellent optical transparency, higher than 80% in the visible region. In addition, their
surface morphology all presents compact and smooth coverage with similar surface

roughness.

The film electrical properties, however, vary significantly with processing temperature,
which is driven by changes in the film composition. The resistivity decreases as the
processing temperature increases. For thin film transistors made with ZnO films, the
devices with Zn0O at 200 and 300 °C show good field modulation while ZnO at 110 °C and
450 °C do not work, the former because of high resistivity, the latter because of high free
carrier concentration. Also, the work function of ZnO films, measured by Kelvin probe, is
greatly influenced by the heat treatment, increasing with processing temperature in the
region of 110 to 450 °C.

In this chapter we reveal the close relationship between the ZnO film properties and the
film composition. In the next chapter, the relationship between these two factors and

the organic solar cell device performance is investigated.

In addition, ZnO nanostructures by hydrothermal growth based on sol-gel derived ZnO
planar films as seed layers are shown in Appendix A, indicating the formation of all low

temperature (< 110 °C) processed ZnO nanorods, nanowalls and thick planar layers.
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Chapter 4 - Sol-gel derived ZnO as Electron Transport Layers for

Organic Solar cells

4.1 Introduction

In this chapter, sol-gel derived ZnO planar films are employed as electron transport
layers (ETLs) in organic solar cells. The ZnO processing temperature dependence on
device performance is investigated, based on the film properties evaluated in the

previous chapter.

Organic solar cells are first fabricated with a prototype active layer mixture, consisting
of P3HT as donor and ICBA as acceptor, configured in the inverted device architecture.
Initially, the contact angle of P3HT:ICBA solution droplets on top of the ZnO films is
investigated, to study the wetting properties. Then the device performance as a function
of ZnO processing temperature is presented. The influence of ZnO temperatures on
device parameters: open circuit voltage (Voc), short circuit current density (Jsc), series

resistance (Rs) and shunt resistance (Rsh) are discussed separately.

High performance active layer combination - PTB7 as e-donor and PC7:BM as
e acceptor - is also employed. The difference in sensitivity of device performance on
ZnO processing temperature in the two systems is investigated due to the difference of
LUMO levels of ICBA and PC7:BM. The origin of Voc loss in solar cells with high
temperature processed ZnO is further studied using transient photovoltage and

transient photocurrent techniques.

4.2 Experimental methods

4.2.1 Solar cells fabrication

Patterned indium tin oxide (ITO: PsiOteC UK Ltd; 12-16 Q/sq) glass substrates were
used for material characterisation and photovoltaic device fabrication. Substrates were
cleaned by sonicating in acetone, isopropanol and distilled water for 10 minutes,
respectively. Then, they were dried with compressed N, followed by UV-ozone

treatment (UVOCS) for 10 minutes.

Inverted planar organic solar cells were made with the architecture: glass/ITO/ZnO
(30-50 nm)/active layer/MoOx (10 nm)/Ag (100 nm). ITO was the light incident
electrode with the ZnO layer (precursor concentration: 0.3 M) used as the ETL; MoOs3

played the role of the HTL and silver as the back electrode.
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For P3HT:ICBA as active layer, P3HT and ICBA blends were mixed in chlorobenzene
solvent, at concentrations of 40 mg/ml (1:1 w/w). The solutions were subsequently
heated at 70 °C in a glovebox (dry nitrogen atmosphere) and stirred for 16 hours. The
spin coating process was done in the same glovebox with the parameters set at 500 rpm
loading for 2 s and a 2000 rpm spinning for 60 s. The active layer coated substrates

subsequently were annealed at 150 °C for 10 min in the glove box.

For PTB7:PC71BM active layers, PTB7 and PC7;1BM (1:1.5 w/w) were dissolved in a
mixed solvent of chlorobenzene and 1,8-diiodooctane (97:3 v/v) at a concentration of
25 mg/ml. Then the solutions were subsequently heated at 60 °C in the glovebox (dry
nitrogen atmosphere) and stirred for 16 hours. The spin coating process was done in a
N; filled glove box with the parameters set at 1000 rpm spinning for 120 s. All the
PTB7:PC71BM blend films were non-annealed but left in vacuum for 20 min to remove
the solvent residues. All devices were completed by evaporation of 10 nm MoOs3
followed by 100 nm Ag. The device pixel area was 4.5 mm? as defined by the spatial
overlap of the ITO and Ag electrodes.

4.3 Results and discussion

4.3.1 Wetting

The deposition method used for the active layers was spin coating. In spin coating, the
wetting of the active layer solution droplet on the layer beneath is extremely important
to the surface morphology of the active layer. To check the wetting properties, the
contact angle of a P3HT:ICBA solution droplet with chlorobenzene as sovent was
measured on the ZnO films prepared at different processing temperatures. The results,
shown in Table 4.1, indicate that all samples have good wetting. Thus, the wetting will
show minor influence on the device performance with ZnO processing temperature
changing.

Table 4.1 Contact angles of P3HT:ICBA blend solution droplet (solvent: chlorobenzene) on top of the

surface of ZnO layers.

Zn0 Zn0 Zn0 Zn0 Zn0
(as cast) (110 °C) (200 °C) (300 °C) (450 °C)
Contactangle (°) | 16.3+2.3 | 13.4+2.2 | 133+13 | 13.7+15 | 17.3+3.2

4.3.2 Device performance

The ZnO layers prepared at the temperatures shown in Table 4.1 were investigated as
ETLs for organic solar cells. The device structure of the organic solar cells is shown in
the inset of Figure 4.1, which is glass/ITO/ZnO (30-50 nm)/P3HT:ICBA (170 nm)/MoOx
(10 nm) /Ag (100 nm). The light was illuminated from the ITO side, and ZnO as electron
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transport layer, P3HT:ICBA blend as active layer, MoOx as hole transport layer and silver
as the top electrode. The typical current density (J) - voltage (V) curves of devices with
ZnO under different heat treatment conditions are shown in Figure 4.1. The open circuit
voltage Voc, short circuit current density Jsc, fill factor FF, power conversion efficiency
PCE, series resistance Rs and shunt resistance R, are shown in Figure 4.2. It is clear that
the processing temperature of ZnO plays a great role in device performance. From the
J-V curves it can be seen that devices without ZnO or with ZnO at room temperature
(25 °C) have very low Vo, Jsc, FF and PCE. Working devices are obtained with ZnO
prepared at 110 - 450 °C. For the devices with ZnO (110 - 450 °C), the Voc decreases
monotonously with the temperature increase. The Jsc increases with the ZnO
temperature until a plateau in the region of 300-450°C. The FF decreases
monotonously as temperature increases. The PCE remains similar for ZnO (110 - 300 °C)
and shows a large decrease for ZnO at 450 °C. The Rs increases as temperature increases

while the Rs, decreases as temperature increases.

From the results we see that ZnO at 110 °C works well as an electron transport layer in
organic solar cells, even with the existence of solvent and precursor residues as shown
in the previous chapter. The bad result of devices without ZnO shows the necessity of
electron transport layer in organic solar cells. For the devices with ZnO at 25 °C, the
poor device behavior may partially come from the poor electron transport due to too
much solvent and precursor residues. In addition, the surface roughness of ZnO at 25 °C
is much higher than that of ZnO at 110 - 450 °C as shown in the AFM results in the
previous chapter, which means ZnO (25 °C) may have worse interfacial contact with the

active layer. Hence, we focus on the influence of ZnO at 110 -450°C on device

performance.
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Figure 4.1 Representative J-V curves for devices prepared using ZnO electron transport layers (ETLs)

deposited at the temperatures indicated. Inset shows a schematic illustration of the devices.
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Figure 4.2 Measured device performance characteristics for P3HT:ICBA based photovoltaic devices
fabricated with ZnO ETLs processed at the temperatures indicated. a) Open circuit voltage (Voc) and
short circuit current density (Jsc). b) Fill factor (FF) and power conversion efficiency (PCE). c) Series

resistance (Rs) and shunt resistance (Rsn).

Apart from the processing temperature, we also investigated the influence of ZnO
thickness on device performance in the whole range of 110 - 450 °C, as shown in

Appendix B.
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4.3.3 Operating principles

To better understand the influence by ZnO processing temperature on devices, the
device parameters will be discussed separately. Figure 4.3 shows the flat band energy
diagram of the P3HT:ICBA devices, in which the shift of Fermi level of ZnO measured by
Kelvin probe is highlighted. Comparing the ZnO (450 °C) with the ETLs prepared at
110 °C, there is a shift in the measured Er of almost 0.5 eV away from the vacuum level.
This enhances the built-in electric field across the device and improves movement of
photogenerated electrons toward ZnOl[!l, which consequently increases the Voc from
0.65V (450 °C) to 0.86 V (110 °C).

EVAC
330 eV
 (110°C)-4.13eV— |-3.74eV
(200 °C) -4.36 eV. -
4476V (300 °C) -4.39 eV w g
=
ITO (450 °C) -4.60 eV. o) — wC)
o -4.70 eV
p4 e
Zno 3 Ag
-5.20 eV
-5.70 eV

-6.86 eV

Figure 4.3 Flat band energy diagram showing the energy levels of the various materials contained in
our device stacks[?-4. The measured change in work function of the ETLs is highlighted which falls

below the work function of the ITO cathode when processed at 450 °C.

For Jsc, it increases with the ZnO temperature from 110 to 300 °C and then slightly
decreases at 450 °C. This trend corresponds to that of ZnO mobility, as shown in the
previous chapter when discussing the ZnO mobility by TFT measurement. Higher
mobility of electron transport layer can enhance the extraction of photogenerated

electrons.

FF is influenced by both series and shunt resistances so we do not describe the FF here.

Instead, we will discuss the series resistance and shunt resistance separately.

From the ]J-V characteristics we see that the device Rs values increase when the ZnO
processing temperature is increased in the range of 110 - 450 °C. Generally, the series
resistance in solar cells is caused by the bulk resistance of the active layer, functional
layers and electrodes, in addition to the contact resistance of every interface and the

probe resistancelsl. We exclude variation in anode and probe resistance, which remains
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constant and consider rather the cathode and the contact resistance at the ITO/ZnO and
Zn0/active layer interfaces. For the cathode, we consider the change in the ITO film
under different heat treatment. The sheet resistance changes from 11.3 (1/sq at room
temperature to 51.7 Q/sq at 450°C, demonstrating cathode resistance partially

contributes to the series resistance changing, as shown in Figure 4.4.
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Figure 4.4 Sheet resistances of ITO substrates with and without 450°C annealing.

For the ITO/ZnO interface, Ohmic contact was confirmed by constructing
metal-ZnO-metal structures (ITO/ZnO/Ca (20 nm)/Ag (85nm)), for ZnO films
processed from 25 to 450 °C, as shown in Figure 4.5. In terms of the ZnO/active layer
interface, the reduced work function of low temperature ZnO causes an enhanced
built-in electric field. Under the short circuit conditions, the enhanced built-in electric
field contributes to the larger energy band bending of the active layer, which results in
the faster movement of photogenerated electrons towards the ZnO direction(l. This may

also reduce the contact resistance.
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Figure 4.5 Representative current density - voltage plots of ITO/Zn0/Ca/Ag stacks.
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As for the shunt resistance Rq, it decreases as the ZnO processing temperature is
increased in the range of 110 - 450 °C. Generally, the shunt resistance in solar cells
comes from the leakage current induced by the pinhole, the edge and the traps in the
devicelsl. To detect the leakage current, we measured the J-V curves under dark
condition, as shown in Figure 4.6. There is a systematic increase in the leakage current
when processing temperature is increased and it is noteworthy that the 25 °C ETL based
device shows a nonzero bias at short-circuit due to carrier accumulation at the interface
associated with the high resistivity of the film. The leakage in the high temperature ZnO
may also account for the reduction in Voc. While active layer thickness, illumination
intensity, and interfacial effects have been shown to influence R, in OPVslél here only
the interface is varied thus we conclude that the observed differences in Rq, are driven

by modulation at this interface.
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Figure 4.6 Dark J-V characteristics shown for all devices, a clear increase in leakage current is

observed as the ETL processing temperature is increased (semi-log scale).

It is desirable to know what influences the leakage current at this interface. The impact
of the ZnO surface morphology was investigated. For the cracks in ZnO layer, from the
SEM images in the previous chapter, we find that the low temperature ZnO has more
cracks, which should result in higher leakage current. However, the Ry, results show an
opposite trend, which means the cracks have small effect. This may attribute to the
relatively large difference in surface energy between ZnO and active layer, which makes
it difficult for the active layer solution to completely penetrate the voids in the ZnO
buffer layerl’l. For the influence of roughness of ZnO layer, Liang et all8] showed that a
rough surface could trap some voids resulting in inferior contact. While from the AFM
results in the previous chapter, the surface roughness does not change too much with

the temperature under a certain thickness. Thus, the ZnO surface morphology does not
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play a dominant role in the Rg. Thus, the Rsy may also contribute to the contact

resistance [91 as discussed in the section discussing Rs.

4.3.4 OPV with other active layer materials

We also utilised the sol-gel derived ZnO electron transport layer for OPVs with other
active layer materials, namely PTB7:PC71:BM. Representative ]J-V characteristics are
included in Figure 4.7 for ZnO processing temperatures of 25 - 450 °C and without ZnO.
Similar to the P3HT:ICBA system, at 25 °C or when ZnO is not present poor quality
devices are prepared. Devices with reasonable performance characteristics are
prepared over the ZnO processing temperatures 110 - 450 °C. The champion device is
with 110 °C ZnO, showing 8% PCE with Voc 0.74 V, Jsc 16.3 mA/cm? and FF 65%.
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Figure 4.7 Representative J-V curves for devices prepared using ZnO electron transport layers (ETLs)

deposited at the temperatures indicated. Inset shows a schematic illustration of the devices.

Statistical data for the devices are also shown in Figure 4.8. The device performances
with ZnO 110 - 300 °C are similar, however an obvious drop occurs with ZnO 450 °C.
About 34% PCE reduction with 450 °C ZnO compared with the other temperatures is
mainly attributed to the Voc loss from 0.73 V to 0.62 V and the FF loss from 57% to 42%.
The dark ]J-V curves also illustrate ZnO at lower processing temperature has better
blocking behavior at reverse bias, as shown in Figure 4.9. For P3HT:ICBA based OPVs
the sensitivity to processing temperature over the 110 - 300 °C range was more
profound than observed here with PTB7:PC7:BM, with significant Voc and FF loses
observed as temperature increases above 110 °C - attributed to pinning effects at the
organic/ETL interfacell0ll11l. Specifically, if the work function of ZnO is smaller than the
electron affinity of fullerenes, the Fermi level (Er) of ZnO becomes pinned to the LUMO
level of fullerenes. As the LUMO of PC71:BM is lower than that of ICBA (-3.91eV vs.
-3.74 eV)12], the Er of the ETL is more likely to be pinned in the PTB7:PC7:BM devices
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compared with the P3HT:ICBA devices. This finding further supports our viewpoint that
the work function shift of ZnO tuned by ZnO processing temperature is important on

OPV performance.
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Figure 4.8 Measured device performance characteristics for PTB7:PC71iBM based photovoltaic
devices fabricated with ZnO ETLs processed at the temperatures indicated. a) Open circuit voltage
(Voc) and short circuit current density (Jsc). b) Fill factor (FF) and power conversion efficiency (PCE).

c) Series resistance (Rs) and shunt resistance (Rsh).
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Figure 4.9 Representative dark J-V curves for devices prepared using ZnO ETLs deposited at the

temperatures indicated.

In order to probe further the effect of ETL processing temperature on device
performance, and particularly the Voc loss at high processing temperatures, charge
carrier densities and lifetime were measured using transient photocurrent (TPC) and
transient photovoltage (TPV) measurements for devices employing the 110 and 450 °C
processed ETL layers. The detailed description of this method refers to Refl!3l.

The Voc of OPV could be expressed as the sum of an energetic part and a kinetic part(13l:

Voo = 2 (1P — EA,) — 24T |y (Jrecy Eqn 4.1

e e Isc

nidkT

where IPp is the ionisation potential of the donor and EA, is the electron affinity of the
acceptor if the energetics of cathode and anode are ideal (in this case, the energetics of
the contacts). The right side term is the kinetic component, where njq is the ideality
factor, Jrec is the recombination current related to carrier density and lifetime, and Jsc is

short circuit current.

The charge carrier density (n) at Voc measured through differential charging is plotted
in Figure 4.10a, whilst Figure 4.10b shows the charge carrier lifetimes (7) measured as a
function of n. These data give a good reconstruction of Voc dependence with light
intensity for both devices using predictions based on experimental measurements of the
density dependence of charge-carrier lifetimel13], confirming the validity of these data,

as shown in Figure 4.11b.

The major difference between 110 and 450 °C is the large shift in Voc at a given n,
corresponding to 160 mV at n=5x1016 cm3, Figure 4.10a. While at the same carrier
density the average lifetimes of charge carriers which are able to contribute to device
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voltage are very similar for both temperatures, Figure 4.10b, which indicates that the
kinetic component in aforementioned Voc equation shows little influence on Vocl!3l.
These data are analogous to those we observed previously for PCDTBT:PCBM devices as
a function of NiO hole collection layer work function, and assigned by correlation with

numerical device modeling to the effect of surface recombination lossesl[3l.

Our results confirm that the lower Voc of device with ZnO 450 °C mainly comes from an
enlarged ZnO work function. We assume this originates from the enhanced surface
recombination loss. In TPV and TPC analysis, if the shunt current is not obvious, the
value of ideality factor can be used to indicate the dominant recombination
mechanisml[13l. While we note that the shunt dark current in the 450 °C device is high
(Figure 4.11a), it is not possible to analyse the dominant recombination mechanism by
ideality factors. However, the significant difference of leakage currents under reverse
bias of devices with 110 and 450 °C supports our assumption because the bulk active
layer should be the same for two devices. The enhanced surface recombination in 450 °C

devices may be associated with the hole collection by ZnO side due to the high ZnO work

function.
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Figure 4.10 The device charge carrier density and lifetime were measured by (a) transient
photocurrent (TPC) and (b) transient photovoltage (TPV) of PTB7:PC71BM solar cells with ZnO at
110 and 450 °C.
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Figure 4.11 (a) Representative J-V curves of PTB7:PC71BM solar cells with 110 and 450 °C ZnO ETLs
under dark and illumination; (b) open circuit voltage Voc measured value and reconstruction from
charge density n and charge carrier lifetime 7 for 110 and 450 °C processed devices as a function of

light intensities, the description of the method of Voc reconstruction refers to Refl13l,

Ultimately, we wish to further explore ZnO films at 110 °C as the ETL for OPV. The
previous chapter has shown that the films processed at 110°C are
nanocrystalline/amorphous mixtures. This explains why the device with ZnO (110 °C)
still works well, regardless of the low electron field effect mobility of ZnO (110 °C)
which is about 10-5 times lower than that of ZnO (300 °C)[4l. In solar cells the free
electrons only pass through several tens nm of ZnO layer, rather than pass the long
channel (several um) in a TFT. In OPVs the photogenerated electron transport inside
Zn0 110 °C may be hopping in crystalline domains and tunneling in the organic matrix
under the applied electric field. This charge transport process may be assisted by the
conduction band minimum in ZnO which is dominated by Zn 2s orbitals, thus the
disorder of the ZnO crystalline structure has a rather weak influence on electron

transportf1sl,

Compared with a ZnO nanocrystalline domain which likely facilitates electron transport,
the organic amorphous domain is also not ‘redundant’. The MEA, which is the stabiliser
in sol-gel solution, remains in ZnO 110 °C and 200 °C films due to its high boiling point
and the complexation with zinc cationl6l. It is considered to act as a work function
modifier(1411171118], There may also be an advantage to preserving the organic matrix in
that the densification observed in crystalline films, which may create cracks, does not
occur thus explaining the low leakage currents observed. The feasibility of ZnO
nanoparticle/MEA mixture has been proved as a working ETL by mixing ZnO
nanoparticles with MEA as solvent[19]. In comparison to complex nanoparticle synthesis

our current work illustrates a rather simple means of fabricating ZnO
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nanoparticle/amorphous organic matrices and opens the possibility of controlled
mixing and doping for compositional variation and further control of the electro optical

properties.

4.4 Conclusions

Organic solar cells are characterised in terms of ZnO processing temperature. In both
P3HT:ICBA and PTB7:PC71BM systems, devices without ZnO and with ZnO (25 °C) show
poor performance. The ZnO processed at 110 - 450 °C provides working devices, in

which lower ZnO temperature performs better.

The ZnO processing temperature exhibits significant influence on device parameters,
including Voc, Jsc, Rs and Rsh. In the two systems, Jsc shifts with ZnO temperature are
similar, influenced by ZnO electron mobility. Modulations in Rs and Rs,, induced by
changes in the ETL transport properties, are observed in parallel to significant changes
in Voc attributed to changes on the Er of the ETLs. While the Voc, Rs and Rqh shifts in the
region of ZnO 110 - 300 °C is more apparent in P3HT:ICBA system than in PTB7:PC7:BM
system, which is attributed to pinning effects at the organic/ETL interface. The
relationship between Voc and ZnO work function is further confirmed from the TPV and
TPC results. The Voc loss of device with high temperature processed ZnO mainly comes

from a nonideal high ZnO work function enhancing surface recombination losses.

Combined with the results shown in the previous chapter, the relationship between OPV
performance and ZnO film composition is clear now. The low temperature processed
film is nanocrystalline ZnO embedded in an organic amorphous matrix. As electron
transport layer for OPV, ZnO nanoparticles are responsible for the carrier transport
while MEA in amorphous matrix contributes to the work function modulation. With the
processing temperature increasing, the organic substance is gradually removed and the
nanocrystalline domains are interconnected to form larger grain size. The MEA removal
and ZnO crystallisation process cause the work function shift, which has been proven to
greatly influence the device open circuit voltage, series and shunt resistances. And the

increased ZnO grain size results in enhanced short circuit current density.
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Chapter 5 - Sol-gel derived ZnO as Electron Transport Layers for

Perovskite Solar Cells

5.1 Introduction

In this chapter, sol-gel derived ZnO films are employed as electron transport layers
(ETLs) in perovskite solar cells. First, the influence of ZnO layers on perovskite films are
investigated by directly depositing perovskite on ZnO films. The wetting properties are
studied by measuring the contact angle of perovskite solution droplets on ZnO films.
Then the perovskite thermal stability on ZnO films is investigated by XRD. Both ZnO
processing temperature and perovskite annealing time, and their impact on perovskite
stability and decomposition are studied. The surface morphology of perovskite films on

ZnO films is also assessed using SEM.

Interfacial modification is then conducted by inserting a PCBM interlayer between ZnO
and perovskite layers, with the aim to improve the perovskite thermal stability.
Perovskite solar cells are then fabricated with ZnO layers, PCBM layers and ZnO/PCBM
bilayers as ETLs.

Subsequently, the influences of ETL film properties on device performance, including
optical transmittance, surface morphology and surface potentials, are discussed. Finally,
the carrier transfer on the interface between perovskite and ETLs is evaluated using

transient absorption techniques.

5.2 Experimental methods

5.2.1 Perovskite films

The precursor of CH3NH3Pbls was prepared by dissolving 1.25 M lead iodide and
methylammonium iodide (MAI) together in mixed solvent of gamma-butyrolactone
(GBL) and dimethyl sulfoxide (DMSO) (7:3 by volume). The solutions were stirred at
60 °C for 2 hours and were filtered through a 0.45 pm PTFE filter before use. The
perovskite photoactive layers were formed via a “toluene-dripping” method reported by
Jeon et allll and described in subsection 1.3.1. The precursor solution was first spun at
500 rpm for 5 s and then 2000 rpm for 20 s. 50 ml of toluene was instantly dripped onto
the film right at the end of second stage of spinning, and followed by spinning at

4000 rpm for 20 s. After spin coating, the films were heated on a 100 °C hotplate to
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crystallise the perovskite. Both the spin coating and annealing process were carried out

in a N filled glovebox.
5.2.2 Perovskite solar cells

ITO substrates and the zinc precursor solutions were prepared using the processes
outlined in Chapter 4. Each ZnO film was spin casted for one time with a 0.45 M solution.
The spin coating parameters included a 500 rpm loading for 12s and a 3000 rpm

spinning for 30 s with an acceleration rate of 500 rpm/s.

PCBM layers were deposited as interfacial modifiers. PCBM was dissolved in
chlorobenzene and heated at 60 °C with stirring overnight in a N; filled glovebox. Spin
coating was carried out in a glovebox at 1000 rpm for 30 s and then annealed at 70 °C

for 3 min.

The solution of hole transport layers (HTLs) was prepared by dissolving 82 mg
2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD)
in 1 ml chlorobenzene. 15.6 pl of bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI)
solution (450 mg in 1 ml of acetonitrile) and 24.4 ul of 4-tert-butylpyridine were added
to the pristine solution as additives. The solution was stirred for 30 min and was filtered
through a 0.45 um PTFE filter before use. HTLs were formed by spinning the solution
onto perovskite films at 3500 rpm for 45s. The substrates were kept at dry ambient

conditions for 24 h to allow the oxidation of Spiro-OMeTAD.

MoOx and Ag evaporations are identical to those in Chapter 4.

5.3 Results and discussion

5.3.1 ZnO/perovskite interface
5.3.1.1 Wetting

To assess the wetting properties, the contact angles of CH3:NH3Pblz solution droplets
with GBL and DMSO as co-solvent (7:3 by volume) were measured on the ZnO films
prepared at different processing temperatures. The results indicate that the wetting

becomes better with the increase of ZnO processing temperature, as shown in Table 5.1.

The contact angle can be tuned by the surface roughness and the chemical properties of
the underlying solid films. Our ZnO films processed by different temperatures have
similar surface roughness as shown in Chapter 3. So the contact angle difference may be
attributed to the surface hydroxyl groups and residual acetate ligands on the ZnO

surface.

137



Table 5.1 Contact angles of CHsNH3PbIs precursor droplet (solvents: GBL:DMSO) on top of ZnO films.

Zn0 Zn0 Zn0 Zn0 Zn0
(as cast) (110 °C) (200 °C) (300 °C) (450 °C)
Contactangle (°) | 41.5+19 | 43.0£1.9|33.2+29|19.0+£2.8 | 11.6+4.3

5.3.1.2 Structural characterisation

To investigate the influence of underlying ZnO substrates on the CH3NH3Pbl; thermal
stability, we annealed glass/ITO/Zn0/CH3;NH3Pbls stacks at 100 °C for 60 s in a N filled
glovebox and subsequently measured them using XRD, Figure 5.1a. The (001) peak of
Pbl, is at 12.8°26 and the (110) peak of CH3NH3Pbl; is at 14.2 °261213l. From the
normalised XRD results, the portion of Pbl,:CH3:NH3PbI; relative peak intensity increases
when the ZnO processing temperature decreases from 450 °C to 110 °C, showing higher
thermal instability of the perovskite film. To further confirm this, the CH3NH3Pbls
annealing time was extended to 10 min, Figure 5.1b. The results show that the
perovskite films with ZnO processed at 110 °C and 200 °C have totally decomposed
while the films with ZnO (300 °C) partially decomposed and the films with ZnO (450 °C)
hardly decomposed. Thus, the thermal stability of CHsNH3Pbl3 films deposited on sol-gel

derived ZnO films increases as the ZnO processing temperature increases.

a fe S ML R Y b ”””” A M D
(a) i {ICHNHPbL (b) i {ICHNHPbL
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Figure 5.1 XRD patterns of glass/ITO/ZnO/CH3NHsPbls stacks annealed at 100 °C in a N: filled

glovebox for (a) 60 s; (b) 10 min.

We also investigated the influence of CHzNH3Pbl; annealing time on the CH3NH3Pblz
thermal stability. For the glass/ITO/Zn0/CH3NH3Pbl; stacks with ZnO (200 °C), from the
normalised XRD results, Figure 5.2a, the CH3NH3Pblz starts to decompose and
eventually is completely decomposed as the annealing time increases. From the original
XRD data, Figure 5.2b, it is found that the (110) peak intensity of CH;NH3Pbls increases
as the annealing time increases from 5s to 60s, which may indicate the further
crystallisation process and the decomposition process occur simultaneously. For the

stacks with ZnO (450 °C), Figure 5.2c, it is also found that the CH3NH3Pblz (110) peak
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intensity increases as the annealing time increases from 5s to 60s, but without

perovskite degradation identified from the Pbl, (001) diffraction peak.
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Figure 5.2 (a) Normalised and (b) original XRD patterns of glass/ITO/Zn0O (200 °C)/CHsNHsPbIs
stacks annealed at 100 °C; (c) original XRD patterns of glass/ITO/ZnO (450 °C)/ CH3sNHsPbls stacks

annealed at 100 °C.

When decreasing the annealing time, the XRD pattern of CH3NH3Pblz on ZnO (110 °C)
confirms that the degradation of the material begins even before the complete

transformation of MAI-PbI,-DMSOI1I4], as shown in Figure 5.3.
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Figure 5.3 XRD pattern of CHsNH3PbIz on ZnO (110 °C), by controlling the perovskite annealing time
we confirm the co-existence of diffraction peaks of MAI-PbIz-DMSO and Pblz (001), indicating that

the perovskite degradation has begun before the complete transformation of MAI-PbI2-DMSO.
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5.3.1.3 Surface morphology

The surface morphology of CH3NH3PblI3 films on top of ZnO films was investigated using
SEM, as shown in Figure 5.4. Although the contact angle data show a large difference
between different ZnO films which may influence the surface coverage of CH3NH3Pbls
films, it can be seen that the perovskite films annealed for 60 s with different ZnO films

are all compact with very few voids.

Zn0 (110°C) 60's Zn0 (200 °C) 60 s

Zn0 (300°C) 60 s Zn0 (450 °C) 60 s

Figure 5.4 SEM images of CHs:NH3PblI3 on top of ZnO films, annealed at 100 °C for 60 s.

We also investigated the influence of CH3NH3Pbl; annealing time on the CH3NH3Pbls
surface morphology on top of low temperature processed ZnO substrates, Figure 5.5. As
the annealing time increases, the grain size becomes larger. The films annealed for
5-60s all present compact surfaces. However, the film annealed for 10 min shows

many voids, which is ascribed to the presence of Pbl; due to the decomposition process.
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Zn0 (200°C) 5s Zn0 (200°C) 15

Zn0 (200°C) 30's Zn0 (200 °C) 60 s

Figure 5.5 SEM images of CHsNH3PblIs on top of ZnO (200 °C) films, annealed at 100 °C.
5.3.2 Interfacial modification

Due to the poor thermal stability of CH3NH3Pbl; films when directly deposited on low
temperature processed ZnO, interfacial modification was attempted for the purpose of
low temperature processed cathode for perovskite solar cells. The modification material
we chose is PCBM that has been proved as a good passivation layer in perovskite solar

cells516-91,
5.3.2.1 Enhanced perovskite thermal stability

After annealing at 100 °C in a N filled glovebox for 20 min, a small peak of Pbl, appears
for the CH3NH3Pbls on ZnO (450 °C) but does not appear for the CH3;NH3Pblz on ZnO
(110 °C)/PCBM, Figure 5.6. This indicates that even high temperature processed Zn0I10]
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does not result in highly stable perovskite films. It may come from the proton-transfer
reaction at the ZnO/CH3NH3Pbl; interface due to the basic nature of the ZnO surfacel!1l.
However, the insertion of PCBM dramatically increases the thermal stability of
perovskite, which uncovers the possibility of low temperature processed sol-gel ZnO in

perovskite solar cells.
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Figure 5.6 XRD patterns of glass/ITO/Zn0O (450 °C)/CHsNHsPbls (left) and glass/ITO/ZnO (110 °C)/

PCBM/ CH3NH3PblIs (right) stacks annealed at 100 °C in a N2 filled glovebox for 20 min.
5.3.2.2 Perovskite solar cell performance

We prepared perovskite solar cells with ZnO (110 °C) and ZnO (110 °C)/PCBM as ETLs,
with the purpose of obtaining a low temperature processed ETL. The conventional
device architecture had a typical structure (layer thicknesses in parenthesis) of glass /
ITO (140 nm) / ETL / CH3NH3PblI3 (300 nm) / spiro-OMeTAD (100 nm) / MoOx (10 nm)
/ Ag (100 nm), a schematic illustration of which is shown in Figure 5.7b. The ETL,
perovskite and spiro-OMeTAD layers were deposited using solution processing and the
MoOx/Ag thermally evaporated. Representative ]-V characteristics are included in
Figure 5.7. It can be seen that device performance with ZnO (110 °C)/PCBM is much
better than that with ZnO (110 °C). Poor device performance with ZnO (110 °C) comes
from the perovskite degradation due to its thermal instability on ZnO (110 °C). In
addition, device with ZnO (110 °C)/PCBM showed negligible J-V hysteresis, as shown in
Figure 5.7b. The champion device with negligible J-V hysteresis is with ZnO (110 °C)
(30 nm)/PCBM (30 nm) bilayer as ETL, showing 12.3% PCE with Voc 1.1V, Jsc
19.1 mA/cm? and FF 58.8 %. This proves that PCBM can eliminate J-V hysteresis in
conventional perovskite device structure without the need for PCBM to infiltrate into

perovskite grain boundary, a process commonly seen in inverted device structurell2],
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Figure 5.7 (a) Representative J-V curves for perovskite devices prepared using ZnO (110 °C) and ZnO
(110 °C)/PCBM as ETLs; (b) J-V curves for perovskite devices using ZnO (110 °C)/PCBM bilayer as

ETLs measured by forward and reverse scans, with 0.2 V/s scan rate.

As Zn0O (110 °C)/PCBM works well as ETL, unlike ZnO (110 °C) alone, we investigated
whether PCBM on its own can work as ETL in conventional device structure.
Representative J-V curves are shown for both scan directions, with different PCBM
thicknesses, as shown in Figure 5.8. It is apparent that when PCBM is not present a large
J-V hysteresis appears. With 30 nm PCBM, the hysteresis is reduced compared to that
without PCBM. With 35 nm PCBM, the hysteresis is further reduces but an s-shaped
curve emerges, due to increased series resistance that can be seen at ]=0. With 50 and
100 nm PCBM, the hysteresis gradually disappears but s-shaped curve becomes more
obvious. The high sensitivity of device series resistance to the PCBM film thickness may
partially come from the bulk resistance of PCBM films, caused by low electron
mobility(13]. Thus, the co-existence of J-V hysteresis and s-shaped curve for device with
35 nm PCBM indicates that PCBM on its own is not suitable as ETL in perovskite cells

with conventional device structure.
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Figure 5.8 Representative J-V curves of illuminated devices with PCBM-only as ETLs, the thickness of

PCBM: (a) 0 nm; (b) 30 nm; (c) 35 nm; (d) 50 nm; (e) 100 nm.
5.3.2.3 ETL characterisation

To understand why the use of PCBM yield working devices only when combined with
Zn0, we carried out a range of complementary measurements. Good optical
transmission (70-85%) of ZnO (110 °C)/PCBM bilayer and PCBM layer is both observed

in the visible region, although for the former is slightly lower, as shown in Figure 5.9.
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Figure 5.9 UV-visible transmission spectra of glass/ITO/PCBM and glass/ITO/ZnO (110 °C)/PCBM

stacks.

The crystallinity of CH3NH3Pbls on top of PCBM-only and ZnO (110 °C)/PCBM is similar
from the XRD results and no Pbl; or precursor peak is observed for either of them,
suggesting that pure CH3NH3PbI; films are formed on both ETLs, as shown in Figure
5.10.
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Figure 5.10 XRD patterns of (a) ITO/PCBM/CHsNHsPblz and (b) ITO/ZnO(110 °C)/PCBM/

CH3NH3PbI3, both showing pure CHsNH3Pbls phases without precursor or Pblz peaks.

AFM imaging of PCBM and ZnO (110 °C)/PCBM on ITO substrates are shown in Figure
5.11, indicating both smooth and compact surface morphologies, with RMS roughness of

0.24 nm and 0.19 nm, respectively.
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Figure 5.11 Representative AFM images of PCBM-only and ZnO (110 °C)/PCBM films on ITO

substrates.

This is further confirmed from the SEM results, as shown in Figure 5.12. The smooth
surface of ZnO (110 °C)/PCBM bilayer hints at the fact that layer by layer contact

between PCBM and perovskite layers is sufficient for PCBM to passivate the perovskite

and to eliminate the J-V hysteresis therefore there is no need for PCBM infiltration into

perovskite grain boundary. The SEM images of CH3NH3PbI3 films on top of PCBM and

Zn0 (110 °C)/ PCBM are also shown in Figure 5.12. We can observe a dense-grained

uniform surface morphology with grain sizes in the range 100-400 nm.

ITO/PCBM

CH_NH_PbI_onPCBM
.3 3

ITO/Zn0(110°C)/PCBM

CH NH Pbl on
B 22 =

Zn0(110°C)/PCBM

Figure 5.12 SEM images of (a) PCBM, (b) ZnO (110 °C)/PCBM, (c) CHsNHsPbIz on PCBM and

(d) CH3NH3PblI; on ZnO (110 °C)/PCBM films.
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The XRD patterns confirm that the perovskite films on both PCBM-only and ZnO
(110 °C)/PCBM are pure phase, without a detectable Pbl; signal. The perovskite films on
both ETLs show similar grain size, Table 5.2. Grain boundaries have been shown to
dominate ion migration in polycrystalline perovskite films and the perovskite
single-crystal devices display negligible J-V hysteresis(4l. In our cells, where similar
grain size, i.e. grain boundary concentrations are observed, this is not the origin of
difference in ]J-V hysteresis with PCBM-only and ZnO (110 °C)/PCBM ETLs.

Table 5.2 The grain size measured by SEM images for CHzNH3PbIs films on top of PCBM layer and ZnO

(110 °C)/PCBM bilayers.

CH3NH3Pblzon PCBM | CH3NH3PblIz on ZnO (100 °C)/PCBM

Average grain size (nm) 194.2 225.5

Standard deviation (nm) 58.8 75.7

The Fermi levels (Eg) of our ETLs and ITO substrate were calculated from the contact
potential difference measured by Kelvin probe in ambient air, Table 5.3. The reference
used was freshly cleaved highly oriented pyrolitic graphite (HOPG, work function =
4.47 eV). The Er of PCBM (-4.81 eV) is deeper than that of ITO substrates (-4.47 eV),
which may cause a charge extraction barrier towards the ITO cathode. One origin of the
J-V hysteresis in perovskite solar cells is the charge accumulation at the interfacial
contact due to the inefficient charge transferl!sl. Hence, the hysteresis in the working
device with PCBM as its own may come from the electron extraction barrier between
ITO and PCBM layers. However, the work function is significantly reduced by inserting a
ZnO (110 °C) layer between ITO and PCBM, from -4.81 to -4.44 eV. The low work
function of the sol-gel derived ZnO (110 °C) films (-4.34 eV) is ascribed to the interfacial
dipole formed between the electron accepting ZnO and the electron donating amine
group due to the MEA residues(10l. The schematic energy level of each layer in devices is
shown in Figure 5.13016117], with measured ITO and ETL work functions. Lowered work
function by the insertion of ZnO (110 °C) enhances the energy level alignment, which

increases the electron extraction speed and subsequently reduce the J-V hysteresis(¢l.

Table 5.3 Work functions of ETLs on ITO substrates, measured by Kelvin Probe

ITO PCBM | ZnO (110°C) | ZnO (110 °C)/PCBM

Work Function (eV) | 4.47 £0.01 | 4.81+0.01 | 4.34+0.01 4.44 +0.01
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Figure 5.13 Flat band energy diagram showing the energy levels of the various materials contained

in our device stacks. The measured change in work function of the ETLs is highlighted.

Figure 5.14a shows us-transient absorption (TA) kinetics of PCBM/CH3NH;3Pbl; with
and without ZnO excited selectively at CHzNH3Pblsregion (500 nm) and probed at the
bleaching region of CHsNH3Pblz (750 nm) (Figure 5.14b)[18l. This bleaching signal which
has a power law decay is assigned to the carrier transfer from CH3z:NH3Pbl;to PCBM
layer(i8l. When a layer of ZnO is added next to the PCBM layer, the signal of the carrier
diminishes within our instrument respond time (faster than 1 ps) suggesting the
carriers are more efficiently extracted with the combination of ZnO/PCBM bilayer than

that PCBM-only layer.

(a) 0.05 T T T T T T T T T (b) 0.1 T T T T T T T
— .
0.00 /\\\/ R N N U 0.0 B h

-0.054 g -0.14 i
P~ —— PCBM/CH,NH,Pbl P~ —=—1us
a 3NH3Pol3 a —

-0.10 o - -0.2 —=—3 us g
% ZnO (110 °C)/PCBM/CH;NH4Pbl4y % o
o-0.15- a -0.34 i
e S

-0.201 -0.4 ]

020 Excited at 500 nm PCBM/CH3NH3Pbl,

- 4 Probed at 750 nm | -0.54 Excited at 500 nm

0.25 N, atmosphere \ N, atmosphere

-0.30 —— 0.6 - - ' - . - .

10 12 14 16 18 20 22 24 26 28 3.0 600 650 700 750 800 850 900 950 1000
t (us) Wavelength (nm)

Figure 5.14 (a) Transient absorption Kinetics of glass/PCBM/CHsNH3Pbls and glass/PCBM/Zn0O
(110 °C)/CHsNHsPbls excited at 500 nm (7 uJ/cm?2) and probed at 750 nm in N2z atmosphere;
(b) Transient absorption spectra of PCBM/CH3NHsPblz excited at 500 nm (15ujJ/cm2) in N2

atmosphere.
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5.4 Conclusions

We have investigated an electron transport bilayer fabricated <110 °C to form a low
temperature processed, thermally stable, low hysteresis and efficient perovskite solar
cell with conventional structure. The bilayer contains a sol-gel derived ZnO layer to
facilitate better energy level alignment and enhanced carrier extraction rate and a PCBM

layer to eliminate the hysteresis and to enhance perovskite thermal stability.

Neither ZnO nor PCBM alone are proven to be a good ETL. ZnO on its own shows low
perovskite thermal stability. The perovskite thermal stability increases as the ZnO
processing temperature increases. However, even high temperature processed highly
(002) oriented crystalline ZnO films did not result in highly stable perovskite films,
which may come from the proton-transfer reaction at the ZnO/CH3NH3Pblz interface

due to the basic nature of the ZnO surface.

PCBM on its own shows poor energy level alignment in conventional perovskite device
structure, which results in decreased carrier extraction rate. The increased series
resistance with the increase of PCBM film thickness may partially originate from its low

carrier mobility nature.

The ZnO/PCBM bilayer ETL suggests that some materials that are not suitable when
directly contacted with perovskite can be combined with fullerene to form efficient ETLs

in perovskite solar cells.
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Chapter 6 - Aqueous processed ZnO as Electron Transport Layers for

Organic and Perovskite Solar Cells

6.1 Introduction

In this chapter, another ZnO thin film fabrication method based on an aqueous,
carbon-free metal-oxide precursor route is investigated. First, the ZnO thin films have
been characterised in a range of complimentary experiments. The processing
temperature dependence of ZnO properties is studied. XRD and TEM are carried out to
assess the film crystallinity. The chemical composition analysis is conducted by XPS and
FTIR. The optical properties are characterised by UV-vis spectroscopy. SEM and AFM are
carried out to present the surface morphology. The electrical properties are studied,
TFT reflecting the ZnO electron transport behaviour and Kelvin probe showing the work

function of ZnO films.

Then, the suitability of aqueous based ZnO as ETLs in OPVs are investigated with
PCDTBT:PC71BM active layer mixture, configured in the inverted device architecture.

The ZnO processing temperature dependence of device performance is presented.

Next, aqueous based ZnO thin films are employed as ETL in perovskite solar cells. In
addition to the device performance, we study the influence of the processing
temperature of ZnO films on overlying perovskite thermal stability by XRD. The
influence of ZnO films on overlying perovskite grain size is also investigated by SEM. We

also employed the same PCBM interfacial modification as that in the previous chapter.

In this chapter not only the aqueous ZnO work itself is presented, but also the

comparison between sol-gel derived and aqueous based ZnO is given.

6.2 Experimental methods

6.2.1 Zinc precursor solution

Ammine-hydroxo zinc solutions were prepared by mixing ZnO powders in ammonium
hydroxide solution (5.0 M) to molar concentration of 0.1 M. Ammonium hydroxide
solution (5.0 M) was stored in the fridge (5 °C) before use. The solutions were then
stirred overnight in dark, in air, at room temperature. Before spin coating, the solutions

were filtered through a 0.45 pm PTFE filter.
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6.2.2 ZnO film formation

ZnO films were formed by spin coating using a static loading method. The spin coating
was a 2000 rpm spin for 30 s with an acceleration rate of 1000 rpm/s. Four coatings
were applied to achieve a dense layer. The back of the substrate was cleaned using
isopropanol after every deposition to ensure optical properties were not compromised.
The films were also preheated at a given temperature for 10 min on a hotplate (VWR)
after each coating. Some samples were also treated with postannealing (Carbolite 5L
RWF) at 450 °C for 1 hour in air with a cooling gradient of 5 °C/min to 300 °C, then left to

cool to room temperature.

6.2.3 OPV fabrication
For OPV fabrication, PCDTBT:PC7:BM (1:2 w/w), 18 mg/ml blend solution in
chlorobenzene was spin coated on the top of ZnO at 2500 rpm in order to achieve an

active layer thickness around 80-90 nm.

All other organic and perovskite solar cell fabrication procedures are identical to those

in Chapter 4 and 5.

6.3 Results and discussion

6.3.1 ZnO films

6.3.1.1 Crystallinity

A range of complementary measurements were carried out on the ZnO layers beginning
with an assessment of the crystallinity by XRD. The influence of processing temperature
on the crystallinity of ZnO films was investigated, as shown in Figure 6.1. To get clear
XRD signal, we increased the spin coating to 12 cycles, instead of 4 cycles used in solar
cell fabrication. No peaks corresponding to crystalline ZnO are seen in the XRD patterns
of the films deposited at 100 °C. Films deposited at 200 °C and those with extra
postannealing at 450 °C show similar behavior, strong (100), (101) peaks and weak
(002) peaks of ZnO, consistent with the reference pattern (ICSD 01-076-0704). The
intensities of (100) and (101) peaks of ZnO (450 °C) are greater than those of ZnO
(200 °C). The grain size of ZnO layers was calculated by the Scherrer method, Eqn 2.1,
shown in Chapter 2. An increase in the d(o1) crystallite size from 31.0 nm (200 °C) to
52.3nm (450 °C) can be observed in Table 6.1. Also a slight increase in the do0)
crystallite size from 51.6 nm (200 °C) to 59.0 nm (450 °C) is confirmed. Calculations
from both peaks illustrate that ZnO (450 °C) has larger grain than ZnO (200 °C). Thus,
from the XRD results the ZnO films processed at 100 °C appear to be macroscopically
amorphous, while ZnO (200 °C) and (450 °C) show polycrystalline behaviour.
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Figure 6.1 XRD patterns of ZnO films processed by the aqueous method on glass, with different

processing temperatures.

Table 6.1 The grain sizes calculated from XRD patterns for ZnO layers with different temperatures

100 °C 200°C 450 °C
FWHM (°) of (101) peak 0.36 0.25
Grain size (estimated from (101) peak) - 31.0nm | 52.3nm
FWHM (°) of (100) peak 0.25 0.23
Grain size (estimated from (100) peak) - 51.6 nm | 59.0 nm

It should be noted that when annealed at 450 °C, both the ZnO films by ammonia method
and those by sol-gel method have different crystalline orientation. This difference may
come from the different rates of the evaporation of the solvents and the thermal
decomposition of the precursors in the two systems. For the solvents, the boiling point
of ammonium hydroxide (25 % w/w) is 27 °C and that of 2-methoxyethanol is 125 °C.
The rapid kinetics of dehydration, condensation, and ammine decomposition reactions
of carbon-free ZnO preparationl!l hinder the growth towards (002) preferential
orientation. While for the sol-gel method, the low rate of evaporation of the solvents and
the thermal decomposition of the precursors enables enough time during crystallisation

to get minimum surface energy so that highly (002) oriented films are synthesised.

Further investigation on the nanoscale crystallinity of ZnO (100 °C) was conducted by
high resolution transmission electron microscopy (HRTEM), Figure 6.2. Here the TEM
result clearly shows that the 100 °C processed film comprises of nanocrystalline ZnO.
Figure 6.2 shows ZnO (100 °C) deposited on ITO substrate (lower dark regions) and a
number of lattice fringes have been annotated with their spacing and the corresponding

wurtzite ZnO plane. The inset shows a fast Fourier transform (FFT) further
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demonstrating the presence of multiple crystalline domains within the film. Peak
broadening caused by the small grain size combined with the low film thickness could

explain the absence of diffraction peaks for ZnO (100 °C) in XRD.

...‘ ¥ O

Prote‘ctlve Iayer

Figure 6.2 HRTEM image showing the 100 °C annealed ZnO layer deposited on ITO substrate (lower
dark area), indicating the nanocrystalline nature of ZnO (100 °C) films. A selection of fringe spacings
and corresponding wurtzite ZnO planes are annotated and the inset shows a fast Fourier transform

(FFT).

6.3.1.2 Chemical analysis

To understand the composition evolution with processing temperature, we first
performed FTIR analysis, as shown in Figure 6.3. The as cast film shows strong O-H
stretching and N-H deformation features, indicating the presence of Zn(OH)x(NH3),2x+*
precursor. While for the films annealed at 100 and 200 °C, the signal is almost the same,
no obvious O-H stretching and N-H deformation features detected. This illustrates that
the precursor has been fully decomposed into ZnO after annealing at 100 °C, and that the

H0 solvent has evaporated.
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Figure 6.3 FTIR spectra of ZnO with different processing temperatures.

The chemical composition was further investigated by XPS. Spectra of the O 1s core

levels are shown in Figure 6.4, with data for the C 1s, N 1s, Zn 2p in Figure 6.5. To ensure

a fair comparison among peak positions, all spectra with different ZnO temperatures are

corrected to the adventitious C 1s signal at 284.8 eV. The O 1s spectra display two

overlapping peaks, the lower binding energy peak assigned to Zn-O (oxide) peak and the

higher binding energy assigned to the O-HI2l. The O-H (oxide) signal may come from

adsorbed water from the atmosphere, -OH dangling bond at the surface and/or zinc

hydroxide impurities. A systematic decrease in the intensity of the O-H, relative to the

Zn-0 (oxide) peak, can be observed as the temperature increases.
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Figure 6.4 ZnO XPS spectra of O 1s, with different processing temperatures.
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The N 1s spectra does not show any observable peaks for ZnO processed between
100 °C and 450 °C; this is in excellent agreement with the FTIR results, indicating that
no zinc precursor residue remains. Combined with the aforementioned results,
assuming that the amount of adsorbed water is similar for ZnO films processed between
100 and 450 °C, it was concluded that the 100 °C annealed film is mainly composed of

Zn0 nanoparticles but with a small amount of -OH dangling bond and/or zinc hydroxide

impurities.
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Figure 6.5 ZnO XPS spectra of C 1s, N 1s and Zn 2p, with different processing temperatures.

The FTIR and XPS results reveal that when fabricating low temperature processed ZnO
layers, the precursor can be removed in ammonia-based carbon-free chemistry, while

still remains in sol-gel method presented in Chapter 3.

6.3.1.3 Optical properties

For the use of the ETL attached to transparent electrode, the transmission of ZnO films
by carbon-free method under different processing temperatures was investigated,
against an air reference, shown in Figure 6.6. To accurately consider the situation in
solar cells, films were deposited on ITO substrates. High transmission (75-95%) was
obtained in the visible region at all ZnO deposition temperatures. Highly uniform, planar

films were deposited which is confirmed from the Fabry Perot oscillations observed.
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Figure 6.6 Left: UV-vis spectra for glass/ITO/Zn0O stacks with different processing temperatures;
Right: An optical photo of a glass/ITO/Zn0 (100 °C) substrate.

We also calculated the optical bandgap based on the method described in Chapter 3. The
Tauc plot ([a(hv)]2~hv) and the estimated E; of different films are shown in Figure 6.7,
against a quartz reference. The E; of the as cast film is 5.54 eV based on the direct
bandgap model. Because quartz is used as a reference, the signal is considered only from
the deposited film, i.e. the Zn(OH)x(NH3),2%+ precursor. For films processed from 100 to
450 °C, the measured absorption edge is red shifted as the temperature increases from
367 nm (100 °C) to 382 nm (450 °C). The corresponding optical bandgaps are from
3.38 eV (100 °C) to 3.24 eV (450 °C). The Eg of ZnO (450 °C) is similar to that of high
temperature processed ZnO by sol-gel method in Chapter 3, which is close to the
intrinsic bandgap of ZnO. The E; value of the ZnO processed at 100 °C by ammonia
method is identical to that of ZnO processed at 110 °C by sol-gel methods. This suggests
that 100°C annealed film by ammonia method may also have nanoscale ZnO
components, derived from the quantum confinement of ZnO nanoparticlesBIll“l, which
corroborates our TEM results. With the temperature increase, the crystalline size

increases, which is commensurate with the XRD results.
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Figure 6.7 Tauc plots calculated from ZnO films on quartz substrates.

Although both are nanoparticles, the low temperature processed ZnO films by ammonia
and sol-gel methods are different. Unlike sol-gel derived films, ZnO (100 °C) by ammonia
is pure nanoparticles without solvent and precursor residues, as confirmed by XPS and
FT-IR results.

6.3.1.4 Surface morphology

The morphology of ZnO layers on ITO substrates was characterised by AFM and SEM.
The AFM results are shown in Figure 6.8. Film surface (thickness: 30 nm) at all
processing temperatures are smooth. And a well-defined granular structure is observed
on ZnO (100 - 450 °C) surfaces. The smooth surface of as-cast films (rms roughness:
0.56 nm) may come from residue of solvent and precursor complex. When processed at
100 °C, the rms roughness increases to 3.22 nm. This may be because the energy from
heating is just enough to remove the solvent and to break the bond of precursor
complexes, as confirmed from the XPS and FT-IR results. When the temperature
increased to 200 °C, rms roughness drops to 1.90 nm. The extra energy may allow the
particles to move towards the film surface, resulting in a smoother film. When the
temperature reaches 450 °C, larger grains are formed as confirmed from the XRD results,

and the surface has a higher roughness of 2.73 nm.

158



24.6 nm

20.0

15.0

10.0

3.0
0.0

i B LR IRk 23.0 nm
2@ 4505.CY .
RMS:= 2.73 fumn~*

20.0
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0
0.0

Figure 6.8 AFM image of ZnO films on ITO substrates, inset is the rms roughness of the films.

The SEM images indicate excellent spatial uniformity for all ZnO films, as shown in
Figure 6.9. Large area images show full coverage for all films, as shown in Appendix D.
The as cast film displays ‘cloud-like’ morphology due to the unreacted precursor and
solvent residue. After annealing, a granular morphology is shown for all films
prepared >100 °C. The surface roughness in SEM images is in agreement with the AFM
results, especially clear with large area images in Appendix D. In addition, no detectable

cracks are observed in all ZnO films processed at 100 to 450 °C.
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Figure 6.9 SEM images of ZnO layers with different processing temperatures.

The granular size measured from SEM images is shown in Table 6.2, indicating larger
granular size with increasing annealing temperature. It should be noticed that the
granular size of ZnO (100 °C) is around 20 nm, which should not be the grain size
according to the aforementioned discussion of structural and optical results. We
suppose the granular morphology in ZnO (100°C) is clusters of congregated
nanoparticles after 100 °C moderate heating. As for ZnO 200 and 450 °C, the average
size measured by SEM images is lower than the grain size calculated from XRD. But the
trend is the same. The difference of grain size measured by SEM and XRD is because that
the value by XRD is measured in the vertical direction while the value by SEM is

evaluated along a horizontal axis.

Table 6.2 The granular size calculated by SEM images for ZnO films with annealing temperatures

ascast | 100°C 200°C 450 °C
Average grain size (nm) --- 20.4 29.1 38.2
Standard deviation (nm) --- 5.8 6.8 8.6

6.3.1.5 Electrical properties
Bottom gate, bottom contact thin film transistors (TFTs) of ZnO films were prepared to

investigate the electron transport properties of these materials. Transfer curves
160



measured under ambient conditions for several unencapsulated transistors annealed
between 100 °C and 450 °C are shown in Figure 6.10. The curve for as cast film is too
resistive and showing no on/off effect, so it was not displayed here. Between 100 °C and
450 °C, lower threshold voltages and higher channel current on/off ratios were
observed with increasing temperatures, indicating improved electron transport. The
turn-on voltage shifts towards more negative Vg with the increase in processing
temperature. This shift suggests that higher annealing temperature leads to higher
concentration of free carriers within the channel. Enhanced electron transport with
higher annealing temperature is also demonstrated from the field effect mobility
calculated from saturation region based on Eqn 2.6, shown in Figure 6.11. The as cast
film has very low mobility, 3.4 x 10-¢ cm? V-!s-1, which may be due to the unreacted
precursor and solvent. For films at 100 - 450 °C, the mobility increases monotonically

with the processing temperature, from 0.05 to 0.39 cm?2 V-1s-1,
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Figure 6.10 Transfer curves of TFT with ZnO films in saturation region, Vp =35 V.
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Figure 6.11 Field effect mobilities of ZnO films calculated from transfer curves in saturation region.
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We compare the processing temperature dependence of mobility in two systems:
ammonia vs. sol-gel. Higher temperature brings higher mobility in the ammonia system;
while in the sol-gel system, high temperature annealed films have decreased mobility.
This may come from different film orientation in two systems. High temperature films
by sol-gel method are highly (002) oriented, while those by the ammonia method have
(100) and (101) orientations. The mobility measured by TFT is related to the electron
transport in the lateral direction i.e. parallel to the substrate. So higher (002) orientation
may not increase the grain size in the lateral direction. But in the ammomia system, the
(002) growth in lateral direction may increase with improved (100) and (101)
orientation, accompanying with larger particle size. So the measured TFT mobility is
increased with annealing temperature in the ammonia system. For low temperature
processed ZnO, although both are ZnO nanoparticles, the mobility of ZnO by ammonia
(0.05 cm?V-1s-1) is nearly 104 higher than that by sol gel (5.3 x 10-¢ cm2V-ts-1). This is
because the sol-gel derived one has organic residue left, which significantly hinders the
lateral electron transport. However, when ZnO acts as an ETL in solar cells, the electron
transport is in the vertical direction, typically only 10’s nm path, which reduces the

impact by electron field effect mobility.

The Fermi levels (Er) of ZnO films on ITO substrates were calculated from the contact
potential difference measured by Kelvin Probe in air, Table 6.3. Heating from the as-cast
film to 100 °C does not shift the Er, which remained stable at -4.46 eV. Continued heating
to 200 °C leads to a slight reduction in Er (-4.40 eV). On the contrary, the Er was
significantly shifted downward to -4.63 eV with further annealing at 450 °C. Native
defects in ZnO (200 °C), including Zn interstitials and oxygen vacancies, may be partially
recovered in ZnO at 450 °C by the enhanced thin film crystallinityl>-7l(confirmed by the
XRD results); this may be the cause of the deeper Er shown by the latter. In addition, the
work function shift measured by Kelvin probe is in excellent agreement with our XPS
results: the B.E. position of the Zn-O (oxide) peak shifts towards higher binding energy
upon annealing at 450 °C, Appendix D. This is indicative of a shift in the Fermi level
position, which we would expect to manifest itself as a rigid shift of the core levels, and
is indeed what we see in the Zn-O (oxide) environment of the O 1s. The same trend is

also observed from the Zn 2p spectra, Appendix D.

Table 6.3 Work functions of ZnO prepared on ITO substrates, measured by Kelvin probe

ITO " Zn0 Zn0 Zn0
as cas
(100 °C) (200 °C) (450 °C)
Work
. 4.47 4.46 4.46 4.40 4.63
Function (eV)
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The work functions in two systems, sol-gel vs. ammonia, are compared. For low
temperature processed films, sol-gel derived ZnO (110 °C) exhibits lower work function,
4.13 eV in Chapter 3 and 4.34 eV in Chapter 5, than aqueous processed ZnO (100 °C)
4.46 eV. MEA residues contribute to the lower work function in sol-gel derived films.
With the processing temperature increasing, work functions both become larger in
higher temperature processed ZnO during the enhanced crystallisation process, 4.60 eV

(sol-gel) vs. 4.63 eV (ammonia).

6.3.2 ZnO films for organic solar cells

We also proved the suitability of ZnO as ETL in OPVs. OPVs were fabricated in the
inverted architecture, with a typical structure (layer thicknesses in parenthesis) of glass
/ ITO (140 nm) / ZnO (20 nm) / PCDTBT:PC7:BM (100 nm) / MoOx (10 nm) / Ag
(100 nm), shown schematically in Figure 6.12a, alongside the relevant energy levels of
the materials/8-111 in Figure 6.12b and molecular structure of the active layer materials
in Figure 6.12c. Both ZnO and the active layer were deposited from solution and the
MoOy/Ag thermally evaporated. Representative current-voltage (J-V) characteristics are
shown in Figure 6.12d where the ZnO processing temperature is varied over the range
100 - 450 °C, also included is data for a control device prepared without ZnO. Statistical
data for all devices prepared are summarized in Table 6.4. From these data it is clear
that the ETL processing temperature is having a significant impact on device
performance. Overall the best performing devices are observed at processing
temperatures of 100 °C, where the champion device shows > 4.3% PCE and average Voc,
Jsc and FF of 0.89V, 8.5 mA/cm? and 52% respectively. The device characteristics over
the temperature range 100 - 200 °C are comparable, and drop at 450 °C, consistent with
our previous reportl!2l where the onset of crystallisation in the ETL and a change in
work function result in Voc and FF losses. The dark J-V scans show improved blocking
behavior at the lower processing temperatures, Figure 6.13, thus our ETL fulfills the low
temperature and charge selective transport criteria of such an interlayer. Unsurprisingly
poor performing devices are measured when no ETL is included in the device stack,

suggesting that the necessity of ZnO ETL that enables device operation.
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Figure 6.12 (a) Schematic illustration of OPVs with inverted device architecture; (b) Energy level
diagram of devices; (c) Molecular structure of electron donor (PCDTBT) and acceptor (PC71BM)
active layer materials and (d) representative J-V curves for devices prepared using ZnO ETLs

deposited at the temperatures indicated.

Table 6.4 Statistical data of PCDTBT:PC71BM based OPV devices

Voc Jsc FF PCE Rs Rsh
V) (mA/cmz2) (%) (%) (Q cm?) (Q cm?)
no ZnoO 0.242 6.61 31.6 0.52 26.2 67.7
+0.049 +1.00 2.7 +0.16 3.2 *27.7
ZnO (100 °C) 0.886 8.47 52.1 3.97 18.5 569.9
+0.003 +0.72 +1.3 +0.28 2.4 *39.0
ZnO0 (200 °C) 0.883 8.41 51.1 3.86 20.3 607.3
+0.004 +0.37 0.6 +0.22 0.8 +163.6
ZnO0 (450 °C) 0.591 6.65 36.1 1.43 43.1 255.5
+0.011 +0.61 +14 +0.08 2.4 +51.1
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Figure 6.13 Representative dark J-V curves for PCDTBT:PC71BM solar cells prepared using ZnO ETLs

deposited at the temperatures indicated.
6.3.3 ZnO films for perovskite solar cells

6.3.3.1 Wetting

To check the wetting properties, the contact angle of a CH3NH3Pblz precursor droplet
with GBL and DMSO as co-solvent (7:3 by volume) was measured on the ZnO layers and
Zn0O/PCBM bilayer. The solvent is the same as the one in the previous chapter, the
mixture of GBL and DMSO (7:3 by volume). The results show that the wetting is good on
all ZnO films and it becomes better with the increase of ZnO processing temperature,
Table 6.5. A dramatically improved wetting is shown on ZnO (450 °C). Although here the
wetting is worse when dropped on PCBM surface, we still can get fully covered
perovskite films on top of PCBM by ameliorating the wetting via preheating the PCBM

substrates at around 80 °C before spin coating.

Table 6.5 Contact angles of CHsNHsPbls precursor droplet (solvents: GBL:DMSO) on ZnO and
ZnO/PCBM surfaces

Zn0 Zn0 Zn0 Zn0 (100 °C)
(100 °C) (200 °C) (450 °C) /PCBM

as cast

Contact angle

© 345+6.1 | 284177 | 27128 7.5+0.1 594 +8.3

6.3.3.2 Thermal stability

To investigate the influence of underlying aqueous processed ZnO layers on the
CH3NH3PbI3 thermal stability, we annealed glass/ITO/Zn0/CH3;NH3Pbl; stacks at 100 °C
in a N filled glovebox for 60 s, as discussed in Chapter 5. The normalised XRD patterns
are shown in Figure 6.14. The (001) peak of Pbl; is at 12.8 °20 and the (110) peak of
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CH3NH3Pblz is at 14.2 °200131114]. We can see that as-cast film induces high thermal
instability in perovskite films. These have been almost totally decomposed into Pbl,
with only a small CH3NH3Pblz (110) peak left. This result may originate from the residue
of unreacted precursor and H>0. When ZnO films were annealed at temperatures
ranging from 100 to 450 °C, the overlying perovskite film displayed similar thermal
stability: only weak Pbl, peaks were formed indicating the presence of traces of Pbl,
with similar Pbl,:CH3NH3Pbls peak intensity ratios on all three films. As aforementioned,
aqueous processed ZnO films (100 - 450 °C) are polycrystalline films, with the
crystallite size increases with the processing temperatures. Thus, the XRD data shown
here proves that ZnO crystalline size has little influence on the perovskite thermal

stability.

| CH,NH,POL
L (110

ZnO (450 °C) 60s

ZnO (200 °C) 60s

ZnO (100 °C) 60s

e

Normalised Intensity (A.U.)

' ZnO (as cast) 60s

0 12 14 16 18 20
20 (degrees)

Figure 6.14 XRD patterns of glass/ITO/Zn0O/CHsNHsPbls stacks annealed at 100 °C in a N: filled

glovebox, normalised data with different ZnO films under 1 min thermal stability test.

We also compared the perovskite thermal stability with low temperature processed ZnO
by two methods. From the XRD results in Figure 6.14 and in Chapter 5, the low
temperature aqueous processed ZnO has better perovskite thermal stability than the
sol-gel derived counterpart. This originates from the difference of their chemical
composition. Aqueous processed ZnO at 100 °C is pure ZnO nanoparticles without
unreacted residues, which is confirmed by FT-IR, XPS and TEM. But sol-gel derived ZnO
at 110 °C has lots of organic residues left, which may accelerate the perovskite

decomposition while heating.

Here we did not calculate the grain size of perovskite using the Scherrer method. This is
because the instrumental broadening is confirmed as 0.09° by a single silicon substrate

while the FHWM of CH3NH3Pbls is only 0.11° that is too small to estimate the exact grain
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size. So SEM measurement was conducted to investigate the processing temperatures of

aqueous processed ZnO dependence of perovskite grain size and surface morphology.

6.3.3.3 Surface morphology

The morphology study of perovskite films was conducted by SEM, Figure 6.15. The
thermal stability test condition was the same as that for XRD. Compact surface were
formed for all the films. Statistic data of grain size is shown in Table 6.6. The average
grain size of iodide compound films on top of as cast zinc precursor film is large, around
335 nm and together with the XRD results, suggested that Pbl, was the main component
of this film. This large grain size may originate from the crystallisation process of Pbl,.
As for perovskite films on top of ZnO 100-450 °C, although the XRD figure shows similar
ratios for Pbl;:CH3NH3Pbl; peak intensity, the perovskite average grain size increases
from 182 nm on ZnO (100 °C) to 351 nm on ZnO (450 °C). We suppose the ZnO particle
size may be a cause for this trend. It may influence the surface density of initial
nucleation sites for perovskite. More nucleation sites may form in cavities of ZnO films
processed at low temperatures, which have smaller particle size with respect to films
treated at higher temperatures. Thus, smaller grains will form due to the competition of
more nucleation sites during crystalline growth(15l. Wetting may be another reason. The
aforementioned results show that the wetting is good on all ZnO films and it becomes

better with the increase of ZnO processing temperature.

as cast 60s Zn0 (100 °C) 60s

Zn0 (450 °C) 60s

Figure 6.15 SEM images of CH3NHsPbIs on top of ZnO films, annealed at 100 °C in a N: filled glovebox
for 60 s.
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Table 6.6 The grain size measured by SEM images for perovskite films on ZnO films, annealed at

100 °Cin a N: filled glovebox for 60 s.

Zn0 ZnO Zn0
as cast . . .
(100°C) | (200°C) | (450°C)
Average grain size (nm) 334.6 182.0 234.6 350.9
Standard deviation (nm) 115.1 48.5 62.4 113.6

6.3.3.4 Device performance

We subsequently prepared perovskite solar cells with ZnO (100 °C) and ZnO (450 °C) to
check the suitability of aqueous processed ZnO films as ETLs. The conventional device
architecture is the same as that in the previous chapter, a typical structure of glass / ITO
(140 nm) / ZnO (20 nm) / CH3NH3Pblz (300 nm) / spiro-OMeTAD (100 nm) / MoOx
(10 nm) / Ag (100 nm). Representative ]J-V characteristics are included in Figure 6.16. It
can be seen that devices with ZnO (100 °C) and ZnO (450 °C) both work reasonably well,
resulting in PCE values greater than 12% with a 0.2 V/s rate reverse scan. However, a
J-V hysteresis is present in both of them; this is a common problem in bilayer oxide ETL
in conventional perovskite device structuresl16-18l. The hysteresis issue is less
pronounced in devices with ZnO (450 °C), which also showed higher FF than those with
ZnO (100 °C). This may originate from two factors. One is the perovskite grain size with
two ZnO films. Grain boundary is proved to dominate ion migration in polycrystalline
perovskite films and single-crystal perovskite devices display negligible ]J-V hysteresis(19l.
In our cells, larger perovskite grain size with ZnO (450 °C) reduced the number of grain
boundaries, which may reduce the ]-V hysteresis. The other factor is the electron
mobility of the different ZnO films. Higher mobility in ZnO (450 °C) may reduce the
charge accumulation at the perovskite interface, which also decreases the ]-V

hysteresis[18l.

Compared to the low temperature processed ZnO by sol-gel, aqueous processed ZnO
(100 °C) brings better device performance. This is because the latter displays better
perovskite thermal stability, which results in less perovskite decomposition during the
crystallisation process by annealing. The corresponding less defects may be responsible

for the better cell performance.

168



(@) 27— () 7
IS i 7 L
O (V) | (mA/cm?) (%) & (V) | (mA/cm?)
g Forward 097 2119 0343 7.12 5 Forward 1.06  20.00 0443 951
< Reverse 1.05  24.03 0493 12.55 < Reverse 1.06 2092  0.556 12.42
E o E o
2 2
£ £
C C
[ [0
a o
< <
o o
5 -20 —— 100 °C forward 5-204_— —— 450 °C forward
o _,//__ —— 100 °C reverse o —— 450 °C reverse
02 00 02 04 06 08 10 12 02 00 02 04 06 08 10 12
Voltage (V) Voltage (V)

Figure 6.16 Representative J-V curves for perovskite devices prepared using (a) ZnO (100 °C) and (b)

ZnO (450 °C) as ETLs, measured by forward and reverse scans with a 0.2 V/s scan rate.

6.3.3.5 Interfacial modification

We also carried out interfacial modification between ZnO and perovskite by PCBM, the
same as that in the Chapter 5. To be consistent with our aim to make low temperature
processed ETL, the modification was conducted on ZnO treated at 100 °C. We compared
the XRD patterns of perovskite on ZnO (450 °C) and ZnO (100 °C)/PCBM, Figure 6.17.
After annealing at 100 °C in N2 for 20 min, a strong peak of Pbl, appears for the
CH3NH3Pblz on ZnO (450 °C), while it is negligible for the CH3NH3Pblz on
Zn0(100 °C)/PCBM. This result proves that the insertion of PCBM significantly improves

perovskite thermal stability.

Here we notice that after 20 min thermal stability test, the film on aqueous processed
ZnO (450 °C) has larger Pbl;:CH3NH3Pblz peak intensity ratio than that with sol-gel
derived ZnO (450 °C), which means sol-gel derived ZnO (450 °C) has better perovskite
thermal stability than that by aqueous processing. High temperature processed ZnO
films by two methods show similar average particle size: 34.2 nm (sol-gel) and 38.2 nm
(aqueous) by SEM. There are two possible factors which influence their difference on
perovskite thermal stability. One factor is the surface roughness, RMS 1.78 nm (sol-gel)
vs. 2.73 nm (aqueous). Larger roughness brings more exposed dangling bond, which
may enhance the perovskite decomposition during annealing. The other factor is the
ZnO film orientation, (002) by sol-gel vs. (100) and (101) by aqueous method. The
surface atomic densities of (110), (100) and (002) are 0.22 x 1016, 0.12 x 1016 and
0.11 x 1016, respectivelyl20]. Because the atomic ratio of Zn/O is 1, higher surface atomic
density in aqueous processed ZnO films may lead to enhanced perovskite decomposition
via deprotonation. Specifically, the methylammonium cations produce methylamine,

with the released protons adsorbed on vicinal ZnO surface oxygen atomsI21l.
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Figure 6.17 XRD patterns of glass/ITO/ZnO (450 °C)/CH3NHsPbIs (left) and glass/ITO/ZnO (100 °C)/
PCBM/CH3NHsPbIs (right) stacks annealed at 100 °C in a N: filled glovebox for 20 min.

The PCBM modification was also shown to reduce the photocurrent hysteresis of
perovskite solar cells, Figure 6.18. Excellent performances were achieved with
Zn0/PCBM bilayer as ETLs, with negligible ]J-V hysteresis under 0.2 V/s scan rate. The
device gave a PCE of 15.1%, a Voc of 1.0V, a Jsc of 20.5 mA/cm? and a FF of 0.737 under
standard AM1.5 solar illumination. Thus, a low-temperature processed (< 100 °C),
thermally stable, and efficient perovskite solar cells with conventional structure,
showing negligible hysteresis, are obtained with solution processed ZnO (100 °C) /
PCBM stack as ETLs. The incorporation of PCBM was found to shift the Voc, Jsc and FF
compared to the device with bare ZnO as ETL. To understand the influence of PCBM on

the device performance change, we carried out a range of experiments.
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Figure 6.18 Representative J-V curves for perovskite devices prepared using ZnO (100 °C)/PCBM as

ETLs, measured by forward and reverse scans with 0.2 V/s scan rate.
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The addition of PCBM led to a small loss of Js¢, 20.5 mA/cm?2 (ZnO/PCBM) compared to
24.0 mA/cm? (ZnO as its own). This may be caused by increased light absorption from
PCBM, confirmed from UV-visible transmission spectra of ZnO (100 °C) and ZnO
(100 °C)/PCBM on ITO substrates, Figure 6.19. The insertion of PCBM decreased the
transmission in visible region. Thus, the adjacent perovskite absorbed less light, which

results in Jsc loss.

100
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Figure 6.19 UV-visible transmission of glass/ITO/Zn0 (100 °C) and glass/ITO/Zn0O (100 °C)/PCBM

stacks.

As for Voc, ZnO as its own as ETL shows higher value (1.05 V), compared to 1.00 V with
Zn0O/PCBM bilayer as ETL. From the aforementioned XRD results, direct contact
between perovskite and ZnO caused a trace of Pbl;. Pbl,, originated from thermal
decomposition, was reported at the perovskite grain boundaries and was shown to
effectively passivate the perovskite filmsl22l. This passivation may reduce recombination

in the grain boundaries and therefore increase the Voc.

However, the most significant influence of PCBM is the FF enhancement, from about
50% (ZnO) to above 73% (ZnO/PCBM). This may originate from several factors. First,
the surface morphology of ZnO and ZnO/PCBM films was investigated by AFM, Figure
6.20. The insertion of PCBM reduced the surface roughness, changing from 3.22 nm to

0.34 nm. This may improve the interfacial contact between the ETLs and perovskites,

which increases the FF.

Second, the presence of PCBM beneath the perovskite film could passivate the
perovskite trap states at the surface, which has been proved on both inverted(23] and
conventionall24-26] perovskite device structures, enhancing the FF as well as eliminating

the J-V hysteresis.
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Third, PCBM modified the work function of ETLs. The Fermi levels (Er) of ZnO (100 °C)
and ZnO (100 °C)/PCBM on ITO substrates were calculated from the contact potential
difference measured by Kelvin probe in air, Table 6.7. With the addition of PCBM layer,
the work function decreases from 4.46 eV at ZnO (100 °C) to 4.35 eV. This shift may
facilitate the electron collection in perovskite solar cells, which contributes to the
increased FF and reduced ]J-V hysteresis(?’l. Schematic energy level of each layer in

devices is shown in Figure 6.211271[28],

E Re-e - 24.6 nm P - 271

7001005 C i 710.1004C/PCBM 250

RMS=3:27%m - WO RMS — 0.34 nmy

F g — - = " 3‘ =1 B
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Figure 6.20 AFM images of ZnO (100 °C) and ZnO (100 °C)/PCBM on ITO substrates.

Table 6.7 Work functions of ZnO (100 °C) and ZnO (100 °C)/PCBM on ITO substrates, measured by

Kelvin Probe.

ZnO0 (100 °C) ZnO (100 °C)/PCBM
Work Function (eV) 4.46 4.35
-3.75 eV

ZnO/PCBM
-4.35 eV
-4.47 eV
T
-4.7 eV
Ag
Spiro-OMeTAD
-5.22 eV
-53eV
-6.9 eV
MoOy

Figure 6.21 Flat band energy diagram showing the energy levels of the various materials contained
in our device stacks. The measured change in work function of the aqueous processed ZnO (100 °C)
and ZnO (100 °C)/PCBM is highlighted.
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Here we notice that the introduction of PCBM on aqueous processed ZnO (100 °C) gives
an opposite work function shift when compared to that by sol-gel method, as shown in
the Chapter 5. This can be explained by the difference of the chemical component in two
ZnO films. In sol-gel method, the low work function of sol-gel derived ZnO (110 °C) films
is ascribed to the interfacial dipole formation between electron accepting ZnO and the
electron donating amine group due to the MEA residuesl!?l. The influence of the
interfacial dipole on film work function is alleviated by the PCBM coating. While in
aqueous method, ZnO processed at 100 °C is already pure ZnO nanoparticles, thus the
PCBM coating shows its ability to decrease the work function. To further confirm this,
we measured the work function shift of sol-gel derived ZnO (450 °C) with PCBM layers,
as shown in Table 6.8. In Chapter 3, sol-gel derived ZnO (450 °C) has been confirmed to
be pure ZnO without organic residues. With the insertion of PCBM, the work function is
shifted from 4.61 to 4.57 eV, which is the same trend with aqueous processed ZnO
(100 °C).

Table 6.8 Work functions of sol-gel derived ZnO (450 °C) and ZnO (450 °C)/PCBM on ITO substrates,

measured by Kelvin Probe.

ZnO0 (450 °C) Zn0 (450 °C)/PCBM
Work Function (eV) 4.61 4.57

6.4 Conclusions

Here we successfully fabricate ZnO thin films processed using a remarkably simple
solution processing and environmental friendly route. By carrying out a range of
complementary measurements, we demonstrate the importance of the processing
temperature on tuning structural, optical, compositional, surface morphological and
electrical properties of the ZnO films. Using a combination of TEM and XPS, 100 °C
processed films are confirmed as ZnO nanoparticles, without precursor and water left.
The ZnO particle size increases with annealing temperature, which is supported by the
XRD, SEM and UV-Vis results. Significant changes on electron mobility and work
function with ZnO processing temperature are shown by thin film transistor and Kelvin

probe, respectively.

We prove the 100 - 200 °C processed ZnO films as excellent ETLs in PCDTBT:PC7:BM
organic solar cells. Our objective was to develop a low temperature, environmental
friendly, easy solution processable charge selective interlayer for organic photovoltaic
devices that had high optical transparency, good charge transport and smooth compact
surface morphology. The ZnO films we have developed fulfills the criteria for OPV

interlayers.
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Aqueous based ZnO films are also used as ETLs for methylammonium lead iodide

perovskite solar cells. The processing temperature of ZnO influenced the surface

morphology of perovskite films and, to a lesser degree, affected their thermal stability.

ZnO films as ETLs resulted in efficient solar cells but did not overcome the issue of |-V

hysteresis. By introducing PCBM as an interfacial modifier, the perovskite thermal

stability was enhanced and the photocurrent hysteresis significantly reduced. The

ZnO/PCBM bilayer ETLs fabricated at temperatures lower than 100 °C enable

low-temperature processed, thermally stable, and efficient perovskite solar cells with

conventional structure which showed negligible hysteresis.
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Chapter 7 - Conclusions and Future Work

In this thesis, ZnO thin films have been investigated as electron transport layers (ETLs)
for organic photovoltaic (OPV) and perovskite solar cells. With the aim of low
temperature, simple and solution processing of ZnO films, two fabrication methods were
employed: a sol-gel route and another utilizing aqueous ammonia as a solvent. Thin film
properties of ZnO films deposited by both methods were studied using a range of
complementary measurements and techniques. It has been shown that sol-gel and
aqueous processed ZnO films both are effective ETLs in the application of OPVs. In the
application of perovskite solar cells, the intrinsic thermal instability of the perovskite
fabricated on ZnO has been overcome by incorporating a PCBM interlayer, resulting in

all-low-temperature, thermally stable, low hysteresis and high performance devices. The

detailed comparisons of ZnO by two methods are as follows:

Sol-gel chemistry

Aqueous processing

Composition

Low temperature (Low-T):

ZnO nanoparticles embedded in an
extended amorphous organic
matrix.

With T increasing:

Organic residues are gradually
removed;

ZnO particle size increases.

High temperature (High-T):

(002) orientation

due to slow processes of solvent
evaporation and decomposition or
Zinc precursor.

Low-T:
ZnO nanoparticles only.

With T increasing:
ZnO particle size increases.

High-T:

(100) & (101) orientation

due to fast processes of solvent
evaporation and decomposition or
Zinc precursor.

Surface Roughness: small Roughness: large
morphology | Compactness: TT, better Compactness: all good
Thickness Thickness easy control in the | Hard to be thicker > 50 nm
control by range of 10 - 200 nm

spin coating

Due to the high solubility

Due to the low solubility

Optical Both highly transparent in the visible region.

transmission | Direct bandgaps calculated from the Tauc plots both increase as the
processing temperature decreases.

Work Low-T: sol-gel derived film shows smaller work function than aqueous

function film, because the former have MEA residues.

With T increasing: work functions both become larger in higher

temperature processed ZnO during the crystallisation process.
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TFT mobility | Low-T: very low Low-T: good
High-T: good High-T: good

OPVs Low-T processed films by two methods both show better performance
than high temperature processed films, indicating that work function is
more important than carrier mobility for thin film ETLs.

The Voc loss and enhanced leakage current with high temperature
processed ZnO are both attribute to the overlarge work function.

Thermal Low-T ZnO: terrible Low-T ZnO: moderate

stability of Zn0 TT, perovskite stabilityT Zn0 TT, perovskite stability—
perovskite High-T ZnO: both moderate,

on ZnO but the former is better than the latter due to ZnO orientation difference.
Low-T ZnO Advantage:

/PCBM (1) PCBM improves perovskite thermal stability on Low-T based ETLs.

bilayer ETLs | (2) PCBM decreases the ETL surface roughness.
(3) PCBM significantly reduces the J-V hysteresis.
Disadvantage:

(1) PCBM absorbs partial visible light.

Work function shifts to higher Work function shifts to lower value
value when PCBM deposited on when PCBM deposited on Low-T
Low-T ZnO Zn0

Further study based on this work can be divided into four topics as follows:
Flexible and large area devices

Because the organic and perovskite solar cells have been successfully fabricated using
all low temperature processes, the corresponding devices fabricated on flexible
substrates, such as PET foils, are of interest. First, the fracture resistance of low
temperature processed ZnO films by both sol-gel and aqueous processing should be
investigated using standard bend tests!ll. Given that one system comprises of ZnO
nanoparticles embedded in an organic matrix and the solely of ZnO nanoparticles, the
influence of the organic amorphous matrix on the fracture resistance may be interesting.
It is clear from the data presented that there are likely significantly fewer pinholes or
macroscopic defects as the organic matrix does not undergo shrinkage or densification;
as is the case in conventional high temperature processed ZnO sol-gel derived films.

Then, the effect of the bending cycles on the solar cell device performance is of interest.

In terms of processing, spin coating used in this work actually is not an ideal method for
large area devices due to; edge effects, inefficient materials use and the requirement for
multiple coats to create dense films. Slot-die coating is a promising candidate for

up-scaling, offering precise control of the film thickness, this method has been
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effectively applied to the photoactive layer coating in OPVI2l and perovskite solar cells[3l.
Sol-gel derived ZnO was reported using slot-die coatingl?l but currently no aqueous
processed ZnO films by slot-die coating are found. This is clearly an area that is worth

exploring, particularly in the possibilities to compare the two ZnO processing routes.
Extrinsic Dopants

Incorporating extrinsic dopants to tune the optoelectronic properties is an interesting
area to explore, to further enhance and tailor the properties of the materials developed
in this work. Alternatively transparent conducting oxides (TCO) can be achieved by
doping ZnO films with donor ie. group Il elements. For sol-gel chemistry, doping is
typically applied on the high temperature processed polycrystalline ZnO filmsI5l The
doping dependence of optoelectronic properties of low temperature sol-gel processed
films is still unclear. For aqueous processing, alkali metallé] and All”l doping has been
applied on the ZnO TFT. We also conducted a preliminary work of Ga doping, shown in
Appendix D. Currently little work has been reported using aqueous processed doped

ZnO0 as TCO, which is a topic worth studying.
Role of organic matrix in one-step processed nanoparticle/organic mixture

The sol-gel derived, low temperature processed ZnO, which was previously commonly
considered as amorphous ZnO, has been confirmed a mixture of ZnO nanoparticles
embedded in organic matrix in this study. The MEA in the organic matrix, which is the
stabiliser used for preparation of the sol-gel precursor, acts as a work function modifier
in solar cells. This simple one-step preparation of nanoparticle/organic mixture film
could be applied to other sol-gel systems, in which oxides and functional organic

substances can form stable complex.

This idea can also be applied to aqueous processing by adding functional organic
material into aqueous zinc precursor solution. For example, films containing ZnO
particles embedded in a cross-linking polymer matrix may achieve enhanced fracture
resistance. Besides, organic light absorber mixed in ZnO films (e.g. perylene bisimide)

can obtain photoconductive ETLs for the application of solar cellsI8l.
Nanostructured ZnO for organic and perovskite solar cells

We have fabricated ZnO nanorods and nanowalls by hydrothermal growth, as shown in
Appendix A. Although some works were reported using ZnO nanostructures in organicl®l
and perovskite solar cells[t0]11], they typically used high temperature processed ZnO
films as seed layers. In our study, the ZnO nanostructures were fabricated at all low
temperature processes. Thus, flexible devices can be fabricated and the influence of

piezoelectric effect of ZnO nanostructure on solar cell performance is of interestl12113],
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The work presented here relies on a well-studied material, ZnO, however it is clear that
there is still lots to learn about this fascinating material and the impact of processing on
the resultant optoelectronic properties. There is even more to explore when we
consider the incorporation of ZnO into an organic matrix, the incorporation of extrinsic

dopants, controlling intrinsic doping etc.
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Appendix A - Sol-gel derived ZnO Films Properties

A.1 Starting materials

Table A.1 Starting materials

Materials Formula Parameters Supplier
Zinc acetate dehydrate Zn(02CCH3)2:2H20 = 99.0% Sigma-Aldrich
(ZAD)
2-amino ethanol (MEA) NH.C;H4+OH Not specified | Sigma-Aldrich
2-methoxyethanol HOCH,CH,0CH3 99.8% Sigma-Aldrich
Zinc nitrate hexahydrate Zn(NO3)2:6H,0 98% Alfa Aesar
Hexamethylenetetramine (CH2)6N4 =99% Alfa Aesar
(HMT)
Potassium chloride KCl = 99.0% Sigma-Aldrich
Polyethylenimine (C2Hs5N)n Branched; Sigma-Aldrich
(PED) Mw~25000

My~10000

PDI~2.5
Potassium hydroxide KOH 85% VWR Chemicals
Indium tin oxide coated In203 - (Sn02)x 12-16 Q/sq PsiOteC UK Ltd
glass substrate 140 nm
(ITO substrate) 12 x 12 mm?
Quartz substrate Si0; 10 x 10 mm?2 UQG Optics

A.2 Film thickness measurement

The thickness of ZnO layers was measured using a DekTak 150. The films were prepared
by spin-coating the solution of concentrations of 0.11 M, 0.3 M, 0.5M and 0.75M
respectively at a loading speed of 500 rpm and a coating speed of 3000 rpm. All the
layers here were deposited at 300 °C and then postannealed at 450 °C. The solution
concentration-dependent thickness is plotted in the Figure A.1. As can be seen, the
thickness of ZnO seed layer increases with the increase of solution concentration. The
average values and standard deviations in detail are shown in Table A.2. It is interesting
that the film thicknesses obtained at a coating speed of 3000 rpm here are nearly equal
to those at a coating speed of 2000 rpm as the thickness is normally considered to be
proportional to w2, where w is the angular velocity!ll. The data of films with 2000 rpm
speed is shown in Table A.3. The purpose of increasing the coating speed is to increase

the large area uniformity which is required in the photovoltaic devices.

180




180
160—-
140-
120-
100-

80

Thickness (nm)

60 -
40

20 1

y = 208.9x - 2.70
r’=0.948

0.1 0.2

T T
0.3 0.4

T T
0.5 0.6

Concentration (mol/L)

0.7 0.8

Figure A.1 The relationship between the thickness of ZnO planar films and the solution

concentration. The average values are plotted and standard deviations are shown as error bars.

Table A.2 Thickness of ZnO planar films at 3000 rpm spinning speed

Concentration
0.1M 0.3 M 0.5M 0.75M
1 34.6 65.3 95.2 154.1
2 30.2 69.1 92.7 161.8
3 28.4 62.5 90.2 162.3
Measured 4 38.8 64.2 89.5 157.7
thickness (nm) 5 41.0 58.7 91.4 161.9
6 36.0 60.3 88.3 158.5
7 30.3 57.8 84.6 154.8
8 28.1 64.7 86.3 157.3
9 24.7 54.4 90.0 160.9
10 27.2 51.7 88.1 157.5
11 43.9 62.0 83.8
12 81.2
85.8
Average thickness (nm) 33.0 61.0 88.2 158.7
Standard deviation (nm) 6.3 5.1 3.9 3.0
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Table A.3 Thickness of ZnO planar films at 2000 rpm spinning speed

Concentration
0.1M 0.3 M 0.5M 0.75M 0.95M
1 27.2 50.9 86.6 160.3 199.3
2 24.8 49.8 85.1 163.1 193.7
3 25.4 57.9 85.4 165.6 185.1
Measured 4 14.8 65.8 74.9 154.0 183.2
thickness (nm) 5 18.8 54.8 76.9 149.3 188.5
6 19.1 65.1 92.5 158.6 198.2
7 38.0 62.1 91.2 150.0 187.6
8 37.5 67.1 90.1 151.6 185.1
9 35.8 53.7 87.7 156.0 198.8
10 39.2 63.1 81.5 143.3 194.0
Average thickness (nm) 28.1 59.0 85.2 155.2 191.3
Standard deviation (nm) 9.0 6.4 5.9 6.9 6.2

A.3 TGA results of zinc acetate dihydrate
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Figure A.2 TGA curve of ZnO formation from zinc acetate dihydrate.

A.4 ZnO nanostructures by hydrothermal growth

ZnO hydrothermal growth was studied with sol-gel derived ZnO thin film as seed layers.
Different nanostructures, including dense thick planar layers, nanowalls and nanorods,

were obtained by controlling the synthesis conditions.

Seeded substrates are suspended in a solution at a given temperature for the
hydrothermal deposition. The formation of ZnO nanostructures is attributed to the

different surface energies of the polar (002) and non-polar (100) surfaces2l. The
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nanorods obtained by this way has been proved to be single crystalline characterised

using transmission electron microscopy (TEM)31.

The recipe of ZnO nanorods growth in this project is mostly determined by the previous
work in the research groupl4l. The reaction of hydrothermal deposition is between
Zn(NO3); and HMT of the same concentration - typically 25mMI2I51. The concentration
of reactants is proved to have an influence on the nanorod diameterlsl. To achieve a high
aspect ratio nanorod array, the temperature of water bath is set to as high as 95°C
because the growth rate along [001] direction is more sensitive to reaction temperature
compared to those along [101] and [100] directionslél. There are generally two kinds of
additives - one is to influence the HMT degradation and the other is to affect adsorption
of ions to ZnO crystalline surfaces. Ammonia is in the first kind as it slows down the
HMT degradation resulting the enhancement of nanorod length!7l. As for the second kind,
two nonreactive additives are available, which are surfactants and inorganic ionic
additives. The addition of polyethylienamine (PEI) surfactant improves the aspect ratio
of nanorods as PEI impedes the growth in the lateral direction via adsorption on the
non-polar surfacesl. In terms of inorganic ionic additives, our research group
developed a novel method using potassium chloride (KCI) to control the nanorod
morphologyl?l. The ability to stabilise the polar (002) surface enables KCl to tune the
process of growth via changing the growth rates of different directions, which is shown
in Figure A.3. By applying low concentration KCl, the length of nanorods is increased and
the diameter is reduced. However, high concentration, which means the complete
adsorption, will result in the near-coalesced formation with planar termination as the
growth of <002> direction is hindered in comparison with that of non-polar <100>
direction. In addition, the uniformity and vertical alignment of nanorod arrays are
improved with the increasing KCl concentration. It is also found that the nucleation step
is not influenced by KCl addition as the nucleation densities keep similar under different
KCl concentrations. The nanorods prepared by this method are single crystals,
confirmed by transition electron microscopy and selected area diffraction[#l.

a) b) <)

1 [002]

[100]

0 mM <100 mM >100 mM

Figure A.3 Schematic diagram illustrating the variation of nanorod growth with KCl addition, a)

0 mM, b) <100 mM, c) >>100 mM. Adapted from Refl2].
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A.4.1 Experimental

Nanorod Synthesis: Zn(NO3);6H;0 (25 mM) and KCI (0.1 M) were dissolved together
with 980 ml deionized (DI) water in a 1 L glass reagent bottle, solution A. Branched low
molecular weight polyethylene imine (PEI, 10 mM) and hexamethyltetra amine (HMT,
25 mM) were put in 20 ml deionized water and were sonicated for 2 hours for complete
dissolution, solution B. The temperature of water bath was held at 95 + 1°C. Substrates
were suspended at a fixed height in the bottle with seed layers facing down. The

pictures of water bath settings are shown in Figure A.4.

Solution A (Zn(NO03)26H20 + KCI) was first mixed together with solution B (PEI + HMT)
at room temperature. The substrates were subsequently put into the bottle filled with
mixed solution. Then we put the bottle into the water bath already reaching 95 + 1 °C to
start the reaction. The growth time depends on the nanorod length needed provided the
reactants were not completed consumed. Growth time of 85 minutes typically gains
~500 nm nanorods arrays. After deposition, the substrates are removed from the bottle

immediately and are rinsed with DI water, then dried at 70 °C in air.

Figure A.4 Pictures of water bath apparatus.

Dense Bilayer: Solution A was changed to Zn(NO3).6H.0 (0.1 M), without KCI.
Solution B was changed to HMT (0.1 M), without PEI. The temperature of water bath
was held at 75 = 1 °C. Growth time was fixed at 3 hours. All other conditions were the

same as nanorod synthesis.

Nanowalls: Nanowalls were obtained by selective-etching the dense bilayer with KOH.
The etching was done by immersing the substrates with dense thick planar layer into
0.25 M KOH solution at 80 °C.

The diameter, length and areal density of the nanorods are quantified from SEM images

utilizing Image] software.
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A.4.2 Nanorods

First the necessary of seed layer on the nanorod growth was confirmed, Figure A.5. No

nanorod was detected by SEM for hydrothermal growth on bare ITO substrate.

Figure A.5 Hydrothermal growth on bare ITO substrates, no nanorod arrays are found.

Then we investigated how seed layer influenced the nanorod growth. The transmission
spectra of ZnO nanorods on seed layers with different heat treatment conditions against
an air reference are shown in Figure A.6. The seed layers were deposited on ITO
substrates with the solution concentration of 0.3 M. The transmission of nanorods all
exceeds 70% in the visible region. An obvious fringe is observed in the nanorods on the
seed layers with 450°C postheating in comparison with the nanorods on the seed layers
without postheating. A possible explanation could be that the seed layer with
postheating is more uniform than that without postheating since rearrangement of ions
and atoms occur and the defects are removed during the postheating process. Thus, the
nucleation and growth of nanorods on a more uniform seed layer result in the uniform

nanorods in thickness.

100-
80
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kel
A
‘€ 404 ZnO (450 °C)
@ ——7Zn0 (300 °C)
© ——Zn0 (200 °C)
= 20- ——2Zn0 (110 °C)
O_
400 600 800 1000

wavelength (nm)

Figure A.6 UV-vis spectra for Glass/ITO/ZnO seed layers with different heat treatment

conditions/ZnO nanorods in the range of 300-1100nm.

185



The influence of heat treatment conditions of seed layers on the nanorods has also been
investigated by XRD, as shown in Figure A.7. The nanorods with postheated seed layers
(450 °C) show much higher (002) peak intensity than the ones with non-postheated
seed layers (110 - 300 °C). This may be attributed to that the ZnO (450 °C) already has
(002) orientation, which will enhance the (002) peak intensity or a better alignment in

the nanorods with postheated seed layers.
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Figure A.7 XRD patterns of ITO/ZnO seed layers with varying processing temperatures/Zn0O nanorod
stacks. (* ITO diffraction Peaks)

Table A.4 The FWHM and (002) peak intensity obtained from XRD patterns of ZnO nanorods with

seed layers of different heating conditions.

Heating conditions of seed layers 110°C 200°C 300°C 450 °C

Thickness of seed layers (nm) 33.01 60.97 88.23 158.69
FWHM (2) 0.17 0.16 0.16 0.16

(002) Peak Intensity (Counts) 11669 6962 20067 184037

The morphology of ZnO nanorods was studied by SEM. The variation of nanorods with
the thickness of seed layers is shown in Figure A.8 and the nanorod diameter, length and
areal density are quantified in Table A.5. All the seed layers were deposited on ITO
substrates, subsequently preheated at 350 °C and postheated at 450 °C. The diameters of
nanorods on 0.1 M and 0.3 M seed layers are smaller than those on 0.5 M and 0.75 M
seed layers. This observation may be related to the smaller grain size of first two seed
layerslél. Correspondingly, the areal density of nanorods grown on the seed layers with
Zn concentrations of 0.1 M and 0.3 M are larger than that grown on the seed layers with
concentrations of 0.5 M and 0.75 M as the density of nucleation sites where the initial
nucleation occurs decreases with the increase of grain size. Also, a lower nucleation
density allows the nanorods to have more free spaces to grow without interfering with

each other, which results in the longer rods. In addition, according to the SEM images,
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the degree of alignment of the nanorods on thinner seed layers (0.1 M and 0.3 M) shows
a better alignment than that on thicker seed layers. This might also be ascribed to the
lower density of nuclei formed in the thicker seed layers, leading to the inclination of the

grown rods.

100 nm*
——

Figure A.8 SEM images of nanorods on the seed layers with different thicknesses, (a) 0.1 M, (b) 0.3 M,
() 0.5M, (d) 0.75 M.
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Table A.5 The diameter, length and areal density of nanorods by variation of seed layer thickness

Concentration of sol solution 0.1 M 0.3 M 0.5 M 0.75 M
Thickness of seed layers (nm) 33.0 61.0 88.2 158.7
Nanorod Diameter (nm) 6311 62£12 76 £17 72+ 16
Nanorod Length (nm) 481 £56 | 475+56 510+ 72 502 + 44
Nanorod Density (rods pm™) 141 138 108 122

The influence of heating conditions of seed layers on the morphology of nanorods was
also investigated, as shown in Figure A.9. The nanorod diameter, length and areal
density are quantified on the seed layers with 0.3 M concentration treated under
conditions: (a) 110 °C, (b) 200 °C, (c) 300 °C, (d) 450 °C. The nanorods on 450 °C treated
seed layer have the highest areal density and the ones with 110 °C have the lowest areal
density. Compared with the seed layer preaheated at 110 °C, at which the vaporisation
of solvents is at the initial stage and the decomposition of zinc acetate has not occurred,
the seed layer of ZnO (450 °C) crystallised and the ions and atoms rearranged and
orientated, which satisfies the columnar grain growth along the (002) direction due to
the minimum free energy of the (002) plane. In the meantime, the defects were reduced
as well. Therefore, the resulted better (002) orientation and the decrease in the defects
enable a higher nucleation density for the growth of nanorods, corresponding to a
higher density of nanorods. Also, less interaction and impingement of nanorods with
more (002) oriented seed layers may occur during the competitive period, leading to a
higher density as wellll. Correspondingly, the nanorods are more aligned but with a
shorter length for these dense nanorods. The morphology of nanorods on postheated
seed layer is similar to that of nanorods with pulsed laser deposited seed layer that the

seed layer is also highly (002) oriented, as shown in Figure A.10 and Table A.7.
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Figure A.9 SEM image of nanorods on the seed layers of different heating conditions, (a) 110 °C, (b)
200°C, (c) 300°C, (d) 450°C.
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Table A.6 The diameter, length and areal density of nanorods by variation of the seed layer heating

conditions.
Heat conditions of seed layers 110°C 200°C 300°C 450°C
Diameter (nm) 77 £9 71+10 71+£9 66 £10
Length (nm) 505+40 | 467 +31 | 499+36 410+ 36
Density (rods pm-2) 157 180 174 200

o A

TNR (60 nm SL) Eiibey

Figure A.10 SEM images of nanorods on 60nm-thick seed layers by pulsed laser deposition (PLD).

Table A.7 Nanorod parameters of nanorods on seed layers by PLD.

Thickness (nm) 30 60 85 155 190
Diameter (nm) 63 %20 68+ 11 73+15 72 +13 96 + 14
Length (nm) 340+8 360+ 13 346 £13 | 396+ 10 | 342+ 12
Density (rods pm-2) 191+ 16 207 +7 247 12 | 243 +16 | 258+ 14

A.4.3 Dense layer and nanowalls

We also investigated ZnO dense planar layer and nanowalls by hydrothermal growth.
For the aim of low temperature processed ZnO, sol-gel derived ZnO (110 °C) is used as
seed layer. To get dense layer by hydrothermal growth, the nanorods are expected to
closely coalesce with each other. The water bath temperature is therefore decreased
from 95 °C for nanorods to 75 °C because higher temperature leads to higher growth
rate along [002] direction while shows little influence on [101] and [100] directionslél.
The concentrations of zinc nitrate and HMT are increased from 25 mM to 100 mM
because higher reactant concentration results in higher diameter of nanorods[sl. PEI is
not used in dense layer growth because PEI can retard the growth in the lateral
direction via adsorption on the non-polar surfaces8l. The dense planar film is confirmed

from the SEM images, Figure A.11.

190



Figure A.11 SEM images of dense layer, (a) top-view and (b) cross section.

Zn0 nanowalls were obtained by etching the aforementioned hydrothermal synthesised
dense layer with KOH. The etching course was investigated. After 15 min etching the
nanowall morphology has been acquired, showing that the etching starts from the

center of hexagon, Figure A.12. The thickness of the walls is around 50 nm.

Figure A.12 ZnO nanowalls obtained by etching dense layer in KOH for 15 min, (a) nanowall
morphology from top-view; (b) enlarged image shows the wall thickness around 50 nm; (c) uniform

morphology is confirmed in large area.

After 30 min etching, the wall thickness is barely changed but the wall width is
decreased, Figure A.13.
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Figure A.13 Etching in KOH for 30 min, (a) nanowall morphology from top-view shows wall width is

decreased; (b) enlarged image shows no change of wall thickness.

Finally, after 1 hour etching, all ZnO nanostructure is dissolved, Figure A.14.

Figure A.14 Etching after 1h shows no ZnO nanostructure left.

In conclusion, ZnO nanostructures by hydrothermal growth based on seeded sol-gel
derived ZnO planar film have been investigated, showing the successful synthesis of
all-step low temperature (<110 °C) processed ZnO nanorods, nanowalls and thick

planar layer.
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Appendix B - Sol-gel derived ZnO as Electron Transport Layers for

Organic Solar cells

B.1 Starting materials

Table B.1 Starting materials

Materials Formula Purity Supplier

Poly(3-hexylthiophene- (C10H14S)n Mw~84,660Da | De Mello group,

2,5-diyl) (P3HT) Mn~54,500 Imperial College
PDI~1.553

Indene-C60 bisadduct C7sH1e Not specified Nano-C

(ICBA)

Poly[[4,8-bis[(2-ethylhex | (C41Hs53F04S4)n M.,>40,000 Ossila

yl)oxy]benzo[1,2-b:4,5-b' PDI~2.0

]dithiophene-2,6-diyl][3-f

luoro-2-[(2-ethylhexyl)ca

rbonyl]thieno[3,4-b]thiop

henediyl]] (PTB7)

[6,6]-Phenyl-C71-butyric | Cs2H1402 >99% Ossila

acid methyl ester

(PC71BM)

Poly(9,9-dioctylfluorene- | (C3zsHs2N2S)n Mw~115K American Dye

alt-benzothiadiazole) PDI~3.2 Source

(F8BT)

Chlorobenzene CeHsCl 99% Sigma-Aldrich

1,8-diiodooctane [(CHZ)sl 98% Sigma-Aldrich

Acetone C3HsO ~100.0% VWR Chemicals

Isopropanol C3HsO 99.9% VWR Chemicals

B.2 ZnO thickness dependent OPVs

The influence of film thickness of sol-gel derived ZnO on P3HT:ICBA based solar cell

performance was investigated, as shown in Figure B.1-4.

It can be seen that Voc is not particularly sensitive to ZnO thickness for all processing
temperatures. ZnO layers with precursor concentration of 0.1 M show slightly decreased
Voc compared with 0.3 M and 0.5 M, which is possibly too thin to fully avoid the contact

between ITO and photoactive layer, thus the recombination might occur at the interface.
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Figure B.1 Open-circuit voltage (Voc) changing with ZnO film thickness (controlled by precursor

concentration) under different ZnO processing temperatures.

The Jsc of ZnO (110 °C) is very sensitive to the film thickness, which may originate from
the high resistivity of ZnO (110 °C) confirmed in Chapter 3. ZnO (200 °C) shows less
sensitivity of thickness on Jsc. As for 300 and 450°C, 0.1 M shows decreased Jsc
compared with higher thickness, which may result from photogenerated carrier
recombination due to cracks formed during solvent evaporation and crystallisation. The
similar Jsc of ZnO at 450 °C among 0.3 to 0.75 M may benefit from the highly (002)
oriented polycrystalline films in which the fast electron transport is expected in the

direction vertical to the substrates.
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Figure B.2 Short-circuit current density (Jsc) changing with ZnO film thickness under different ZnO

processing temperatures.

0.1 M shows decreased FF compared with 0.3 M for all ZnO processing temperature,
indicating 0.1 M is too thin. For ZnO 110 - 300 °C, FF decreases with film thickness
increasing from 0.3 M to 0.75 M. For ZnO at 450 °C, FF keeps similar within 0.3 M to
0.75 M.
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Figure B.3 Fill factor (FF) changing with ZnO film thickness under different ZnO processing

temperatures.

PCE is the overall overcome of the Vo, Jsc and FF changing. For ZnO (110 °C), 0.1 M to
0.5 M all works well. For ZnO (200 °C), 0.5 M and 0.75 M show a slight decrease of PCE
compared with 0.1 M and 0.3 M. For ZnO (300 °C), 0.3 M and 0.5 M works better than
0.1 M and 0.75 M. For Zn0O (450 °C), 0.3 - 0.75 M keeps similar with a drop on 0.1 M.
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Figure B.4 Power conversion efficiency (PCE) changing with ZnO film thickness under different ZnO

processing temperatures.

B.3 Statistical data of OPV performance

Table B.2 Statistical data of P3HT:ICBA based OPV devices

Voc Jsc FF PCE Rs Rsh

V) (mA/cmz2) (%) (%) (Q cm?2) (Q cm?2)

no Zn0O 0.32 2.85 27.5 0.27 171.5 234.2
+0.06 +1.81 +2.2 +0.24 +55.4 +98.6

ZnoO (25 °C) 0.57 1.17 14.8 0.10 2452.8 289.0
+0.07 +0.50 +2.8 +0.05 +1393.5 +73.4

ZnO (110 °C) 0.86 6.02 58.6 3.05 16.9 1953.5
+0.01 +0.88 2.6 +0.50 +29 +626.5

ZnO (200 °C) 0.84 6.49 55.6 3.03 21.1 1044.5
+0.01 +0.50 +2.5 +0.23 +1.1 +269.1

ZnO (300 °C) 0.78 8.11 50.7 3.17 25.8 500.6
+0.02 +0.62 +1.0 +0.29 +2.1 +114.5

ZnO (450 °C) 0.65 7.68 42.1 2.09 30.1 233.7
+0.02 +0.45 +1.7 +0.23 +1.8 +42.0
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Table B.3 Statistical data of PTB7:PC71BM based OPV devices

Voc Jsc FF PCE Rs Rsh

V) (mA/cmz2) (%) (%) (Q cm?2) (Q cm?)

no Zn0O 0473 + 16.02 39.6+ | 3.06% 13.2 94.3 +
0.023 +0.85 6.4 0.70 +4.1 42.5

ZnO (25 °C) 0.666 + 12.94 35.1+ | 297+ 39.9 191.7 +
0.046 +1.918 4.2 0.37 +14.4 92.4

ZnO (110 °C) 0.728 17.30 569+ | 7.01+ 7.6 416.7 =
0.008 +0.89 2.2 0.42 0.6 127.6

ZnO0 (200 °C) 0.722+ 17.30 563+ | 6.76+ 7.6 316.8 +
0.008 +1.77 2.4 0.55 +1.3 82.9

ZnO (300 °C) 0.714 + 19.02 531+ | 690+ 8.4 268.7 £
0.007 +2.57 1.6 0.79 0.8 96.8

ZnO (450 °C) 0.618+ 17.70 420+ | 462+ 13.9 160.1 +
0.066 +0.71 3.8 0.83 +1.5 68.1

B.4 Sol-gel derived ZnO for OLED

Sol-gel derived ZnO was also applied in organic light emitting diodes (OLEDs). F8BT was
used as the light emitter. The device structure is glass/ITO/ZnO (30 nm)/F8BT
(100 nm)/ MoO3 (10 nm)/Au (100 nm)2oi1],

B.4.1 Experimental

Sol-gel derived ZnO thin films were fabricated on glass ITO substrates under same
conditions as those employed for OPVs. The F8BT solution was prepared by mixing
F8BT with toluene (15 mg/mL) and stirred overnight at room temperature. The F8BT
layers were spun-cast at a speed of 2000 rpm for 30 s, acquiring a ~100 nm film. Then
the as-cast F8BT films were put on a 90 °C hotplate for 20 min. 10 nm MoOx hole
transport layer and 100 nm Au electrode were then deposited by vacuum thermal

evaporation.

The OLED characteristics were obtained using a computer-controlled Source Measure

Unit (Keithley 236) and a luminance meter (Minolta) under ambient conditions.
B.4.2 Results and discussion

We investigated the influence of ZnO processing temperature on OLED performance.

Unlike in OPVs, high processing temperature gives better performance in OLEDs.

The light turn-on voltages of OLEDs with ZnO processing temperatures are shown in

Figure B.5. The 450 °C processed ZnO exhibits the lowest light turn-on voltage, 2.7 V.
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And the 200 °C processed ZnO exhibits the highest light turn-on voltage, almost twice of
that with 450 °C processed ZnO.
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5.0 L
4.5
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Figure B.5 Light turn-on voltage (V) of PLEDs with different ZnO processing temperatures.

Figure B.6 shows current density and current efficiency at 1000 cd/m? which is the
brightness for general lightning application. 450 °C processed ZnO shows the lowest
current density and corresponding the highest current efficiency. Compared with 200 °C
and 300 °C, 110 °C ZnO exhibits higher current efficiency.

Current density and efficiency at 1000 cd/m?
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Figure B.6 Current density and current efficiency at 1000 cd/m?2 with different ZnO processing

temperatures.
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Figure B.7 Voltage and power efficiency at 1000 cd/m2 with different ZnO processing temperatures.

Figure B.7 shows the voltage and power efficiency at 1000 cd/m2. The operating
voltages at 1000 cd/m? decrease with the ZnO processing temperature increase. For the
power efficiency, ZnO at 110 - 300 °C shows similar value. While ZnO (450 °C) based
device shows 0.31 Im/W which is more than twice of those with ZnO (110 - 300 °C).

In conclusion, OLEDs with sol-gel derived ZnO (110 - 450 °C) as electron injection layers
all work well. But compared with ZnO (110 - 300 °C), highly oriented polycrystalline
450 °C ZnO performs much better.
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Appendix C - Sol-gel derived ZnO as Electron Transport Layers for

Perovskite Solar Cells

C.1 Starting materials

Materials Formula Purity Supplier
2,2'7,7"'-tetrakis[N,N-di(4-methox | Cg1HesN4Os 99.5% Borun
yphenyl)amino]-9,9'-spirobifluore Chemicals

ne (spiro-OMeTAD)

bis(trifluoromethane)sulfonimide | CF3SO2NLiSO.CF3 | 99.0% Sigma-Aldrich
lithium salt (Li-TFSI)

Acetonitrile CH3CN 99.8% Sigma-Aldrich
4-tert-butylpyridine CoH13N 96% Sigma-Aldrich
[6,6]-Phenyl-C61-butyric acid C72H1402 99.5% Alfa Aesar
methyl ester (PCBM)

Lead iodide Pbl, 99% Sigma-Aldrich
Methylammonium iodide (MAI) CH3NH3sl N/A Solaronix
Gamma-butyrolactone (GBL) C4He02 99% Sigma-Aldrich
Dimethyl sulfoxide (DMSO) (CH3)2SO 99.9% Sigma-Aldrich
Toluene CeHsCH3 99.5% VWR Chemicals
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Appendix D - Aqueous processed ZnO as Electron Transport Layers for

Organic and Perovskite Solar Cells

D.1 Starting materials

Table D.1 Starting materials

Materials Formula Parameter | Supplier
Zinc oxide powders Zn0 99.99% Sigma-Aldrich
Ammonium hydroxide solution NH4OH 5.0M Sigma-Aldrich
Poly[N-9'-heptadecanyl-2,7-carb | (Ca3sH47N3S3)nC12H10 My 65KDa | 1-Material
azole-alt-5,5-(4',7'-di-2-thienyl-2 PDI 2.4
’,1',3'-benzothiadiazole)]
(PCDTBT)
D.2 ZnO films by aqueous processing
80k 0 1s (0-Zn) a0k Zn 2p, , signal
70k n, ——100°C
- % | ——200°C
Bl 2 200k \ —— 450°C
§ 501 i \
2 40k -y
e 5 100k \
< 30k £ \
\\
20k - S
532 531 530 529 528 527 O 025 1024 1023 1022 1021 1020 1018 1078

Binding Energy (eV)

Binding Energy (eV)

Figure D.1 ZnO XPS spectra of O 1s (0-Zn) and Zn 2ps/2, with different processing temperatures,

indicating the Er shift of ZnO films.

202




ZnO (as cast)

ZnO0 (200 °C) ZnO0 (450 °C)

Figure D.2 Large area SEM images of ZnO films by ammonia methods.

D.3 Aqueous processed ZnO films for OLEDs

D.3.1 Experimental methods

For OLED fabrication, a green derivative of p-PPV obtained from Merck was dissolved in
toluene in a 10 mg/ml concentration and stirred overnight at 60 °C. The solution was
then spun dynamically at 1500 rpm for 40 s, which resulted in 70 nm thick films. The
top electrode was deposited in the same way as that of OPV devices. OLED devices were
characterized using a Kethley 2400 sourcemeter and a Minolta luminance meter,

operated through a custom-written LabView script.

D.3.2 Results and discussion

OLED devices were fabricated, incorporating ZnO films as ETLs. The results are shown
in Table D.2, while J-V-L data of representative devices for each temperature are
presented in Figure D.3. The trends observed in OPV devices as shown in Chapter 6 are
replicated, with films annealed at 100 °C and 200 °C showing similar, efficient behavior,
and films treated at 450 °C showing higher performances than devices without any ETL
but lower performances than the other two films. In particular, the higher turn-on
voltage shown when 450 °C ZnO was used confirmed what already speculated for OPV

devices, that the deep work function affects the energy level alignment at the interface.
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Figure D.3 ]J-V-L data of representative OLED devices with various ZnO layers.

Table D.2 OLED performance with various ZnO layers

Maximum | Voltage at Power Luminance Current Turn-
Sample current maximum | efficiency at at density at on
efficiency current maximum maximum maximum | voltage
efficiency current current current
efficiency efficiency efficiency
Cd/A \Y Lm/W Cd/m?2 mA/cm? \Y
no ZnoO 0.45 17.8 0.08 470 105.21 6.4
Zn0
R 1.00 19.0 0.17 4160 414.00 2.6
(100 °C)
Zn0
. 1.03 13.2 0.25 640 62.10 2.6
(200°C)
Zn0
R 0.67 214 0.10 2970 443.00 5.4
(450 °C)

D.4 Extrinsic dopants

For the carbon-free aqueous processed ZnO, few efforts have been made on doping.

Alkali metal doping was investigated and did not show strong modulation on the

electrical propertiesl!2l. For donor group III elements, only Al doping was reported[13l.

Here, a preliminary work of Ga-doped ZnO has been studied. The ionic radius of Ga3*

(0.62 A) is smaller than that of Zn2+ (0.74 A), which allows easy substitution of Ga3+ for
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Zn?+; in addition, the covalent band length of Ga-0 (1.92 A) is slightly shorter than that
of Zn-0 (1.97 A), which reduces lattice distortion in ZnO thin film[14],

Ga(NO0s3)3xH20 was first chosen as the dopant, which was simply added into the pristine
zinc precursor solution. The value of x of Ga(NO3)3xH20 is not given by the supplier
(Sigma Aldrich). I conducted an initial measurement using a furnace. The Ga(NO3)3xH20
powder is annealed under 600°C for 2h to make sure it has been completely
transferred to Ga;0s. The calculated x value is around 8-9 which is similar to the value in

the referencel!sl. However, Ga(NO3)3xH>0 as the dopant presents phase separation in the

film, Figure D.4a, probably because of the involvement of NO3- ion.

Figure D.4 SEM images of Ga-doped ZnO films by aqueous processing with 3 at% doping: (a)
Ga(NOs3)sxH20 as dopant; (b) Ga(OH)s as dopant.

Then, the gallium hydroxide was chosen as the dopant, which was synthesised via the
addition of NaOH into Ga(NOs3)s solution. Smooth surface was obtained, as shown in
Figure D.4b. TFTs were fabricated to assess the electron mobility, with the Ga doping in
the range of 1 - 5 at%. Then the calculated field effect mobilities from saturation region
are shown in Table D.3 with 25V of Vp. 1 at% Ga doping presents increased mobility but
further doping of 3-5at% doping decreases the mobility, which trend is similar to

sol-gel derived high temperature processed filmsl16l.

Table D.3 Field effect mobilities of ZnO films calculated from transfer curves in saturation region.

Doping Mobility

(at%) (cm2 V-1S-1)
0 0.09729
1 0.11209
3 0.04771
5 1.30E-05
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