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Summary

Since their advent in 2009, lead halide perovskite solar cells have rapidly progressed to
exhibit power conversion efficiencies of 25.5%, approaching that of commercial
monocrystalline silicon devices. Although cheap and amenable to solution processing,
commercialization is currently limited by poor device stability under operating conditions,
prohibitively expensive or toxic components and manufacturing methods unsuitable for

large-scale production.

Highly stable mesoscopic carbon-based perovskite solar cells (CPSCs) make use of easily
scaled screen printing and are frequently described as one of the frontrunners for
commercialization. However, significant barriers to commercialisation still exist. For
example, the most common precursor solvents, dimethylformamide mixtures and y-

butyrolactone, respectively introduce toxicity and legality issues.

This work presents the first application of y-Valerolactone as a green, non-toxic alternative
solvent for CPSC fabrication. Cells fabricated with optimised precursor concentrations and
annealing conditions exhibit comparable performance to standard y-butyrolactone devices,
proving that this system is a viable alternative. This will enable continued research in
countries where y-butyrolactone is legally restricted and make large-scale CPSC manufacture

more sustainable.

This is then ameliorated with the application of green solvent engineering, wherein methanol
(MeOH) is used as a solvent additive to improve the performance and reproducibility of GVL
precursors. An optimised MeOH proportion of 10% is found to reduce precursor viscosity and
improve wetting, as well as promoting more oriented crystal growth and higher quality
absorber layers. Stability is also improved, with an unencapsulated MeOH device exhibiting
a T80 of >420 hours at 50°C in ambient humidity under AM1.5 illumination.

Post crystallisation humidity treatments and age-related performance enhancements are
then examined. It is revealed that humidity treatments, required for hysteresis reduction in
GBL cells, have no significant impact on GVL-MeOH devices. Age-related performance
enhancements are instead found to be a consequence of crystal reorganisation due to slow
solvent loss after annealing. Introducing an ambient rest period for completed devices and
modules prior to encapsulation is therefore important in maximising device efficiency for

these systems.

Finally, the factors influencing device infiltration are explored in detail, with the aim of
creating a reference resource of methods for targeted infiltration enhancement. A facile,
non-destructive method for infiltration analysis is introduced and used to explore the impact
of precursor crystallisation, ZrO, roughness, ink rheology and carbon mesh marking on stack
filling. These methods are then applied in well-performing stacks as a tool for general
efficiency enhancement, resulting in a champion efficiency of 15% in a 1 cm? device with the

new solvent systems.



Acknowledgements

| would first like to thank Professor Trystan Watson, for support and guidance over many
years and projects- you have helped me enormously in developing my science-legs and given

me invaluable confidence in my work and scientific instinct.

A great deal of thanks also goes to the carbon group and wider SPECIFIC research team
throughout this work. The scientific input, technical support and friendship from Simone
Meroni, Dimitrios Raptis, Becky Bolton and Sarah-Jane Potts has been indispensable in
directing this work and keeping me sane! Special thanks also to Tom Dunlop, whose input,
technical expertise and insight has contributed significantly to the quality of this work. Declan,
thank you for the emotional support, sitting through multiple rants about carbon cells and the near
constant use of your memory stick. Rahul, thank you for sharing your plotting software. My sanity

and data records salute you both.

Thanks also to the administrative team for the SUNRISE project; | am positive that herding
academics to and from India for collaborative meetings and work has proven difficult at times!
Rest assured that your efforts have helped considerably in enabling further work that will have a
significant impact in improving people’s lives. | am extremely proud to have worked as part of this

project, and it has provided me with many great experiences that | will never forget.

Finally, thanks to my parents Maureen and Dave. Your love and support have helped me through
even the worst of times. | have no doubt that your support of our interests and encouragement of
a curious, questioning, and analytical approach to life has given all three of us the best possible

foundation. 1am proud of, and grateful for you both.



Contents

Common abbreviations.........ccccccveeiiiiiinniiiiiinniiin 8
(61 -] =] i Ot 10
Introduction and literature analysis......cccccceirrreeeiiiiiininiiiiiinenciiinnnnnn. 10
1.2 Perovskite Solar Cells .......ccceeiiiienniiiiiinniiiniieniiininieen. 13
1.2.1 Common Architectures and Materials ..........cccuuueuenenenenunnnnnnnnnnnnnenennnnenenenane. 13
1.2.2 Hole Conductor Free Devices and Mesoscopic Triple Stacks .........ccceeeeeerreennnens 16

1.3 Perovskite modifications in CPSCs.......ccc.ccovrruuiiiiiimnniiiiinnenniiinnnnnnnnn 21
1.3.1 Cation SubStItULION ......cuuueeeeminininiiiiiiiie e aaaaaaane 26
1.3.2 ANion SUDSEItULION .....ceeeeeeeeeeiiiiiiiiiiitiee e 31
1.3.3 IN0rganic additiVes ......ccceueieeniiieniireeierenirenerensierenierneerenseernserensserensessnsessnsanes 34
1.3.4 Organic additiVes.......ccceeeeeeiiieenieriieeeierreeeierreeaneseeenseseeenssessennssessennssessennnnens 37
1.3.5 Perovskite processing conditions .........c.ceeeceiiieeeieiiieeccrieeecennennseseeennseseennnnns 43
1.3.6 Solvent engineering iN CPSCS ......cciccrerenniiennerennierenerenerenseernserensseressesensessnsses 46
1.3.7 A note on CPSC performance and testing protocols ...........ccccccuuuenenenennnnnnnnne. 51

1.4 Aims and Motivations .......ccccceiireuiiiiiiiiiiiiiiiin e 55
R =T =T = o T o . 56
(61 -] =] 7 2ROt 65
Experimental ProCcedures........ccceeeieeeirencieenerencteeerencerencrenscrenscssnesnnes 65
2.1 Sample Preparation .......ccccccceeeeereecrrencreeirreereneereerensernseressernsssensssnne 65
2.1.1 Fabrication of standard CPSCs and modules ............ccutreeueiiiiiniinninnnnniinniinenee 65
2.1.2 Fabrication of XRD and PL samples.......c...ccereeuneerieennccrrennceneennceseennsseseennnaenees 67
2.1.3 Cross sectional imaging Samples ........ccccuciriiieceriiincerienceereeeneereennseeseennsenens 68

2.2 Testing and characterisation methods.........cccceeveireniirecreniiiecrennnnee. 68
2.2.1 Current-voltage (IV) sweeps and stabilised current measurements.................. 68
2.2.2 Device stability testing......cccceuuiiiiiieiiiiiircrrererrrre e rae e s e r e e ens 69
2.2.3 X-Ray DiffraCtion ......ccceeeeiiiiiniiiiiieierteinceerenaeeeeennneeeeennseseenssesesnssssesnnsnssens 70
2,24 UV-ViS ceuuuiiiiinniiiiiinnieiiimssieiismssisiismsesiismsssiesmsssiesmsisstesmsssstesmsssssessssssssssssssens 70
2.2.5 Contact angle MeasuremMeNts.......ccccceeeiireeieireneiertenesereennssersenssesesnsssesssnssssnens 70
2.2.6 Scanning electron microscopy (SEM).......ccceeeeuecceirrerernnnnncceessneneennsnssssessseseenns 71
2.2.7 Photoluminescence measurements......cccceeiiiuuieniinnieniennisnienniesiesssssssesssssees 71
2.2.8 Photoluminescence and photocurrent mapping ........ccccceeeeiiennicniennieiiennninnee 71
2.2.9 VisCOSity MeASUreMENTS ...ccivvueiiiiiiuieiiinnieniinmieiiennieiiesmsisiiesssisssessssssssssssssees 72
2.3.1 Optical microscopy for infiltration comparison.........cccceeeeerrieciiiiiecccreeencenes 72



2.3.2 Fourier transform infra-red (FTIR) .....cccceueieiiimeiiiieeeccrreeecereennesereennseseennnaenens 72

2.3.3 External quantum efficiency (EQE) .....ccceuueerremunieriemnnccrienncereennncereennsseseennnsenees 73
2.3.4 Electrochemical impedance measurements.......cc.cccceeeeeecereniieenerenerennerenceennns 73
2.3.5 Profilometry.....cciiiiiiiiiiiiiiiiininiieninenrrre s resas s sesassesseaa e s senassesens 73
2.3.6 Rheological analysis......cccccererunciirennnieriinnierienneereennsereennsseseennsseseensssesesnnsssnens 73
2.3.7 Thermogravimetric analysis and Differential scanning calorimetry.................. 74
2.3.8 Tyndall effect IMaging ......ccccvuiiiiiiniiiiiiiiiiiieniienre e sesassesesasssssens 74
2.4 REfEreNCeS .ccuuuiiiiiieniiiiiinniiiiirensiiniresssiisisesssssssienssssssiessssssssnsnnssssnns 74
(81 -] =] Ji J ROt 75
v-Valerolactone: A Non-Toxic Green Solvent for Highly Stable Printed
Mesoporous Perovskite Solar Cells ......cceucereeeiireeiirreeccireeccnrenncenennne. 75
3.1 Introduction: GVL and the requirement for green solvents............... 76
3.2 EXPerimental .....ccceeiiieeiiiieeiiieinieeereneereneerenseesensesensesennsessnnsesans 78
3.3 Results and diSCUSSION........ciiiieemueiiiiiiiiiiiinnis e 79
3.3.1 Initial trials and characterisation...........cccccvevunuinreinnnneieiniieiineenane. 79
3.3.2 Infiltration optimisation .....c.cccceiiieiiiiiiieeiiieierecrrerreeeerenereenerensesensesensessnns 86
3.3.3 Device and precursor stability.......ccccccoeeeuiiiiiiiiiiirccrrrc e 92
3.3.4 Scale-up and module application .........cceeceriiieiirieiccrreeerreee e eeee e e eenneeeens 95
3R 3 0 T4 Lol 1T o . 98
2R =] (=T =T o= 99

Chapter 4 GVL Solvent Engineering for improved precursor wetting

and device performance ......ccccceveeecereenciereecereeecerreencerensserrensessennnenes 102
4.1 INtroduction.....ccceuuuiiiiiiiiiiiiii e 103
4.2 EXperimental ......cccoieeiiieiiiiiiiiiieineeeree e e ranesennesnsssensssnnesenns 104
4.3 Initial trials: Impact of EEOH and MeOH on Device Performance...... 105
4.4 GVL-MeOH solvent MiXing ....cccceeeiieeireniiinnireiieenereereasennessessernsesenes 107

4.4.1 Precursor Properties and Perovskite Crystallisation.........cccccceeervvenicriinnnnnnen. 107
4.3.2 Effect of MeOH on Device Performance and Stability .......ccccceeevrveenicriinnnnnnen. 114
4.3.3 Examining device infiltration .........cccoeeeiiiiiiiiiiiiccrre e eceenneeeeeeneeeees 119
4.3.4 Application of GVL-10MeOH precursors to modules........ccccceeeereeennccreennnnnnees 125
T 0o T T [V o TP 128
Ty A =T =T 1o 129



(81T =] g S 131

Performance evolution and Humidity treatments in GVL-10MeOH

Lo LY Lol YOt 131
T I 1410 o [T o 4 o 132
5.2 EXperimental .......ccccciiiiiieiiiiiiiiiiiiiinnrennsss s sesassssnnee 132
5.3.1 Applying humidity treatments to GVL-10MeOH devices................ 133
5.3.2 Age-related performance changes in high PCE devices. ................ 137
5.3.3 Elucidating age-related performance enhancements.................... 142
IR 3 0o T Lol [V ' o 150
TR =] (=T =T o= 150

Chapter 6 Performance and infiltration enhancement in CPSCs ..... 153
(230 I 141 o o 11T o 4 o 153
6.2 EXPerimental ......cceereeiireniieeiiiierenerrenereneerenerensrensrensrnserenssrnsesensenes 154
6.3 Analysing the problem and identifying potential causes.................. 155

6.3.1 Determining the mechanisms behind poor infiltration.............cccvvvvvneiiiiinnns 158

6.3.2 Quantifying stack filling: the relationship between infiltration and

[T (o] 1 1T Ty Lol TR 165

6.4 The impact of ambient humidity during infiltration...........ccccceeeeue.n. 172
6.5 Paste batches and formulations ...........ccevvvueciiiiiiiniinineneiiiiiiinnnnnnn. 177
6.6 Changing printing parameters......c.cccceeieeiiieiieiiieiieenereerenneneserennenes 183
6.6.1 The influence of layer thickness and mesh selection.........cccceeeeerenirenncreannnne 183
6.6.2 ZrO; printing regiMes....c.cciveiiieeiiieiiiieiiieinieeseiensiieeerensssrnssssssssssnssssnssssnsnes 190
6.6.3 Adjusting the carbon layer..........cceeeciiieeciiireccrrrecc et rrene e e enn e s e e nnnaens 197

6.7 Summary: Methods for troubleshooting infiltration and performance
issues in CPSCs and Modules.........cccceeiiiienniiniienniiniinnniinie. 202
(3T T4 Uol 1T o 212
(3 2= =T =T 1oL 213
(61 =] 215
Future work and perspectives.......ccccieeeieeiieniireeiineiienerencrencenennnes 215
728 B0 T ol U1 [ o 215
8 U= =T =T 1oL 216



Common abbreviations

AVA: 5-aminovaleric acid

CdTe: Cadmium Telluride

CIGS : Copper indium gallium selenide

CPSC: Printed mesoscopic carbon-based perovskite solar cell
CTL: Charge transport layer

DMF: Dimethyl formamide

DMSO: Dimethyl sulfoxide

EIS: Electrochemical impedance spectroscopy

ETL: Electron transport layer

EtOH: Ethanol

FA: Formamidinium

FF: Fill factor

FTO: Fluorine doped tin oxide

GBL: y-butyrolactone

GVL: y-valerolactone

GVL-10MeOH: A y-valerolactone and methanol solvent mix of 10% MeOH by volume
GVL-MeOH: A y-valerolactone and methanol solvent mix
HOMO: Highest occupied molecular orbital

HT: Humidity treatment/treated

HTL: Hole transport layer

ISOS: International summit on organic photovoltaics stability
ITO: Indium doped tin oxide

IV: Current-voltage measurement

LUMO: Lowest unoccupied molecular orbital

MA: Methylammonium ([CHsNHs]*)

MAI: Methylammonium lodide, CH3NHsl

MAPDbI;: CHsNHsPbls

MeOH: Methanol



MPP(T): Maximum power point (tracking)

NIR: Near Infra-red

OPV: Organic photovoltaics

Pb-X: Lead-halide

PCBM: [6,6]-phenyl-C61-butyric acid methyl ester
PCE: Power-conversion efficiency

PEDOT-PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PL: Photoluminescence

PSC: Perovskite solar cell

PV: Photovoltaic

RH: Relative humidity

SEC: Solvent evaporation-controlled crystallisation
SEM: Scanning electron microscope/microscopy
Spiro-OMeTAD: 2,2',7,7'-Tetrakis-9,9'-spirobifluorene

TiO2: mesoporous titania layer. Where the compact blocking layer is mentioned, text will say
‘blocking layer’ or ‘c-TiO;'.

UV: Ultraviolet

XRD: X-ray diffraction



Chapter 1

Introduction and literature analysis

Some parts of this chapter formed the basis of parts of the following published review paper:

S. M. P. Meroni, C. Worsley, D. Raptis and T. M. Watson, Energies, 2021, 14, 386

Global energy demand is predicted to rise by over 30% by 2040, and traditional fossil fuel
driven energy generation is becoming increasingly unsustainable as the impacts of human
driven climate change become clear. While the proportion of energy from renewable sources
is predicted to rise over the coming decades, current forecasts indicate that CO, emissions
due to energy production will also rise.l! The development and manufacture of cheap
renewable energy generation technologies is therefore of great economic and environmental

importance.

Solar is the most abundant energy resource on the planet, with more energy reaching the
surface of the planet in an average hour than would be required by humanity over the course
of a year.! However, until relatively recently the use of photovoltaic (PV) devices for energy
generation has been limited by the high cost of silicon and a lack of commercially viable
alternatives. This has provided incentive for the research and development of alternative
light harvesting materials such as CIGS (copper indium gallium selenide), cadmium telluride

(CdTe) alloys and dye sensitised Ti0,.12/ 314!

The situation has changed somewhat in recent years. Significant decreases in the price of
silicon have resulted in an annual growth of 40% in PV energy generation, with solar energy
predicted to account for 11% of total global energy generation by 2050. This proportion may

increase dramatically as cheaper alternatives become commercially viable.™

Despite the increasing affordability of silicon devices, the development of alternative
technologies is still of great importance: the purification and crystallisation of high-quality
silicon is energy intensive and produced devices are heavy and inflexible, limiting their
application. The availability of a broader range of solar technologies would offer scope for

global solar generation to dramatically exceed projected values.
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Materials must possess multiple characteristics to be suitable for use as a PV absorber.
Absorption coefficients must be high to ensure adequate light absorption and charge
generation. Charges must then be quickly separated to avoid recombination and associated
energy loss before transport to the device electrodes for collection. This can be achieved
through architectural design and careful material selection. For example, minimising
absorber layer thickness and using carrier selective electrodes with conduction bands
matching that of the absorber layer to minimise interfacial charge build-up significantly

improve charge collection.

As well as possessing high absorption, an appropriate light absorber bandgap is required for
good charge generation. Wavelengths of lower energy than the material bandgap will not be
absorbed, while those of higher energy are absorbed and the excess dissipated (Figure 1.1).
High efficiency single junction devices for outdoor use therefore aim to incorporate
semiconductor materials with a bandgap close to 1.34 eV, as this represents the point at
which a maximum power conversion efficiency (PCE) of 33% may theoretically be obtained

(termed the Shockley-Queisser limit, Figure 1.1).

100 -
] Other

e.g. recombination

75 _ Ephot0n> Ebandgap

1 e relax to band edges,
: excess energy wasted
50 J Ephoton < Ebandgap

Photon not absorbed

Usable electric power

Percentage of incident light energy (%)

0.5 1.0 1.5 2.0 2.5 3.0

Bandgap (eV)

Figure 1.1: Shockley-Queisser plot, showing how photons from the visible spectrum are used in solar
devices incorporating semiconductors with different bandgaps.

In practice, devices rarely approach this limit due to energy losses within the cell.
Photogenerated carriers can recombine, returning excited electrons to the valence band and
releasing absorbed light energy as heat or vibrations. This can occur due to slow charge

separation or because of traps- energy states that lie below the conduction band.
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As well as sufficient light absorption and a suitable bandgap, a good semiconductor absorber
material will possess characteristics that reduce recombination losses, such as low trap

densities, long charge lifetimes, high carrier mobility and long diffusion coefficients.

The most promising developments in recent years have been in lead halide perovskite
devices. First used in solid state devices in 2012, perovskite efficiencies quickly surpassed
those of many other technologies.”! At the time of writing the highest certified perovskite
PCE stands at 26.19%, surpassing that of some commercially available monocrystalline silicon

devices.[*?'11 Sych rapid development is unprecedented in novel PV technologies.

Perovskites are broad bandgap semiconductors of the general formula ABXs, where A is
generally a monovalent cation, B a bivalent metallic such as Pb?*, and X a monovalent anion
(Figure 1.2). Any of the constituent ABXzions may be fully or partially substituted with organic

or inorganic species of suitable valence bonding properties and ionic radii, making them

9
J

highly tuneable.

I I I
X W >

Figure 1.2: Diagrammatic representation of a cubic perovskite crystal structure (ABX3).

These materials are ideally suited to photovoltaic applications, as they act as both electron
and hole transporters, and have high absorption coefficients, long diffusion distances, good

carrier mobility, and unusual defect tolerance.>/67]

Perovskites are also commercially appealing: their tuneable bandgaps and potential for
flexible devices enable a variety of device colours and architectures, offering a broader range
of technologies than is possible for silicon. Perhaps most attractive from a commercial
standpoint, perovskites are amenable to simple solution-based processing. Highly soluble
and remarkably tolerant to crystal defects, these materials require less strict process control
and lower energy input for high-achieving devices. Both financial and energetic production

costs would therefore be far lower than for silicon devices.!
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Despite this, commercial application is currently hampered by comparatively poor device
stability under operative conditions and limited application at larger scale. High efficiency
methylammonium iodide based perovskites are particularly sensitive to humidity in many
architectures, decomposing to Pbl, within 24 hours without encapsulation.™? In many cases
a compromise must therefore be made between lifetime and efficiency- the most stable
architectures and perovskite formulations are often of comparatively low efficiency. This is
also true of cost and production considerations, as champion efficiencies are often achieved
with long, energy intense production methods, post treatments and relatively expensive

materials, impractical at large scale.

Device efficiency and stability may be manipulated in three ways; changing device
architectures, varying deposition techniques to influence layer morphology and altering the
chemical components. A brief overview of common perovskite architectures, materials and

techniques will be given in the following sections.

1.2 Perovskite Solar Cells
1.2.1 Common Architectures and Materials

Cell architectures may be split into four common categories depending on the type of layers
present and their orientation with respect to the light source. Shown in Figure 1.3, classic
architectures are exposed to light through a transparent electron transport layer (ETL),
whereas light enters inverted architectures through a transparent hole transport layer (HTL).
In all cases, light must travel through a transparent charge transport layer (CTL) to reach the
perovskite light absorber and generate a charge. Photogenerated holes and electrons must

then travel through the perovskite layer to their respective electrodes before collection.

13



Light Source
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Classic Classic Inverted Inverted
mesoscopic planar mesoscopic planar

Figure 1.3: Depiction of common types of perovskite device architecture, with labels providing
examples of frequently used materials.

Differences in required layer properties and the available materials and processing methods
lead to variations in efficiency between different architectures. For example, inverted devices
are generally of lower PCE. However, some properties are universal: for all architectures
pinholes in any layer can negatively impact on device performance by introducing shorts or
recombination centres. The ideal layer is therefore of uniform coverage and thickness: rough

layers can produce pinholes in subsequent depositions.

The transparent charge transport layer is most commonly an inorganic semiconductor:
usually TiO; or SnO; in classic devices or NiOyx in inverted devices. Organic conducting
polymers such as PEDOT-PSS can also be used for flexible devices, although such layers tend
to be of lower conductivity. Compact inorganic CTLs tend to be between 10 and 100 nm
thickness. Layers of 10-15 nm provide the best PCEs by increasing the fill factor and
decreasing series resistance. However, even at lab scale such thin layers are difficult produce
without pinholes on rough FTO with standard spray pyrolysis coating methods, and this
becomes increasingly challenging as size increases. Although high-precision methods such as
atomic layer deposition (ALD) can be used to this end, they dramatically increase capital cost
and are difficult and impractical to scale up.®” Larger scale projects and demonstrators

therefore tend to use layers of around 50 nm deposited by spray pyrolysis.

Mesoscopic devices then incorporate an additional porous charge transport layer
(Figure 1.3). Many scalable methods can be used for mesoscopic layer deposition, including
bar casting, doctor blading and screen printing. As well as providing a mechanically stabilising

scaffold for perovskite crystallisation, a mesoscopic charge transport layer can increase

14



absorption efficiency by scattering incoming light. Mesoscopic CTLs also provide an
extremely large surface area for carrier collection, lowering the required diffusion distance.
This is advantageous from a processing perspective as high-performance devices require less
stringent crystallisation control. In planar devices carriers much travel much further before
collection, making them more vulnerable to trap and defect driven recombination
(Figure 1.4). Greater interfacial charge build-up is also observed, and perovskite
crystallisation must be carefully controlled to avoid both pinholes and crystal defects. This
may be achieved in an inert atmosphere with existing solution-based methods by carefully

controlling processing parameters.[8

=y
m o

B Charge collection interface [ Charge transport material [ Perovskite absorber

Figure 1.4: Diagrammatic representation of the structural difference between mesoporous (left) and planar
(right) charge transport layers to show how carriers must travel further for collection.
However, the mechanical rigidity of inorganic mesoscopic layers makes them unsuitable for
use on lightweight flexible substrates. Additionally, the inclusion of a mesoporous layer
drastically increases the required processing time as deposited layers must be heated to high
temperatures to remove solvents and binders, and in some cases, sinter layers. In the case
of mesoporous TiO, (a common ETL in classic architectures) this is necessary for efficient
charge transport. A typical lab-based mesoporous sintering process at 550°C can exceed two
hours in its entirety, as long ramped heating and cooling steps are required to prevent
substrate and layer cracking. This introduces significant manufacturing costs and makes roll-
to-roll fabrication impractical, introducing the need alternative heating methods such as

near-infra-red (NIR), which can successfully reduce annealing times to under a minute.

The perovskite layer is then deposited onto the annealed CTL. Good precursor wetting and
controlled nucleation become essential in obtaining high coverage, good quality crystals-

especially in planar devices.
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The top electrode (HTL in classic structures and ETL in inverted devices) is next deposited
onto the annealed perovskite. In classic structures, top electrode is typically a lithium-doped
Spiro-OMe-TAD HTL, while PCBM ([6,6]-phenyl-C61-butyric acid methyl ester) is common in
inverted devices. Care must be taken so as not to damage the underlying absorber. For
example, depositions must be low temperature to prevent perovskite decomposition, and
solvents chosen that do not solubilise or react with the layer. Metal contacts are then placed

on the dried HTL before encapsulation.

These organic CTLs are highly selective and can produce high PCE devices at lab scale.
However, they are also expensive and frequently unstable, and can significantly increase

device cost and decrease lifetime.

This has led to many publications on hole conductor-free devices with improved operational
stability.’®® Common architectures and materials for such devices will be discussed in the

following section.

1.2.2 Hole Conductor Free Devices and Mesoscopic Triple Stacks

To be considered commercially viable, stable, high efficiency devices must be easily and
reproducibly attainable at large scale. This is not often the case in the literature; champion
efficiencies are commonly achieved on small devices, using expensive charge extraction
layers and impractical, energy intense production methods and post treatments.”” For
example, antisolvent-assisted spin coating is used in the fabrication of many record-breaking

devices, sacrificing scalability for lab scale efficiency enhancement. [

In many cases a compromise must also be made between lifetime and efficiency; the most
stable architectures and perovskite formulations are often of comparatively low PCE. The
high cost and unstable nature of organic hole extraction materials has led to many
publications on hole conductor-free devices with improved operational stability.[®”
Architectures replacing traditional HTLs with layers containing conductive carbon allotropes
such as graphite and graphene are perhaps the most common, as these materials are

thermally stable and extremely cheap.!62/63]
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Mesoscopic triple stack Conventional Hole
(CPSC) Conductor Free PSC

Perovskite

m-C electrode c-C electrode

m-Zr0,/Al,0; insulator ——— Perovskite

X Y S =7 AL O Q) o ]
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Interface -
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Figure 1.5: Diagrammatic representation of a CPSC and conventional carbon-based PSC to show the
difference in the perovskite-carbon interfacial area. Relative layer thicknesses are not to scale and
should be used for reference only.

Most carbon HTM-free devices are based on one of two architectures, shown in Figure 1.5.
The conventional carbon-based sandwich structure resembles that of the classic mesoscopic
device, differing only in the absence of a hole conductor and the compact carbon counter
electrode. These conventional hole conductor free devices historically exhibited better PCEs
in the literature as the highly crystalline perovskite capping layer above the mesoporous TiO;
contains large monocrystalline surface grains, improving fill factor and reducing
recombination.®® As a simple modification of classic sandwich devices, the fabrication
processes and constituent materials of conventional hole conductor free PSCs are similar to
those of classic conventional PSCs: electrode and perovskite layers are commonly deposited
by spin coating before subsequent placement of the counter electrode. The materials and
fabrication processes developed for producing high-performance sandwich devices with

metal electrodes were therefore directly applicable to this architecture.

The mesoporous carbon-based PSC (CPSC, Figure 1.5) is structurally very different, consisting
of a screen-printed mesoporous stack which is subsequently infiltrated with perovskite via
drop-casting. Stacks typically consist of a compact TiO, blocking layer (c-TiO2) and
mesoporous layers of TiO, ZrO, and C, which respectively act as an ETL, insulating layer and
top contact. Although some material variations or additional layers such as Al,03 insulators

and NiO HTL have been trialled, most publications work with these three materials.[64-66]
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Since their introduction in 2013 there has been extensive work into applying and optimising
novel fabrication procedures and perovskite formulations to CPSCs, which have emerged as
a potential frontrunner for early PSC commercialisation.!®” This is despite a relative lag in
PCE: the current highest performing PCE stands at 18.8% for a device using MACI additives
with an MAPbI; perovskite in N-methylformamide (highest certified 17.7% for an AAKMA .-

«Pbls formulation). 86

The high potential for commercialisation is a consequence of exceptional stability and
amenability to low cost, easily scaled manufacturing techniques. The lack of residual binders
in the hydrophobic top-contact and all-encompassing scaffold result in improved chemical
and mechanical stability. Polyurethane/glass encapsulated devices produced using
AVA,MA1.Pbls y-butyrolactone (GBL) perovskite precursors have recently passed stringent
IEC61215:2016 tests, including damp heat tests (85°C at 85% RH, for 1,100 h), thermal cycling
tests (-40°C- 85°C for 200 cycles), ultraviolet preconditioning tests (60°C, 50 kWh m), and
MPPT light soaking tests (55°C, 9,000 h).l"® This is unprecedented for perovskite devices and

represents an important step toward commercial viability.

As well as containing much cheaper constituent materials and producing highly stable
devices, CPSCs can be manufactured using cheap, easily scaled techniques. The entire stack
can be screen-printed, which makes them attractive for large scale batch production of single
cells and modules. Modules may be prepared either through a registration, or screen
alignment approach, or via mechanical scribing- methods common in industrial
manufacture.’* Additionally, these steps can all be carried out in ambient conditions without
the need for expensive atmospheric control equipment, significantly decreasing the set-up

and running costs.!”?

Potential bottlenecks to high throughput production include the deposition of compact TiO5,
the ramped heating of each layer and the perovskite infiltration procedure. The mesoporous
layers are formed through annealing pastes containing organic binders such as polyethylene
glycol or ethyl cellulose, which burn off at high temperatures to leave nanoscale voids in the
structure.!®® Annealing processes can be extremely long, significantly increasing production
time and decreasing potential commercial throughput. In a laboratory setting, each stack
layer is typically annealed separately and requires an excess of two hours due to the ramped

heating and cooling required to prevent substrate cracking./”!

This problem has been addressed by using near infra-red (NIR) to cut each heating step to

less than a minute per layer. Combined heating of the ZrO; and TiO, was then used to further
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decrease the heating time. Layers fabricated using this method have been found to exhibit
similar porosity, thickness, and surface area to those produced with hot plates, resulting in

comparable device performance upon infiltration."®!

Lab scale infiltration commonly consists of manual drop casting, which is impractical and
ineffective at large scale. Deposition techniques such as slot-dye coating and inkjet printing
have been used to achieve homogeneous infiltration.”*"7>! However, stringent process
controls are required to prevent equipment blockages and non-uniform infiltration. For
example, early work on inkjet printing resulted in poor infiltration with thick, inhomogeneous
crystal formations at drop boundaries.!”®! Novel approaches to mechanised infiltration have
also been proposed, including a ‘robotic mesh’ method, where large precursor droplets are

broken up by printing through a patterned mesh.[’®!

These advances mean that end-to-end large-scale production of CPSCs is already feasible
using established industrial methods. A potential setup for end-to-end stack production using
laser etching, rotary screen printing, NIR annealing mechanical scribing is depicted in
(Figure 1.6). These techniques have already been used to produce large scale modules of
198 cm? active area and over 6% PCE, proving that the production of large-scale devices is
feasible with these methods.””78 Promisingly, these architectures do not seem to suffer the

same level of PCE loss on scale-up as other structures.

Rotary Screen Rotary Screen Ready for
Printing NIR Printing NIR Infiltration

Blades P2 Blades P3

m-TiO, | m-zro, [ m-Carbon

Figure 1.6: Diagrammatic representation of a potential set-up for commercial large-scale end-to-end
CPSC fabrication.
These architectures also offer many interesting avenues for fundamental research. In these
devices most carriers are produced in the first few hundred nanometres of the TiO; layer,
meaning photogenerated holes must travel several microns through the ZrO, insulator
before collection. Additionally, the perovskite crystals transporting the charge are smaller
than in other architectures, as grain size is restricted to that of the scaffold pores throughout
the stack. Considering the extreme distances, small grain sizes and non-selective nature of

the carbon electrode it would be reasonable to expect low current densities due to high levels

19



of recombination. However, even in large devices current density is generally 22-24 mAcm?

range.

In fact, several studies have found that extremely thick insulating layers can improve device
performance: a PCE of 15% was achieved with an insulating layer of 3 um, far outperforming

thinner devices.[®%°! As yet, the reasons for this behaviour are unclear.

Porosity is also an important factor to consider. With porosity, or the volume fraction of pores
in the layer, a balance exists between maximising perovskite infiltration and maintaining a
large interfacial area for charge extraction. Small pores maximise the layer surface area but
can impede perovskite infiltration. Porosity is determined by nanoparticle size and paste
formulation- smaller nanoparticles decrease pore diameters and increase interfacial area,
while binders such as ethyl cellulose, or hard and soft templates like polystyrene microbeads

and polyethylene glycol can be incorporated to increase pore diameters. %

The thickness and porosity of the stack layers clearly have a large influence on device
performance. However, optimisation studies have produced mixed results on what stack
properties produce the best devices: even just for AVAo03sMAPbI; devices several different
combinations of layer thicknesses and nanoparticle sizes have been presented as
optimum.[8M791E2 Although this may in some cases represent a lack of rigorous process
control between different groups, it is also likely that the optimal device stack varies
depending on the perovskite composition or ambient infiltration conditions.!®3 Changing the
precursor formulation or the ambient temperature and humidity during infiltration can
drastically alter its wetting properties, as well as changing crystal growth, packing, and the
optoelectronic properties of the annealed absorber. Different layer materials, dopants and
perovskite formulations may therefore have different optimal thicknesses and pore sizes.
Any change to stack or perovskite composition or deposition therefore requires extensive
optimisation of all three layers to achieve maximum performance and reproducibility.
Ideally, optimisation should be carried out on any novel systems prior to direct comparison

with well-characterised devices.

The non-selective nature and poor conductivity of the carbon electrode limits device
performance and can exacerbate hysteresis.8%®! The simplest carbon electrodes consist of
carbon black/graphite mixtures where the former improves layer porosity, and the latter
makes it conductive. For the best devices maximum conductivity must be achieved without

impeding perovskite infiltration. This can be difficult, as the properties that improve
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conductivity- for example increasing the amount of graphite or layer thickness- often

decrease the porosity.

The graphite itself can also be modified to improve selectivity- for example, functionalising
with C=0 and C-OH groups was found to improve PCE by over 2%.[%3! Other works have
examined the impact of incorporating different carbon allotropes such as single-walled
carbon nanotubes to top contacts or interlayers.®® Alternatively, other p-type materials
can be used. NiO, and WO; have been shown to improve charge extraction when
incorporated into the carbon top electrode, while CuS, MoOs, Co,03 and CuOQ, have been

proposed performance enhancing additives. 7%

Device performance can also be improved by incorporating additional p-type layers to
improve charge extraction. As is the case in conventional devices, chosen materials must
possess band energies that match with that of the perovskite. However, in the CPSC the
added layer must also be porous and be able to withstand the high temperatures required
for carbon layer annealing (~400°C). Organic hole transporting materials are generally non-
porous and degrade below the carbon annealing temperature, so interlayer materials have
thus far been limited to inorganic materials such as NiO and spinel C0304.°*#% NiO was used
to produce optimised Csoos(FA0.4aMAos)o.osPblasBro, TiO2/Al,03/NiO/carbon devices with
17.02% PCE.[¢4

The structural and perovskite requirements of CPSCs are clearly very different to those of
other architectures. This is reflected in the literature, where a large variety of processing
methods, post treatments, additives, and perovskite substitutions for enhancing CPSC
performance have been presented in recent years. However, despite the obvious importance
of infiltration to CPSC performance, perovskite crystallisation dynamics within the stack

remain poorly understood.

The following chapter will discuss infiltration methods, CPSC perovskite requirements and
the variety of perovskite formulations trialled thus far, with the aim to give a detailed

overview of current literature and the unique requirements and behaviours of CPSCs

1.3 Perovskite modifications in CPSCs

In any PSC, perovskite layer is of the utmost importance. As any of the component A, B and
X ions may theoretically be any ion of suitable charge and radius, many potential perovskite
combinations exist. Substitution thus offers a simple route into manipulating physical and

optoelectronic properties. Produced materials display varied stabilities to phase transitions,
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UV exposure and water-driven decomposition as well as a variety of colours. As well as being
advantageous in a commercial setting for potential product aesthetics, this means the
absorber materials may be catered toward specific applications: for example, cells for indoor

use can use materials with narrower absorption spectra.

The feasibility of a given ionic substitution may be calculated using Equation 1, where r terms
represent the ionic radii and t the extent of lattice distortion from the ideal cubic case (t = 1).
The greater the deviation from t = 1, the more distorted the structure, but if 0.8 <t 21, the
cubic crystal structure is stable. Where t falls outside of this range, phase segregation or
transitions occur: at t < 0.8, orthorhombic structures dominate, while at t > 1 hexagonal

phases are formed.[*>

ra+Ty

=__ATx Equation 1
\/2(r3+rx) q

A, B and X substitutions influence chemical and optoelectronic properties different ways.
Factors such as size, symmetry and ionic charge density all affect crystallisation kinetics and
formed morphologies, which in turn affect the optoelectronic properties and stability of the
formed material. For example, changing the X or B ions directly affects valence and
conduction band energies as the highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) consist of Pb-X antibonding orbitals. Conversely,
changing the ‘A’ cation indirectly impacts bandgap by influencing crystal packing and unit cell

parameters. /13114

Additionally, many performance enhancing additives and processing techniques have been
developed for application in classic architectures. These generally focus on increasing

capping layer grain size, coverage and crystallinity.

The perovskite requirements in CPSCs are vastly different to classic or planar sandwich, as

these devices lack a perovskite capping layer and are 15-20 microns thick (Figure 1.7).
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Mesoscopic triple stack Conventional mesoscopic

(CPSC) PSC

Figure 1.7: Diagram depicting the difference between crystal morphology between an CPSC and a
conventional sandwich structure. Perovskite crystals in CPSCs are small, constrained by the
mesoporous scaffold, whereas the capping layer in conventional PSCs consists of extremely large
surface crystals.

High-performance devices are invariably achieved through maximising infiltration, the extent
to which perovskite fills the stack. Full precursor permeation with minimal voids maximises
light absorption, conductivity, charge transfer and electrode contact. Additionally, as voids
in the scaffold can act as access points for ambient water or oxygen, well-infiltrated devices
are also often more stable towards degradation.!**"®®! Unencapsulated MAPbIs CPSCs exhibit
longer lifetimes under ambient conditions than classic mesoscopic devices, with well
infiltrated devices produced by two-step infiltrations more resilient to degradation than

poorly infiltrated cells.6}%7]

To achieve this, crystallisation must be relatively slow and carefully controlled; large crystals
forming quickly on or near the scaffold surface can prevent precursor accessing the stack.”
Processes like antisolvent-assisted coating and high-temperature annealing, which improve
conventional PSC performance by forcing fast nucleation of large, high coverage surface

crystals are therefore unsuitable for CPSCs.

Instead, samples are allowed to rest for some minutes after drop casting to allow the
precursor time to percolate the stack before annealing. Annealing tends to be relatively low
temperature: from 50°C-100°C depending on the perovskite composition. This step is also

much longer than in conventional devices: Annealing procedures of up to 20h have been
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presented in the literature.% This allows more time for stack filling and produces more

densely packed crystals in the scaffold pores. (621811991,

As depicted in Figure 1.8, infiltration can involve either a one or two-step method. In a one-
step deposition a stoichiometric ABX3 precursor solution is used, which directly forms the
desired perovskite upon solvent removal. In a two-step method, the lead halide is infiltrated
into the stack and annealed before subsequent reaction with the solvated organic cation

(usually in a 2-propanol chemical bath).!*%!

Pbl, /MAI Percolation
deposition

T q/ﬂ

e\

Pbl, deposition

MAI/IPA Chemical Bath

Figure 1.8: One-step (above) and two-step (below) infiltration procedures for CPSC infiltration. The
thermal annealing is generally at 50-100°C depending on the perovskite composition. DMF, DMSO
and GBL represent the most common solvents.

One-step methods are easier to scale up and involve fewer steps and reagents, especially
advantageous when using harmful solvent systems. This method is also less likely to result in
Pbl; islands within the device: In two-step procedures, Pbl, located deep within the infiltrated
stack or at the centre of particularly large crystallites can remain unreacted in the finished
device (Figure 1.9). Such crystals can act as recombination centres and catalysts to

degradation.®®

However, reproducible, high-quality infiltration is often easier to obtain using a two-step
technique, especially where stoichiometric precursors exhibit poor wetting properties. Poor
infiltration via a two-step method is also generally less damaging to device performance. As
shown in Figure 1.9, the voids formed by a non-ideal one-step deposition are concentrated
mostly in the TiO, and ZrO, layers at the base of the stack. This un-infiltrated base layer can
block or scatter a significant proportion of the incoming light. A poor two-step infiltration can

have a similar volume of perovskite-free stack, but performance is less impacted as voids are
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more evenly distributed. Such devices therefore have better contact between the perovskite

absorber and the ETL, and light absorption is less adversely affected.

Ideal Poor one-step Poor two-step
infiltration infiltration infiltration

Unfilled | | Unreacted | |
voids Pbl,

Figure 1.9: Diagram comparing ideal CPSC infiltration to poor infiltration achieved with both one-step
(centre) and two-step infiltration (right). The unfilled voids in a poor one-step infiltration are often
concentrated in the TiO: ETL and ZrO: insulator, whereas those in a two-step infiltration are evenly

dispersed throughout the stack.

Poor one-step infiltration can be overcome by modifying the perovskite precursor or
deposition technique, for example by using vapour assisted annealing or additive and solvent
engineering. However, works on novel perovskite applications most frequently rely on two-
step methods, which require less stringent process control and optimisation and offer more
control over phase formation.®?1%2 Some device performances achieved with different

infiltration methods, using similar perovskite formulations are presented in Table 1.1.

Chemical modification of the perovskite precursors is also common. Two main approaches
exist: substitution of component perovskite ions and the introduction of additives. These
terms are often used interchangeably, however, in this work substitution refers to an ion that
sits within the bulk ABX; lattice framework, while ‘additives’ are species that sit at interfaces
or interstitial sites, or are removed during annealing.''®® Some molecules, such as AVA,
partially integrate into the lattice at grain boundaries via functional groups.*®* These species,
as well as those able to act as both additives and substituents will be included in the

‘additives’ sections.
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Table 1.1: CPSCs with like perovskite formulations and layer compositions fabricated with one step and
two step infiltration methods. *

Perovskite PCE (%) Voc (MV) Inorganic stack Ref,
formulation (tested area in | Js Materials, deposition method and | publication
Composition mm?) (mA/cm?) thickness of bLayer and porous layers year
Deposition FF (%)

method

Solvent

MAPbI; 10.5(7) 914, 16.92, | TiO,19/Ti0,1-(0.4um)/ 105, 2016
One-step (@ 68 Zr0,2-(1.5um)/C-(10um)

DMF

MAPbI; 11.4(7) 928, 17.5, | TiO,1)/Ti0,(0.7um)/ 56,2014
Two-step 70 Zr0,2-(1.5um)/C-(10um)

DMF, IPA

Cso.1FAo.sPbl; 15(10) 920, 23.63, | TiO,\Y/Ti0,2(1um)/ [100] 2019
One-step 69 Zr0,2-(2um)/C-(10um)

DMF/DMSO

Cso.1FAo.sPbl; 11.72(14.8) 970, 20.91, | TiO,\Y/Ti0,@(1um)/ [106] 2019
Two-step 58 Zr0,-(1.5um)/C2)-(10um)

DMF, IPA

*Average PCEs are presented with the measured device area, alongside average photovoltaic
parameters parameters (! Averages are not reported, the champion value is used). All
devices were prepared on FTO substrates. Later materials, layer thicknesses are presented
deposition methods, labelled as ) spray pyrolysis, ? screen-printing. Where a range of
thickness is reported an average is presented. Infiltration methods are labelled are as follows:
@ drop casting, ) spin coating. The reported figures show the highest achieving example of
a given device formulation, not necessarily the first reported use..

1.3.1 Cation substitution

As previously discussed, the A and B cations may both consist of any ion with appropriate
radius and charge. The B cation is almost invariably Pb?*, although some work has begun to
focus on alternatives such as Sn%*. However, these formulations have yet to be applied in
CPSCs, and will therefore not be discussed in this thesis. The most prevalent organic A cation
in the literature is methylammonium, or MA, which produces cubic perovskite structures

with broad optical absorption spectra.6/117]

Unfortunately, MA can significantly curb operational stability as it is volatile, oxygen sensitive
and prone to migration within the crystal structure. Full or partial substitution with
alternative cations therefore concurrently improves device stability and performance. This
has provided a major driving force for research into alternative cations in multiple device

architectures.*8
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Many of the substitutions trialled in conventional architectures were incorporated to
enhance operational stability, as the volatile, oxygen sensitive methylammonium ion can be
extremely detrimental to device lifetime. However, well-infiltrated MAPbl; CPSCs are far
more stable under ambient conditions than conventional sandwich cells. Such high intrinsic
stability may have provided less incentive for work into cation substitution, which could
explain the relatively low variety of trialled until recently.”® Table 1.2 shows the breadth of

work into CPSC A cation substitution in the literature at the time of writing.

Incorporating substitutions can also be particularly challenging in CPSCs: small formulation
adjustments and minor changes to a precursor’s ionic properties can drastically alter
crystallisation dynamics, impacting infiltration, device performance and stability.
Additionally, perovskite crystallisation processes within the stack remain relatively poorly
understood, making targeted modifications to precursor formulations extremely
challenging.® In these cases, two-step methods offer more control over infiltration and
crystal morphology as high quality, reproducible infiltration of lead iodide is more easily

achieved.

Additional limitations exist for formulations that are poorly soluble in GBL, as well infiltrating
GBL-AVA based precursors cannot be applied. Furthermore, the long, low temperature
annealing processes and physical constraint from the mesoporous stack can favour mixed

phase formations or solvent retention. 22/(106]

One of the first examples of cation substitution in CPSCs introduced FAPbIl; perovskites to
stacks in 2014. Advantageous due to its low bandgap of 1.43 eV and comparatively high
thermal stability, a-FAPbI; can be difficult to crystallise in CPSCs as long, low temperature
annealing can result in formation of the yellow §-phase. While one step depositions resulted
in almost complete &-phase formation, the two-step method produced the desired a-phase

and a device of 11.4% PCE.[21[137]

Interestingly, recent work has suggested that targeted a-6 phase conversion at device
interfaces can be beneficial in FAPbl; CPSCs. Achieved through controlled humidity exposure,
writers suggest that limited &6-formation at the perovskite-carbon interface improves band
alignment and perovskite contact, improving charge transfer and significantly reducing
recombination. However, significant stability problems due to phase conversion and
temperature sensitivity were still present.*® Indeed, most FA-only devices tend to undergo
a gradual phase change to the inactive 6-phase, decreasing device performance over time

under operative conditions.[*3!
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FA phase instability can be mitigated through inclusion of a smaller cation such as MA
(section 1.3.1) or partial halide substitution (section 1.3.3). This is also true of conventional

architectures.[t311[1371,(139]

More recently, work emerged examining the impact of Acetamidinium (AA) and Guanidinium
(Gu) A-site substituents. When added in molar excess to DMF:DMSO-based MAPbI;
precursors, these ions preferentially replace MA in the perovskite lattice, forming more
stabilising hydrogen bonds with the inorganic Pb-I framework. In the case of 15% AA, this
resulted in a tenfold improvement in carrier mobility and lower defect density. This led to

substantial Jsc and Vo improvements and a record certified PCE of 17.7%.°

Alternatively, a small inorganic ion may be used, either alone or in conjunction with MA*. This
is most commonly Cs*. Like FA* systems, CsPbl; forms a black a- phase at high temperatures
which reverts to an inactive yellow 6-phase at room temperature. Alternatively, CsPbBr; may
be used to obtain devices of high V.. although the high material bandgap limits light
absorption and device J.. As of 2020, all inorganic CsPbBrs; CPSCs have achieved 7.52% PCE
and a high Vocof 1.46 V. Surprisingly, this system is more stable in CPSCs as the constraining
mesoscopic scaffold prevents transition of the desired monoclinic phase to the cubic phase
even at 400°C. CPSCs may therefore prove capable of stabilising more, highly stable all-

inorganic perovskite phases.

As well as enhancing the phase stability, MA* and Cs* improve the optoelectronic properties
in distinctly different ways: MA" increases light absorption and hence the number of
generated carriers, while Cs* reduces recombination and improves carrier collection. When
added to MAgsFAo4Pbls CPSCs, Cs* improved Vo and Jsc by effectively doubling the carrier
diffusion length. In the optimised system, electron and hole carrier diffusion lengths went
from 70 nm and 1.9 pm to 140 nm and 0.95 um for MAg 6FAo 4Pbls and Csp.0s(MAo 6FAo.4)0.95Pbl3

systems respectively.3

Cs* can also be used to stabilise a-FAPbls; in the absence of MA®, leading to extremely
thermally stable CPSCs. A 2019 paper found that 10% Cs incorporation into the lead solution
during the first stage of two step deposition effectively halved CPSC performance loss under
thermal stress. Cso1FAo9Pbls devices kept at 85 at 25% RH retained 70% of initial PCE,
compared to 35% for FA-only cells. Cell performance was also enhanced, with Cso.1FAq.sPbls

producing devices of >14% PCE compared to 10.8% for FAPbI3.1140
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One-step Cso1FAosPbls infiltration has also been achieved through application of a vapour-
controlled crystallisation technique. This method introduced DMSO and ultra-slow annealing
in a solvent vapour environment: highly coordinating DMSO reduces precursor colloidal
diameters, and a vapour environment slows solvent removal and therefore crystallisation.
Produced devices exhibited significant J;c and FF improvements over controls, resulting in
PCEs of 15% compared to 10% for MAPbI;. Devices were also found to be stable over 300
hours of dark storage at 50% RH- although it should be noted that such devices have been
found in some studies to undergo transitions to the 6-phase over time, with additional mixed

halide stabilisation required for long term stability under light.!100{140]

This vapour-controlled crystallisation method has also been used to incorporate DMF/DMSO-
based Cso.1Rbo.osFAo0ssPbls precursors into CPSCs. In conventional sandwich PSCs, rubidium
has been found to improve performance and alleviate hysteresis through increasing carrier
mobility and decreasing bulk recombination. Too small to sit within A lattice sites, Ru* instead
concentrate at surface defects and within interstitial sites, reducing trap assisted
recombination and limiting ion migration within the film. Combined with the Vg
enhancement from Cs* this produced a champion CPSC with a maximum stabilised PCE of

16.26%.

Although vapour assisted annealing procedures and two-step methods have facilitated the
fabrication of high-performance devices, they are not well-suited to scale-up: two-step
infiltration takes extra time and materials, while vapour treatments are lengthy and require
highly controlled annealing environments. Ideally, a one-step method that does not require
additional process control or post treatment is needed to be attractive for application to
larger scale modules: hence the continued use of AVA/GBL systems in scale-up projects

(Detailed in section 1.3.4).

The work in this thesis therefore focuses on a MAPbI; system with AVAI additive, to eliminate
phase issues while trialling new solvent systems and produce work applicable to recent scale-

up initiatives.

29



Table 2: Table of CPSCs fabricated with different A cations. Rows are grouped by colour to directly
compare formulations with similar solvent systems, deposition methods and anion compositions.”

Cations | Perovskite formulation | PCE (%) Voc (MV) Inorganic stack Ref,
Deposition method (aperture Jse(mA/em?) | Material, (deposition method) _(Jgyer | Publication
Solvent system area, mm2) | FF (%) thickness) year
MA MAPbI; 13(16) 950, 19.5, | Ti0,{1/Ti0,2-(0.4um)/ [49) 2017
One-stepl@ 70 Al;,03 )-(0.5um)/C2-(8um)
DMEF
CS, Rb, CSo,leo_osFAo,sspblg 642(108) 867, TiOZ(l)- [99], 2019
FA One-step 11.12,66 | (0.1um)/Ti0,@(0.5um)/ZrO,2-
DMF (0.75um)/C2-(15um)
FA, 40% | FAPbI3 16.22(10.8) 1029, TiOy- [138], 2022
MACI One-step 21.8, 72.3 | (n/a)/Ti0,A(n/a)/ZrO,-
additive | DMF:DMSO (4:1) (n/a)/C?-(n/a)
MA AVAMA 1,Pbl; 15.3(16) 869, 21.2, | Ti0,'V/Ti0,?-(0.5um)/ 911 2019
One-stepf@ 83 Zr0,@-(1.5um)/C@-(
GBL
Cs, MA | CsAVAq0sMAg.ssPbls 12.2(14.8) | 893, TiO,/Ti0,2-(0.5um)/ (127 2018
One-step 20.59, 66 | ZrO,-(1.4um)/C)-(10um)
GBL
FA FAPbI; 11.9(7) 901, 18.4, | Ti0,{9)/Ti0,12(0.7um)/ 137 2014
Two-Step 72 Zr0,-(1.5um)/C2)-(10pum)
DMF, IPA
FA, MA FA0.4MAo6Pbls 12.9(7) 921, 10.9, | TiO,(UTi0,2(0.7um)/ 11371 2014
Two-step 67 Zr0,-(1.5um)/C)-(10um)
DMF, IPA
Cs,FA | Cso.1FAosPbls 11.72(14.8) | 970, Tio,/Tio,(1pum)/ [106] 2019
Two-step 20.91,58 | ZrOy@-(1.5um)/C@-(10um)
DMF, IPA
Cs, FA, | Csoos 17(12.9) 1008, Ti0,10/Ti0,@-(0.46pm)/ 131, 2017
MA (FAO‘4MAO,6)0,95Pb|z,sBro,z 23.4, 72 A|203 (2)-(0.45um)/Ni0(2)-
Two-step (0.8 um)/C-(10um)
DMF, IPA
FA, MA FA0_4MAO_6PbI2_8Br0_2 1488(129) 953, TiOz(l)/TiOZ(Z)—(OAGum)/ [131], 2017
Two-step 22.31,70 | Al,O3@-(0.45um)/NiO)-
DMF, IPA (0.8 pm)/C-(10um)
Cs, FA, | Csoos(FA- 12.1(14.5) | 937, 20.4, | TiO,¥/TiO,-(1.5um)/ 12312021
MA o‘gsMAo‘15Pb|z,ssBro,4s) 66 ZrOz(Slr[“)-(1.5um)/C(5)-(20um)
One-step(@: (b)
DMF:DMSO (4:1)
FA FAPbI2.0Bro.1 11.53(14.8) | 950, Tio,-/ Ti0,2(1pum)/ 106 2019
Two-step 20.29.59 | ZrO,-(1.5um)/C@-(10um)
DMF, IPA
CS, FA CSo,1FAo,9Pb|o,gBro,1 14.14(14.8) 1018, TiOz(l)/ TiOz(Z)(llJ.m)/ [106], 2019
Two-step 22.16,63 | ZrOy2-(1.5um)/C@-(10um)
DMF, IPA
Cs CsPbBrs 5.33(10) 1330, TiO,\0- Ti0,@(0.8pm)/ (1411, 2020
Two-step 5.34,77 Zr0,2-(2um)/C@-(15um)
DMF/DMSO/, MeOH
AA AAo,15MAo,35Pb|3 17.78 1006, TiOz(l)- TiOz(Z)(O.7um)/ [69], 2021
One-step(@ 24.2,75 Zr0,2-(2.25um)/C2-(15um)
NMF
Gu Guo2MAggPbls 16.82 998.15, TiO,- Ti02(0.7um)/ 169, 2021
One-step(@ 22.5,0.74 | ZrOy?-(2.25um)/C-(15um)
NMF

*Average PCEs are presented with measured device area, alongside average PV parameters. Materials
and thicknesses are presented with deposition methods labelled as ' spray pyrolysis, ¥ screen-printing,
Glspin coating, “ chemical bath deposition * doctor blading. Where a range of thickness is reported an
average is presented. Infiltration methods are labelled as follows: @ drop casting, ) spin coating.
Figures show the highest achieving example, not necessarily the first reported use
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1.3.2 Anion substitution

Changing the X ion directly affects valence and conduction band energies, as the highest
occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) of
the perovskite absorber consist of Pb-X antibonding orbitals.!® Like with cation substitution,
differences in the ionic radii of substituted ions also cause changes to unit cell size and shape,

affecting properties such as charge transfer and phase stability.!*

The X anion is generally a halide or combination thereof.%! Precise ratio control is most
easily achieved by changing the molar ratios of precursor components. Alternatively,
deposited perovskite layers may be exposed to HX or other gaseous halide species. lon
substitution at surface grains then produces a layer or halide gradient, which homogenises
within hours to form the final film.[”! A table citing recent works applying X substitutions to

CPSCs can be found at the end of this section (Table 1.3).

Partial substitution of I with Br is common in conventional architectures for stability
enhancement, bandgap tuning and increased V,..[*? However, these V.. and stability gains
are often accompanied by lower absorption efficiency, which can lead to lower overall PCE.
In conventional devices with high performance and low stability, such losses are an
acceptable trade for improved device longevity. However, less incentive exists to apply
methods that improve stability to the detriment of performance in MAPbI; CPSCs, where Br

ratios must be very carefully controlled to avoid large Js losses.*7+[10%!

For example, MAPbBr; produces high V.. CPSCs: up to 1.33 V, while typical MAPbI; devices
are usually ~0.9 V. However, current densities of under 7 mAcm™ resulted in a comparatively
low PCE of 7.11%, compared to 12% for MAPbI3.% To maintain high enough Js for good
performance requires lower Br proportions. For example, depositing MAPbI,Br using a two-
step method resulted in open circuit voltages of over 1 V and 11.0% PCE compared to 0.9 V
and 10.5% for MAPblIs. In this case, the substantial Vo improvement outweighed Jsc losses
from the bandgap increase. Devices were also more stable to photodegradation under
operative conditions.[**3! Optimised performance can be achieved with even lower

proportions: optimised bromide substitutions of 10% can obtain average PCEs of 12.76%.144

Bromide substitutions have also been used improve the phase stability of mixed cation
CPSCs. Interestingly, the performance enhancements of Br- and Cs* substitution were found
to be additive, with performance optimised Cso.1FAo.9Pblo.oBro.1 layers exhibiting higher optical

absorption, longer carrier lifetimes and better performance than either substituent in
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isolation.3%1240] The combined systems were also more stable, showing negligible

conversion to the 8-phase over time despite little change in the material bandgap.!*°®!

Halide alternatives include large anions of lower charge density such as BF, or SCN", both of
which have been shown to improve thermal stability and moisture tolerance of perovskite
layers.*31%5) The BF,; has been used to produce planar devices of over 20% PCE, with
extremely high carrier lifetimes and low defect density.> In MAPbI; CPSCs prepared by one-
step DMF depositions a 5% BF, substitution increased PCE from 9.65% to 12.24%, with
significant improvements to all device parameters.[*®! The high charge density of the fluoride
anions results in stronger intermolecular interactions, enhancing layer conductivity, hole
mobility and overall stability. A similar level of improvement is seen in one-step GBL
depositions, which achieved a champion PCE of 15.5% with BF,; compared to the 13.4% AVA-
MAPbIs champion control.®® These ‘pseudohalide’ substituents can substantially improve
performance and lack the segregation issues observed in mixed halide perovskites and could
therefore offer an alternative route to anion substitution in CPSCs. However, other

alternatives such as SCN™ have yet to be thoroughly investigated in these devices.

Perhaps the greatest issue with these materials is light-induced segregation, where iodine
rich areas form under constant illumination.®?-54 Caused by halide ion migration within the
lattice, these areas form hole traps that increase the rate of recombination, negatively
affecting lifetime and efficiency under operative conditions. Halide migration can
theoretically be reduced by using large hydrogen-bonding organic cations such as
formamidinium to increase intermolecular attraction within the lattice, but this introduces
phase issues when annealing at low temperature.¥ Phase stability can vary greatly
depending on the precursor solvent system. To avoid potential phase and stability issues, I
only systems are examined in this thesis. Application of these solvents with alternative ion

formulations represents an avenue for potential future work.
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Table 1.3: Table of CPSCs fabricated with different X anions. Rows are grouped by colour to directly

compare formulations with similar solvent systems, deposition methods and cation compositions.”

Anions Perovskite formulation | PCE (%) Voc (MV) Inorganic stack Ref,
Chemical formula (aperture Jsc Material, (deposition method) _ | pyplication
Deposition method area, mm?), | (mA/cm?) (layer thickness) year
Solvent system FF (%)

I3 AVAMA(14Pbls 15.3(16) 869, 21.2, | TiO,(M/TiOx@-(0.5um)/ 1912019
One-stept@ 83 Zr0,2-(1.5um)/C)-(20um)
GBL

12.95, AVAMA (1. 15.5(10) 970, TiO,1/Ti0,-(0.6um)/ 1561 2018

(BF4)o.05 xPbl2.95(BFa)o.05 24.37,66 | Zr0,?-(2.5um)/C?-(12pm)
One-step(@
GBL

Is MAPblI; 13(16) 950, 19.5, | Ti0,/Ti0,@-(0.4um)/ 1491 2017
One-step(@ 70 Al,03 ()-(0.5um)/C2-(8um)
DMF

s, MAPDbI;.95(BF4)o.0s 13.24(7) 957, Tio,/Ti0,2-(0.4pm)/ 1105 2016

(BFa)oos | One-step(@ 18.15,76 | Zr0,@-(1.5um)/C2-(10um)
DMF

12.7Bro.03 MAPbI; 7Bro 03 13.49 1010, TiO,(/TiO,-(0.4um)/ 146 2016
Two-step 18.93,71 | Al,03@-(1.2um)/C-(10pum)
DMF, IPA

1,Br MAPbI,Br 11.03(16) 1040, TiO,@/Ti0,2-(0.4um)/ [143], 2015
Two-step 15.37,69 | Al,03(-(0.6um)/C-(10um)
DMF, IPA

Is FAPbI; 11.9(7) 901, 18.4, | Ti0,V-(0.1um)/Ti0>2(0.7um)/ | 137, 2014
Two-Step 72 Zr0,-(1.5um)/C)-(10um)
DMF, IPA

l2o Bros | FAPblyoBros 11.53(14.8) | 950, TiO,-(0.1pm)/Ti0.@(1um)/ | 1206, 2019
Two-step 20.29.59 | ZrOy@-(1.5um)/C-(10um)
DMF, IPA

I3 FA0.4MAo sPbls 12.9(7) 921, 10.9, | TiOy- 11371 2014
Two-step 67 (0.1um)/Ti022(0.7um)/Zr0,2)-
DMF, IPA (1.5um)/C@-(10um)

l2.8, Bro.2 FA0.4MAq 6Pbl; gBro > 14.88(12.9) 953, TiO,1/Ti0,2-(0.46um)/ 1131] 2017
Two-step 22.31,70 | Al,03 (2)-(0.45um)/NiO)-
DMF, IPA (0.8 um)/C2-(10um)

Is Cso.1FA0sPbl3 11.72(14.8) | 970, TiO,M-(0.1pm)/Ti0.@(1um)/ | 1206, 2019
Two-step 20.91, 58 | ZrO,@-(1.5um)/C)-(10um)
DMF, IPA

lo.oBro.a Cso.1FA0.9PblgoBro1 14.14(14.8) 1018, TiO,M-(0.1um)/Ti0,(1um)/ [106] 2019
Two-step 22.16,63 | ZrO,@-(1.5um)/C)-(10um)
DMF, IPA

Brs CsPbBrs 5.33(10) 1330, TiO,(- Ti0,2(0.8um)/ [141], 2020
Two-step 5.34,77 Zr0,-(2um)/C-(15um)
DMF/DMSO/, MeOH

Average PCEs are presented with the measured device area, alongside average PV parameters.
Reported figures show the highest achieving example of a given formulation, not necessarily the first
reported use. Materials and thicknesses are presented with deposition methods labelled as ) spray
pyrolysis, ? screen-printing, ¥ spin coating, * chemical bath deposition ) doctor blading. Where a
range of thickness is reported an average is used. Infiltration methods are labelled as follows: @ drop
casting, ) spin coating.
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1.3.3 Inorganic additives

Depending on the ionic radius and valence bonding properties of the relevant ion, inorganic
additives sit either at grain boundaries and interfaces or in interstitial sites in the perovskite
lattice. Depending on the dopant concentration and the radius of the metal ion, the dopant
can incorporate in different ways. At low molar concentrations (generally < 2% depending on
the dopant), the metal ions sit within the interstitial lattice sites to produce a more ‘n’ type
layer. At more typical high dopant concentrations of >5%, ions do not incorporate into the
lattice, accumulating at grain boundaries and interfaces.[!® Interestingly, at high
concentration, none of the added metal ions appear to incorporate into the lattice. In other
words, once the dopant concentration surpasses the upper low-doping limit all the added
metal ions gather at grain surfaces.'®® Instead of actively passivating pre-existing defects,
interstitial ion incorporation prevents the formation of bulk defects by inhibiting halide
migration, and hence the formation of ‘Frenkel’ defects./*® Low-concentration doping can
therefore also be used in mixed halide systems to combat migration-induced phase
segregation and the associated performance and stability losses. These two distinct doping
regimes allow targeted passivation of specific defects, using high dopant concentrations to

selectively passivate surface defects and vice versa.[**!

A large variety of metal salts have been incorporated to precursors for conventional devices
in recent years, ranging from main group species like Mg?* to transition and rare earth metal
salts. A broad range of properties may be influenced in this way, including trap state
densities, photoluminescence quantum yields and band positions. 2128131 The different
doping regimes also affect the semiconductor properties of the perovskite absorber, with

high concentrations producing more ‘n type’ layers and vice versa.[%!

Due to smaller grain sizes, CPSCs likely have higher surface defect density per unit active area
than other architectures. It follows that incorporating high concentrations of metal salts for
targeted surface defect passivation could therefore be particularly beneficial in these
devices. However, despite an abundance of work on metal doping in other architectures
relatively few have been applied in CPSCs at the time of writing. A table comparing additives

applied in CPSCs thus far is presented at the end of this section (Table 1.4).

This may be due to the relatively poor solubility of many such salts in GBL, one of the more
common solvents for one-step depositions. Currently, the only inorganic additive added to

GBL-based systems thus far is CUSCN. Although this was not found significantly to affect PCE,
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its presence reduced hysteresis and improved device response time, which may result in

improved stability under operative conditions.®*

The other solvent commonly used for one-step infiltrations is DMF, which solvates a wider
variety of salts, but can form non-uniform, poorly infiltrated films with large needle-like
crystals in the absence of vapour treatments.*3? Where metal salts have been used for
performance enhancement, optimal dopant concentrations appear to coincide with those
that suppress the formation of these large needle-like crystals. The optimum concentrations
for CPSC performance of LiCl and SrCl, additives were also those where needle-like crystal
formation was completely suppressed.i*V1331 A 30% LiCl addition to MAPbIls in DMF
completely prevents the formation of such structures resulting in high quality infiltration and
~4% average PCE improvement. Recombination and film resistivity was also decreased, a

consequence of surface defect passivation and Li* doping of the TiO, interface.[*3!

Similarly, 0.1 molar excess of SrCl, produces small, densely packed and highly crystalline
layers. Concentrated at grain boundaries, this additive acted as an effective defect inhibitor
in the annealed film, producing an impressive PCE of 16%.1*?! Interestingly, the annealed
devices also retained almost all the added CI, unusual as added chloride ions are often

difficult to detect post-crystallisation.%

The smaller crystals observed in additive-enhanced devices are likely indicative of crystal
growth inhibition during the early stages of infiltration, which benefits infiltration through
preventing the formation of blockages. Therefore, although many additives result in small

crystal sizes, the formation of smaller crystals is not itself essential to high CPSC performance.

Increasing the size of grains within the stack can be in fact be beneficial if the mechanism by
which grain size is increased does not impede infiltration. For example, adding PWi,
polyoxymetallates to AVA-MAPbIs precursors facilitates the growth of 30-50 um crystals by
Otswald ripening during thermal annealing. The additive therefore decreases defect density
within the annealed film, as well as acting as an electro acceptor to improve charge transfer.
A concentration of 15 mg/ml of PWi, was therefore found to enhance device PCE by over

2%, from 9.17% to 11.35%.1134

In other architectures, improved crystallinity and device stability can also be achieved
through incorporating excess Pbl,. Excess Pbl; collects at grain boundaries, to reduce defect
concentrations and the associated performance losses.!*3*! However, this is not the case in

CPSCs; AVA-MAPDbI;. devices with excess Pbl, showed no significant performance
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enhancement and degraded significantly faster than stoichiometric devices.™**® It is possible
that the long CPSC annealing times cause more MAI loss, resulting a slight excess of Pbl; at
grain boundaries from stoichiometric precursors. A molar excess in the precursor solution
could therefore result in a detrimental surplus of Pbl,. Alternatively, AVA alone may provide

sufficient surface passivation, rendering excess Pbl, obsolete in this case.

Much work remains to be done on the effects of inorganic additives in these systems, with
scope for applying other dopants as well as unravelling the underlying mechanisms behind
CPSC performance enhancement.

Table 1.4: Table of CPSCs fabricated with various inorganic additives for different perovskite
formulations. *

Inorganic additive Perovskite PCE (%) Voc (mV) Inorganic stack Ref,
formulation (aperture Jsc (MA/cm?2) Material, publication
Chemical formula area, FF (%) (deposition method) — | year
Deposition method mm?2), (layer thickness)
Solvent system publication
year
CuSCN, 0.04M AVAMA (1.4Pbl3 150)(16) 888,21.9,77 | TiO,(V/TiO,- 19112019
One-step (1um)/
GBL Zr0,2)-
(2.2um)/C-
(20um)
CsAVA, 5% Molar | CsAVAq osMAg9sPbls 12.2(14.8) 893, 20.59, | TiO,(U/TiOy2- 11271 2018
excess One-step 66 (0.5um)/
GBL Zr0,2)-
(1.4um)/C-
(10pum)
LiCl, 30% Molar | MAPbI;.0.3LiCl 14.5(10) 927,20.2,77 | TiO,(0/TiO,2- (1331 2016
excess One-step (@ (0.5um)/
DMF Zr0,2-
(2um)/C-
(10um)
SrCl,, 10% Molar | MAPbl3.0.15rCl, 15.9(16) 1050, 20.15, | TiO,/TiOy2- (491 2017
excess One-stept@ 75 (0.4um)/
DMF Al,O3 (2)-
(0.5um)/C2)-
(8um)
PW1, (5-AVA),(MA);. 11.35(7) TiO,\/Ti0,2)- 134 2017
«Pbl3/PW1, 800, 22.57, | (0.4um)/
One-step(@ 57 Zr0,2-
DMF (1.5um)/CB)-
(10pm)

*Average PCEs are presented with the measured device area, alongside average photovoltaic
parameters (! Averages are not reported, the champion value is used). All devices were
prepared on FTO substrates. Layer materials and thicknesses are presented with deposition
methods, labelled as * spray pyrolysis, @ screen-printing, ) spin coating, ¥ chemical bath
deposition ® doctor blading. Where a range of thickness is reported an average is presented.
Infiltration methods are labelled as follows: @ drop casting, ' spin coating.
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1.3.4 Organic additives

By far the most conspicuous additive is 5-aminovaleric acid (AVA). This molecule can be
added in molar ratio or excess.!*®"1% First presented in 2014 to improve infiltration, cross-
sectional analysis has since shown that 3% AVA added to MAPbIs-GBL precursors can improve
the infiltration of a one-step deposition by 94%.1*%"! This is achieved by a templating effect,
where AVA adsorbs to the metal oxide surface via carboxyl groups, improving precursor
wetting and introducing crystal nucleation points. The resultant crystals are small and
densely packed, which enhances light absorption. The AVA templating effect also boosts
charge collection through improving the perovskite-TiO, interfacial contact. Produced

devices show correspondingly high Jsc and PCE values. /201

Better scaffold infiltration can enhance the stability of MAPbls CPSCs.®! However, the extent
to which AVA enhances stability far outstrips that usually observed with improved
infiltration. The light-exposed lifetime of unencapsulated MAPbI; devices increases by a
factor of 40 with 3-5% AVA addition, extending the time taken for 50% initial performance
loss from ~2 h to ~80 h.1'%! |n a separate study, hermetically sealed AVA:3sMAPbIs devices
and modules passed IEC61646 qualifications with 9000h operational tracking, undergoing
thermal cycling (70 cycles from -40°C to 85°C) and 50 h damp heat tests (85°C, 85% RH). This
is unprecedented for PSCs and represents an exciting step towards commercially viable

stability.!””!

Multiple factors contribute to this lifetime enhancement. As well as improving wetting, AVA
induces a 2D/3D hybrid phase at the perovskite-TiO; interface.[*** As shown in Figure 1.10,
the amine group sits at grain boundary “A” sites as the large organic sections cannot
incorporate into the lattice. Produced crystals therefore have a bulk internal 3D structure
with a 2D surface phase, which acts as a barrier to electron recombination and passivates
surface defects. The large organic tails further enhance stability by providing a physical
barrier that prevents water access, inhibits MAI loss and reduces irreversible ion migration

at device interfaces.’%

Further work has proven that incorporation is not limited to the metal oxide interface, with
AVA double layers present at grain boundaries (Figure 1.10).1°®! Consequently, even glass-
based films are more resistant to degradation. In particular, superoxide and humidity driven
degradation pathways are inhibited, as AVA blocks access to surface defects

(Figure 1.10).[208L20%] Indeed, while conventional architectures experience rapid degradation
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to Pbl; in humid conditions, 70% humidity exposure actually improves AVAq0:MAPbIs CPSC

performance by up to 45% by enhancing crystallinity.[104[1091.210]

a) 0, — 0, ] b) TiO, |

/ J 20 -
AN
40& vl
Ny N\

3D

@-=A P=B D=X @=NH,

Figure 1.10: Diagrammatic representation of mechanisms by which AVA enhances stability: (a)
Superoxide formation and photodegradation under illumination is prevented where defects are
passivated by AVA (b) the crystal structure of the 2D/3D hybrid phase found at the perovskite/TiO;
interface in MAPbI3-AVA films.

The physical and chemical structure of AVA is intrinsic to its performance-enhancing
properties. For example, the carboxyl is key to both the templating effect and the formation
of 2D/3D phases: structurally similar additives lacking this group, such as benzylamine do not
improve infiltration and form single phases.'%1131 The amine group is then necessary for
interaction with the Pb ions in solution and incorporation to the perovskite surface structure:
FTIR analysis of Pbl,/AVA crystallised from GBL have shown no evidence of carboxyl-lead
interactions.'* Additionally, the aliphatic chain is long enough to prevent interfacial
recombination, short enough not to act as a significant barrier to electron transport, and
lacks disorganised side chains that can introduce crystal growth variation.[** Even small
changes in the aliphatic chain length can result in poor devices: despite possessing the same
functional groups as AVA, recent works found alternative molecules 4-aminobutyric acid and
7-aminoheptanoic acid (respectively shorter and longer than AVA) to be ineffective for

improving device performance.[**?

Although several organic additives have appeared in the literature, the combination of

performance enhancement and lifetime extension offered by AVA is hard to match. For

38



example, 4-(aminomethyl) benzoic acid hydroiodide (AB, Figure 1.11) enhanced carrier
lifetime and PCEs with an average of ~15.0% PCE compared to ~13.5% using AVA. However,
AB did not improve device lifetimes to the same extent as AVAI, losing over 10% PCE over

100 hours of light soaking.[77}211]

Scope may exist for combined additive approaches. For example, thiourea has been shown
to improve MAPbDI; stability via a different mechanism to AVA, through catalysed I, 22I
reduction in the annealed film.*% Guanidinium (Gu), and similar analogues improve MAPbIs
scaffold contact and infiltration through similar crosslinking and hydrogen bonding-mediated
changes in crystallisation dynamics.[**>) Combined use with AVA or other surface passivating

additives could therefore offer avenues into further lifetime enhancement.!4

HI derivatives

% CHaNH, .
0]
OH /\/\_)’I\ +
HoN HN OH H,N NH,
4-(aminomethyl) benzoic acid Benzylamine 5-aminovaleric acid N,1-fluoroformamidinium

—I HCI derivatives —I Other

| =
NN NH, |—|2|\1JJ\|\,|JJ\|\,||_|2 CHS(CH2)7—VTJ—CH3 Cl
I H H CHy
Dimethylbiguanide Biguanide
Octyltrimethylammonium
chloride
NH
A CHg-NH;
HoN NH» S [6,6]-phenyl-C61-butyric
acid methyl ester
Guanide Methylammonium HaN™ NH
Thiourea

Figure 1.11: Examples of organic molecules used as additives in CPSCs in recent years.84#[111L1114], (117}~
[120]

This is realised in recent work incorporating 6% ethylene carbonate (EC) in AVAo0sMAPbI;
devices. Enhanced performance and stability were achieved through grain boundary
passivation; electron rich carbonyl groups in the EC additive interact with Pb?* centres,
passivating ion vacancy defects. This increased PCE from 12.99% to 15.26% and improved

ambient dark storage lifetimes.!1®!

Despite its many advantages, AVA presents some potential limitations. Drastically reducing
grain size and introducing a bilayer of organic molecules at each boundary has been found to

reduce inter-grain charge transport.l%®7% This may present a limit to the PCEs that can be

39



obtained with this additive. Additionally, AVAI produces exceptionally slow device responses,
taking several hundreds of seconds in many devices to reach stabilise performance. As slow
or unstable power output is undesirable in a practical setting, this could also limit the
commercial viability and practicality of AVA formulations. The avenue towards commercial-
level PCEs may therefore lie elsewhere. Recent works on improving CPSC performance have
therefore moved away from AVA to focus on additives and crystallisation methods that

increase grain size, maximising carrier lifetime and charge transport.

For example, N,1-fluoroformamidinium iodide (FFAI) added to MAPbI; precursors in N-
Methyl formamide (NMF) produced a champion device of 17.01% PCE by significantly
improving device Vo and FF.1*2Y As well as inducing micron sized grains and a 2D hybrid at
the perovskite surface, the additive fluoride substituents introduced an electron withdrawing
effect, increasing the strength of Pb-l interactions within the structure and inducing a
downshift in the fermi level. This decreased ion migration, reduced the number of surface
defects and provided superior band matching between the perovskite and device

electrodes.[*24

Similar results have been obtained using octyl trimethylammonium chloride (OTAC), which
upshifts the Fermi level of TiO, and passivate trap states in bulk MAPbl; when added in a 10%

molar excess. This enhances Vo to 1007 mV and produced a PCE of 16.53%.

Interestingly, despite the initial focus on AVAI, many more recent publications focus instead
on chloride salts.[*?! Unlike Bromide and iodide, CI" is rarely found in large quantities in the
final film as it forms volatile MACI and evaporates during annealing. Organic chloride
additives may therefore be included in MA-containing precursors without impacting the
halide content of the annealed film.P% Instead, CI" influences device performance by
changing the crystallisation dynamics, slowing nucleation, promoting directional crystal
growth, and improving coverage and crystallinity. In CPSCs this corresponds to hysteresis

alleviation, better infiltration and enhanced J.[®®

For example, a study comparing one-step DMF/DMSO based depositions doped with GuCl,
Biguanide Hydrochloride (BCl) and Dimethylbiguanide hydrochloride (DCl). A 30% molar
addition of BCl resulted in a champion device of 16.35% PCE compared to a control device of
9.65% due to highly oriented crystal growth and packing and a favourable shift in perovskite

band edges.!”!
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More recently an impressive PCE of 18.82 % was achieved by adding 15% excess MACI to
MAPDbI; precursors in N-methylformamide, where it acted to decrease colloidal diameters
and hence slow nucleation.!®¥ This represents the highest PCE achieved at the time of writing,
and implies that for ultra-high performance, suppressing colloidal formation and fast

nucleation are key.

The above additives all influence both nucleation and crystal growth dynamics, as evidenced
by the observed changes in crystal size and shape.*'¥ Increasing the number of nucleation
points effectively reduces crystal size without affecting shape. Other additives, such as PCBM
([6,6]-phenyl-C61-butyric acid methyl ester, Figure 1.11) and carbon quantum dots solely
influence nucleation, or influence device performance solely through changing the
optoelectronic properties of the annealed material. This can be advantageous: with little
effect on crystal growth dynamics post-nucleation, there is less risk of these additives
resulting in unwanted phase formation.'8122l Sych additives can drastically improve
infiltration, J,c and PCE. For example, when 0.25 mg/ml of PCBM added to one-step DMF
MAPbI; precursors, PCEs of over 11% were obtained: a similar PCE improvement to that

observed in the first GBL/AVA trials.[*18

It should be noted that relatively little exists on additive enhancement of non-MA based
perovskites, as until recently few formulations had been applied in CPSCs. However, 10 %
urea was recently found to improve the performance of Cso.os(FAo.ssMAo.15Pbl2ssBro.as),
applied to CPSCs using DMF-DMSO based precursors.?® Varied perovskite formulations are
now beginning appearing in the literature, and it follows that work on additive based
amelioration of these perovskites will soon emerge.!®9V124] A symmary of trialled additives

thus far is provided in Table 1.5 at the end of this section.

These recent works prove that high performing, well infiltrated devices can be obtained
without the presence of AVA or a similar bifunctional molecule and offer alternatives to those
looking to scale up these technologies. However, many years after its initial appearance in
the literature, AVA-MAPbDI; formulations still dominate in large-scale module and scale-up
trials."Y07%) Especially at larger scale, its wetting enhancing properties are extremely
beneficial, producing good infiltration over large areas without the need for lengthy
annealing procedures to slow solvent removal. Guaranteeing reproducible infiltration
without such long fabrication steps still makes AVA one of the most attractive options for
large scale applications and development. AVA systems with therefore be used for devices

and modules in this thesis, so as to be directly applicable to ongoing scale-up work.
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Table 1.5: Table of CPSCs fabricated with organic additives used in different perovskite formulations.*

Additive: concentration Perovskite formula | Avg PCE (%) Voc(mV) Inorganic stack Ref, year
Deposition method | (aperture Jse(mA/ecm?) | Material, (deposition method) _
Solvent system area, mm?) FF (%) (thickness)
5-Aminovaleric acid AVAMA14Pbls 15.3(16) 869, 21.2, | TiO,M/Ti0,?-(0.5um)/ (1101 2019
hydroiodide (AVAI) One-step'@ 83 Zr0,-(1.5um)/C-(20um)
3-5% molar ratio GBL
AVAI, AVAMA(14Pbls 6.72 875, 15.8, | TiO,V/TiO,®)-(2um)/ [125] 2020
Phenethylammonium One-step, DMF 49 Zr0,?-(1.8um)/CO-(24pm)
iodide (PEAI)
3-5% molar ratio (both)
D-Leucine (D-L) (D-L),MA (1 Pbls 9.0 838, 24.2, | Ti0,1¥/Ti0,®-(0.5um)/ 1131, 2020
3-5% molar ratio One-step(®, DMF 45 Zr0,®)-(1.5um)/CB)-(13um)
Aminobenzoic acid ABXMA(1.4Pbls 15.6(12.6) 940, 23.4, | TiO,(V/Ti0,@-(0.5um)/ [111] 2018
hydroiodide (AB) One-step@ 71 Zr0,?-(2um)/C?-(15pum)
3% molar ratio GBL: ethanol
4-aminobutyric acid ABAXMA 1.Pbl; 6.56(10.2) 859, TiO,W/Ti0,2-(n/a)/ (112] 5022
(ABA) One-step(® GBL 12.91,62 | ZrO,?-(n/a)/C?-(n/a)
7-aminoheptanoic acid ABAXMA (1.Pbl; 7.55(10.2) 806, Tio,(W/Ti0,@-(n/a)/ [112],2022
(AHA) One-step@), GBL 14.76,63 | Zr0,?-(n/a)/C?-(n/a)
Melamine hydroiodide MAPbDlI; 13.86(10) 940, Tio,(1/Ti0,@-(0.5um)/ 1126] 2020
(MLAI) 2 wt% One-step 20.34,72 | Zr0;®-(2um)/C?-(15um)
DMF/DMSO 4:1
Thiourea MAPbI; 13.0 910, TiO,M/Ti0,12)/ (1141, 2019
15 mgml- One-stepa), DMF 22.39,64 | Zr0,2-/C?
Cesium-5-aminovaleric CsAVAo0sMAggsPbls | 12.2(14.8) 893, TiO,!/Ti0,?-(0.5um)/ 11271, 2018
acetate One-step, GBL 20.59,66 | ZrO2®-(1.4um)/C?-(10um)
5% molar ratio
Methlammonium MAPDI3 14.5(14.8) 1033, Tio,(/Ti0,@-(1pm)/ 184 2018
chloride (MACI) One-step 20.14,70 | ZrO;9-(1.6um)/C2-(11um)
45% molar excess DMF
Guanidinium Chloride MAPDbI; 14.35(12.6) 1000, TiOM/TiO,12- (1151, 2017
25% molar excess One-step®, DMF 19.31,74 | (0.5um)/ZrO,@-
(0.5um)/C2-(10um)
[6,6]-phenyl-C61-butyric MAPbDI3, 12.36 930, Tio,(0/Ti0,@-(0.6um)/ (18] 2018
acid methyl ester (PCBM) | One-step®@ 20.26,66 | ZrO;9-(2um)/Cl2-(12um)
25mgml! molar excess DMF
PCBM MAPDbI5.95(BF4)0.05, 14.26 990, TiO(M/Ti0,@-(0.6pum)/ (118 2018
25mgml-! molar excess One-step(a DMF 20.55,70 | Zr0,-(2um)/C2-(12um)
MACI MAPbDI3, 18.820)(10) 1025, TiO,0/Ti0,@-(0.8um)/ 168l 2021
15% molar excess One-step, NMF 22.82,80 | ZrO,@-(2.5um)/C@-(25um)
Biguanide hydrochloride MAPDI3 14.4(10) 910, 23, | TiO,/Ti0,®-(0.5um)/ 11171, 2020
(BH) One-step@ 68 Zr0,?-(3um)/C?-(15um)
30% molar excess DMF/DMSO
Octyltrimethylammonium | MAPbls, 16.53(10) 1007, TiO,!/Ti0,-(0.5um)/ (1201, 2021
Chloride (OTAC) One-stepf? 23.56,62 | ZrO,@-(2.5um)/C@-(15um)
10% molar excess DMF/DMSO
Urea Cso.05(FA0.8sMAg 15 12.1(14.5) 937, 20.4, | TiO*/TiO,¥-(1.5um)/ 1123 2021
Pbl.55Bro4s) 66 ZrO,CM4-(1.5um)/CO)-
One-step(a (b) (20um)
DMF:DMSO (4:1)
Ethylene carbonate AVA,MA1.5Pbls 15.02(N/A) 930, TiO,\V/TiO,@- (116] 2022
One-step®@ , GBL 24.14,67 | (0.5um)/ZrO,1-(2-

2.5um)/C-(10pm)

*Average PCEs are presented with aperture area, alongside average PV parameters (! Averages not
reported, champion value used). Materials and thicknesses are presented with deposition methods,
labelled as ™ spray pyrolysis, ? screen-printing, ® spin coating, “/ chemical bath deposition * doctor
blading. Where a range of thickness is reported an average is presented. Infiltration methods are
labelled as: (@ drop casting, ) spin coating. Reported figures show the highest achieving example of a

given formulation, not necessarily the first reported use.
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1.3.5 Perovskite processing conditions

Changing processing environments also offers a valid route to infiltration improvement and
can impact the perovskite through changing crystal quality. In some cases, treatments can
also alter the chemical composition of the perovskite by incorporating at the grain surface to
form hybrid structures at the metal oxide interface. This can take several forms, including
pre-treating stacks, changing the external environment during infiltration or annealing, and
applying treatments to the crystallised layer. A summary table comparing notable processing

changes in CPSCs is presented at the end of this section (Table 6).

A notable recent example of pre-treating involved 2-phenyl-5-benzimidazole alkali metal
salts: Stacks treated with 3.5 pl of 0.05 M salt in GBL/ethanol and annealed at 100°C before
infiltration exhibited average PCEs of 15.76 £ 0.44%, compared to control devices of 13.91 +
0.38%.11%! While the organic component acted to improve wetting and interfacial
stack/perovskite contact, changing the metal ion modified the ETL conduction band. Of
trialled Na~, Li*and K* salts, Na* provided the best band-matching and therefore the highest
PCE.[**8) Similarly, stacks have been treated with organic silanes before infiltration, which
form a monolayer at the metal oxide surface before infiltration. This improves wetting, band
alignment and charge extraction, and results in an average PCE improvement of nearly 2%.

Unlike with AVAI, these species are found only at the perovskite: metal oxide interfaces.[*#”!

In classic sandwich structures, alkali metal salts have also been shown to improve charge
extraction when applied as a pre-treatment. For example, treatment of mTiO, with 30 mmol
LiCl was found to improve charge extraction and Vo in planar MAPbBr; cells through
introducing a barrier to recombination at the TiO; surface.!**® This may be applicable CPSCs,
although perhaps only in AVA-free devices, as AVA already prevents TiO;-perovskite

recombination to some extent.[1%

The external environment during annealing can also impact on the quality of the formed
perovskite. Although CPSCs are generally less sensitive to environmental conditions and can
be annealed in ambient, the temperature, humidity and solvent composition of the
perovskite annealing environment can all impact the perovskite crystallisation
kinetics.[99V[102).[1101.0149L1150] Eor example, maintaining a solvent vapour environment around
the stack during annealing slows the rate of crystal growth, allowing more time for infiltration
and producing larger crystals.®*'1%° These solvent evaporation-controlled crystallisation

(SEC) treatments have also been shown to improve a-phase formation in mixed FA*/Cs*
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formulations, which are prone to detrimental 5-phase formation (section 1.3.1). %2 At the time
of writing, such treatments have been confined to improving the infiltration of mixed cation

DMF/DMSO precursors in CPSCs.

By far the most common example of post-treatment is the humidity treatment (HT)
commonly applied to AVA;0sMAPbI; devices, wherein the completed cells are exposed to
70% humidity at 40°C for several hours.’®*% HT have been found to improve initial
AVA,0:MAPbI; device performance by up to 45% through inducing recrystallisation. During
HT, crystal grain sizes increase, and layers become more oriented and better connected to
the TiO; ETL. Treated devices therefore exhibit reduced hysteresis and more reproducible

PCEs.[78111% The impact of HT on GVL-MeOH devices is explored in Chapter 5.

In other architectures, exposure to such conditions can result in rapid degradation to Pbl,.1*5%

However, in CPSCs the presence of the hydrophobic carbon top-contact prevents of large
droplets entering the stack, only allowing a limited amount of water vapour to access the
perovskite. Additionally, the presence of AVAI at perovskite crystal grain boundaries reduces
defect density and prevents water molecules accessing the surface, inhibiting water-induced
degradation and preventing volatile MAI escaping the structure.’®'11% Humidity assisted

perovskite crystal rearrangements in the ZrO; and TiO; layers can therefore occur.[’”

Similar treatments can be applied in tandem with ammonium chloride (NH,CHO, NH,4CI) in
MAPDbI; formulations. When incorporated into the perovskite precursor, these additives
significantly slow crystallisation, resulting in dense infiltration and large grains.®°4%] NH,CI
forms a crystalline NH4Pbl; intermediate, which must then be removed with a humidity
treatment to form the desired MAPbI; perovskite structure. All device parameters were
improved, effectively doubling the average PCE from 6.77% to 13.92%. The cells were also
relatively stable, maintaining performance over 130 days in dark storage.[**®) MACI vapour
treatments have also been applied in other architectures post- perovskite annealing to
improve perovskite crystal quality, passivate surface defects and improve performance and

stability, although this has yet to be applied in CPSCs at the time of writing.!*”!

More recently, work has been presented on alternative organic post treatments that improve
perovskite-carbon band alighment and interfacial hole transfer.*>2-1154 For example,
AVA,03MAPDI; and Cso.05FA0.95Pbls devices exposed to 10 mgml?
pentafluorophenylethylammonium iodide (5-PEAI) in isopropanol recently achieved

respective PCEs of 16.24% and 17.47%.1*?41 P-type molecule 2,3,5,6-tetrafluoro-7,7,8,8-
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tetracyanoquinodimethane (FATCNQ) was found to have a similar effect, achieving a

champion PCE of 18.05%. [*>3

Performance enhancements were found to be a consequence of improved device V. due to

selective formation of 2D phases at the perovskite-carbon interface. Not only did these layers

reduce defect density and associated recombination losses, but their wide bandgaps

improved band alignment and hole selectivity at the carbon electrode.*?*

Perhaps most interesting is that the above post treatment was applicable to multiple

perovskite formulations, showing that this is a broad approach that could potentially be

applied to many different perovskite structures or device architectures in the coming years.

It also provides a useful example of performance amelioration in highly stable AVA 03sMAPblI;

systems, which are currently considered the most commercially applicable and recently

passed stringent IEC2016 photovoltaic stability tests.!70+124]

Table 1.6: Table of CPSCs fabricated using pre- or post- infiltration treatments for performance

enhancement.
Treatment Perovskite formula | Inorganic stack PCE (%) Voc (MV) Ref, year
Deposition method | Material, (deposition (aperture Jsc (MA/cm?)
Solvent system method) _(thickness) area, mm?), FF (%)
Highly controlled MAPbI; TiO,W/Ti0@-(1um)/ | 15(9) 893,22.43,75 | 1155 2017
solvent environment One-step(@ Al,03 2)-(1um)/C-
during annealing NMP (10um)
5 day AVAMA(1.4Pbl3 TiO,(W/TiO, - 15.3(16) 869, 21.2, 83 [91] [110]
humidity treatment One-step(@ GBL (0.5um)/Zr0,@- 2019
(1.5um)/C2)-(20um)
5 day AVAMA 1,4Pbl; TiO,W/Ti0@-(1um)/ | 15(16) 888,21.9,77 | 1, 2019
humidity treatment 0.04CuSCN Zr0,2-(2.2um)/C2-
One-step GBL (20um)
Humidity exposure MAPblsz, 53.3mg/ml | TiOy1)/Ti02@-(1um)/ | 15.6(12.6) 940, 21.45, 77 | 149, 2017
required for NH4cCI Zr0,2-(1um)/Cc)-
perovskite formation One-step DMF (10um)
Solvent vapour Cso.1FA09Pbl3 TiO,W/TiO,(1um)/ 15(10) 920, 23.63, 69 | (1001 2019
assisted One-step Zr0,2-(2um)/C)-
crystallisation. (SAC) DMF/DMSO (10um)
2 h SAC. Cso.1Rbo.0sFA0.8sPbls Ti0,M/Ti0,(0.5um)/ | 16.21(10.8) 909, 22.69, 79 | 19,2019
One-step Zr0,2-(0.75um)/C2-
DMF/DMSO/5% (15um)
Formamide
2 h SAC Cs0.1Rbo.osFAogsPbls | TiO,M/Ti0,2(0.5um)/ | 14.59(10.8) 888,22.56, 72 | %9, 2019
Average device One step Zr0,2-(0.75um)/C2-
values. DMF/DMSO (15um)
2 h SAC Cso.1Rbo.0sFA0.8sPbls TiO,W/Ti0,(0.5um)/ | 6.42(10.8) 867,11.12,66 | 19, 2019
Average device One-step Zr0,12-(0.75pm)/C2-
values. DMF (15um)
Immersion in AVAMA (14Pbl3 Ti0,M/Ti0,(0.55um) | 15.76(10) 1000, 22.89, [146] 2020
2-Phenyl-5- One-step(@) / 69
benzimidazole GBL Zr0,-(2um)/C2-

sulfonate-Na in

(12.5um)
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GBL/EtOH prior to
infiltration
Stacks immersed in MAPDbI; TiO,(W/Tio,@(2um)/ 11.7 (13) 833,19.6, 72 11471 2015
aminopropyltrimetho | Two-step Zr0,2-(1um)/C)-
xysilane (0.05mM) in DMF, IPA (9um)
2- propanol for hours
prior to infiltration
3 minute immersion AVAMA 1.Pbl3 TiO,(/Ti0,(0.5um)/ | 16.24 (10) 981, 23.3,70 [1241 2021
of full cells in One-step(@) Zr0,-(1.5um)/C(2-
pentafluorophenyleth | GBL (10um)
ylammonium
(PTFA)/IPA
(10 mg/ml)
3 minute immersion Cso.0sFA0.95Pbl3, Ti0,M/Ti0,(0.5um)/ | 17.47 (10) 1023, 22.3,77 | (12412021
of full cells in excess MACI 35% Zr0,2-(1.5um)/C2-
PTFA/IPA (10 mg/ml) | One-step (10um)
DMF/DMSO
3ul of 0.1M 2-Bromo- | Cso.osFA0goMAo 15Pbl | TiO(/TiO,2(>0.5um) | 16.45(10) 950, 22.25, 77 | 1154,2022
6-fluoronaphthalene | ,8s5Bros /
dropped onto full cell | One-step, NMF Zr051?-(n/a)/C?)-(n/a)
Drop cast 3ul Cso0.0sFA0osPbls, TiO,W/Ti0.2(0.5um)/ | 17.35(10.8) 1045,21.87, | (153 3022
saturated F4ATCNQ/ One-step Zr0,-(1.5um)/C- 75
IPA to full cells, DMF/DMSO (10um)
anneal at 50°C, 3 min.

Average PCEs are presented with the measured device area, alongside average photovoltaic
parameters. All devices were prepared on FTO substrates. Layer materials and thicknesses are
presented with deposition methods, labelled as ¥ spray pyrolysis, ? screen-printing, © spin coating, ¥
chemical bath deposition ® doctor blading. Where a range of thickness is reported an average is
presented. Infiltration methods are labelled as follows: @ drop casting, * spin coating.

1.3.6 Solvent engineering in CPSCs

Solvent-based manipulation of perovskite crystallisation kinetics is also common in
conventional devices.['>8-'58] |n conventional architectures, DMF/DMSO mixtures are used
to obtain large, high coverage surface grains through increased lead-solvent coordination.!*8!
Unlike the additives mentioned thus far, solvents are invariably removed during annealing

and therefore affect performance solely through impacting crystal formation.

Solvent systems can impact the quality of the formed layer in two distinct ways: through their
influence on precursor wetting properties and by changing the colloidal composition and
crystallisation kinetics of the system. Again, the requirement for high-quality infiltration
introduces additional requirements of the solvent systems used in these devices: those
systems optimised for their crystallisation properties in conventional mesoscopic devices

may not sufficiently wet the triple stack, hence producing poor devices.
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A very limited number of solvent systems have so far been used in these devices, with
relatively few examples of solvent additives for targeted infiltration improvement. Most
published work on one-step depositions focuses solely on standard one-step DMF or GBL
based solvent systems, and formulations that are insoluble or infiltrate poorly with these

solvents are generally applied using two-step methods.!”®!

GBL systems are somewhat limited in that the comparatively low solvent polarity results in a
poorly wetting precursor that requires AVA to aid with wetting. As a bifunctional molecule
that reduces grain size and interacts with the perovskite framework, this can cause problems

with poor perovskite quality and undesirable phase formation.

Conversely, DMF/DMSO mixtures are more polar, less viscous, and do not require AVA
mediated wetting improvements. This has meant that the majority of novel CPSC perovskite
additives and substitutions have relied on precursors produced using DMF or DMF/DMSO. A
few exceptions exist: Some work exists using N-methyl-2-pyrrolidone (NMP), and but as this

is highly toxic it is unsuitable for scale-up.!*5°/159

Several recent publications have presented N-methyl formamide (NMF)- based precursors.
NMF based MAPbI; devices of up to 16.8% PCE have been obtained, rising to 18.8% with the

addition of 15% molar excess MACI.

This work is perhaps most notable in that it presents a potential framework of how to design
solvent systems that can obtain large, oriented grains within the mesoporous scaffold. From
this work, it would appear that maximising Pbl, solubility while maintaining low to moderate
solvent coordination with the solubilised Pb?* and I is key to limiting colloidal size, random
nucleation and the formation of intermediate solvent adducts. Decreased colloidal size in
particular was highlighted as the main contribution of MACI additives in enhancing device

performance, as it allowed for even lower nucleation rates and larger grain formation.

This presents an interesting contradiction: several publications have observed enhanced
CPSC performance in precursors with larger colloidal diameters, fast crystal growth and
resultant small grains.*9+1011331 However, this work suggests that to obtain the highest

device performance, the opposite may be true.

It is possible that some additives improve infiltration to the extent that this counteracts any
performance lost due to smaller grains- any PCE lost due to increased grain boundaries is
regained due to enhanced electrode contact and additive-mediated defect passivation. It

may also be true that the control devices in these studies do not possess large enough grains
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to provide the enhanced carrier lifetimes observed in the NMF study. This would mean that
the control devices in previous studies already contain grains far below the optimal size.
Negative effects due to further size decreases would therefore be negligible compared to the

positive impact of adding a surface defect passivator.

All these solvent systems present significant problems when considering large-scale
production. Although less toxic than NMP, mixtures of DMF and DMSO present significant
health and environmental hazards- particularly in the presence of solubilised lead.[6°1161
The 30 mgm™ short-term exposure limit (STEL) of these mixtures, coupled with a flash point
within the perovskite processing window, mean large-scale production would require
expensive vapour handling and solvent recovery systems.[®t! Thermogravimetric analyses
have shown that residual DMF is retained in perovskite films post-annealing, which could
introduce issues with device lifetimes and complicate end-of-life disposal or recycling
procedures.*®? This is especially relevant to CPSCs, where devices contain larger amounts of

perovskite and the mesoporous scaffold could impede solvent removal.'®®

Additionally, long-term reliance on DMF as a solvent for large-scale manufacture is
potentially unviable: European Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) regulations classify DMF as a ‘Substance of very high concern’ a precursor

to introducing usage restrictions. %

DMSO is significantly less toxic and more sustainable than DMF, but issues emerge when
considering its use in combination with solubilised Pb?*: the use of a skin permeable solvent
in conjunction with these highly toxic ionic species presents a significant health and safety
risk.1161 184 This is also true of NMF: a very skin-permeable category 4 acute dermal toxin
with potential reproductive toxicity, large volumes would require specialist handling.[*®!
Additionally the 20 h annealing procedures required for high-quality infiltration and large

crystal growth would introduce significant production delays.!®®

There has perhaps been less drive to find alternative non-hazardous solvent systems for
CPSCs, as one of the most common, GBL, is of relatively low toxicity. However, GBL is a legally
restricted psychoactive.*®® Despite relatively low oral toxicity the doses for psychoactive
effects can be close to lethal amounts, introducing a significant health risk for users.[167}[168]
As such, GBL is subject to legal restrictions in many countries, which introduces legislative

costs at large scale and can hamper lab-scale research where access is prohibited.
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Scope therefore exists for exploring alternative solvents or solvent engineering to improve
the toxicity and sustainability of perovskite precursors. As these technologies get closer to
commercialisation, this issue will become increasingly important. Current work on non-toxic,
safe and sustainable alternative solvents is therefore essential to avoid problems with safety,
regulation or pollution in any future scale-up endeavours. Ensuring sustainability developing
these novel technologies using ‘green’ solvents is particularly pertinent, to ensure that future
large-scale manufacture and energy production do not make renewable technologies a
source of environmental damage. Chapter 3 explores y-valerolactone as a potential green

solvent for CPSCs.
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Table 1.7: CPSCs fabricated with solvent systems. Rows are grouped by colour to directly compare

devices using like perovskite formulations.”

Solvent system PCE (%) Voc (V) Inorganic stack Ref, Comments
Perovskite formula (aperture Jsc Material, (deposition publication
Deposition method area, mm?) (mA/cm?) method) _(jayer year
FF (%) thickness)
DMF 13(16) 950, 19.5, | Ti0,\9/Ti0,@-(0.4um)/ | 1491, 2017
MAPbI; 70 Al,03 @-(0.5um)/C2-
One-stepl@ (8um)
DMF, IPA 11.4(7) 928,17.5, | TiOyM- [137]156] 2014 Average cell values
MAPbI; 70 (0.1um)/Ti022(0.7um)
Two-step /
Zr0,2-(1.5um)/C)-
(10pm)

NMP 15(9) 893, TiO,0/Ti0,@-(1pum)/ | (1551, 2017 Highly controlled
MAPbI; 22.43,75 | Al,03@-(1um)/C)- solvent
One-step(@ (10um) evaporation

crystallisation(SEC)
GBL 6.6(12.5) 878,12.4, | TiO,\0/Ti0@-(1um)/ | 17, 2013 With Spheroidal
MAPDbI3 61 Zr05@-(1um)/C- graphite
One-stepl@ (10pum)
NMF 16.80)(10) 970, TiO,W/Ti0,2-(0.7um)/ | 1551, 2021 Ultra-long 20 h SEC
MAPbI; 21.78,80 | Zr0,-(2.5um)/C2-
One-stepl@ (25um)
AVAMA 19Pbls 15.3(16) 869, 21.2, | TiO,@W/Ti0,@-(0.5um)/ | 14, 2019 30 min ambient
One-step(@ 83 Zr052-(1.5um)/C2- infiltration time, 5
GBL (20um) day

humidity

treatment
AVA,MA 1,Pbls 15.1(10) 900, TiO,W/Ti0,2-(0.5um)/ | 169, 2019
One-stepl@ 23.58,71 | ZrOy@-(3um)/C-
GBL/Ethanol (10um)
AVAMA1.4Pbls 9.1 848, 23.8, | Ti0¥)/Ti0,3-(0.5um)/ | 1131, 2020
One-step 45 Zr0,3)-(1.5um)/CB)-
DMF (13pm)
CSo_leo_osFAO_85Pb|3 1621(108) 909, TiOz(l))/TiOz(z)(O.Sp.m)/ [99], 2019 2 h SEC
One-step 22.69, 79 Zr0,-(0.75um)/C2-
DMF/DMSO/5% (15um)
Formamide
Cso.1Rbo.osFA0.85Pbl3 14.59(10.8) 888, Tioz(l)/Tioz(Z)(O.Sum)/ 19912019 2 h SEC
One step 22.56,72 | Zr0,-(0.75um)/C2- Average device
DMF/DMSO (15um) values.
Cso.1Rbg osFA gsPbls 6.42(10.8) 867, TiO,*/Ti0,(0.5um)/ 199, 2019 2 h SEC.
One-step 11.12,66 | ZrO,-(0.75um)/C- Average device
DMF (15um) values.

Where possible, average PCEs are presented with the measured device area, alongside average
photovoltaic parameters (! Averages are not reported, the champion value is used). All devices were
prepared on FTO. Layer materials and thicknesses are presented with deposition methods labelled as
@ spray pyrolysis, ?) screen-printing, ' spin coating, ¥ chemical bath deposition * doctor blading.
Where a range of thickness is reported an average is presented. Infiltration methods are labelled as
follows: @ drop casting, * spin coating. The reported figures show the highest achieving example of a
given device formulation, not necessarily the first reported use.
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1.3.7 A note on CPSC performance and testing protocols

Perovskite device performance is most commonly measured using current/voltage (IV) scans
on a solar simulator. Devices are placed under a light source of measured intensity with a
spectrum approximating that of solar irradiation and placed under a bias voltage. Depending
on the chosen start value, this voltage is stepped incrementally up or down towards a
designated end point and the generated photocurrent measured at each interval to produce
an IV curve (Figure 1.12). This reveals the short circuit current (Jsc) and open circuit voltage
(Voc) of the device, which respectively represent the light-generated carrier density at bias

voltage V=0 and the applied voltage required to produce net zero photocurrent.

sc >
Imax e [
‘e
Q
<
3 Generated
- Power = IV
Voltage (V) Voo

Vv

Figure 1.12: Representative current/voltage (IV) (red) and generated power (blue) curves. Open
circuit voltage (Voc) and short circuit current (Jsc) labelled. Vimax and Imax represent the bias voltage and
output current at the point of maximum power output. Fill Factor is the area ratio between the red
and blue squares.

Multiplying the generated photocurrent (I.) by the relevant bias voltage reveals the power
produced at each condition. As shown in Figure 1.12, there exists a point of maximum power

output (Pmax) at Vmax, Imax. This is the point of applied bias at which the device is most effective

at converting incoming light to useable power.

These values can then be used to calculate other important parameters, such as percentage
cell efficiency (PCE) and fill factor. PCE represents the proportion of input energy (Pin)
converted to electrical power at the point of maximum power output (Equation 2). The
proportion of generated power that is successfully collected is represented by the fill factor,

calculated using equation 3. In an ideal device with no recombination or resistive losses the
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IV curve is square and Vmax.Jmax=Voc.Jsc: i.€ the two squares outlined in Figure 1.12 would have

the same area.

PCE = Prax _ Inax * Vimax Equation 2
Pin Pin
FF = Inax * Vimax _ Prax Equation 3

Brax = Imax * Vmax = Jsc* FF Equation 4

As the maximum power output is calculated using (FF), short circuit current (lsc) and open
circuit voltage (Voc), both absorption efficiency and recombination rates are accounted for in

this value.

These photovoltaic parameters are dependent on external conditions such as the light
spectrum, intensity, and temperature, as well as being affected by intrinsic device properties
such as crystallinity and layer thicknesses. These properties can be changed in several ways,
such as varying layer orientations, changing processing methods and manipulating the
chemical composition of individual components. Common PSC architectures and materials

are outlined in section 1.2.1.

Standard practice is to measure device performance with two voltage sweeps, stepping the
bias voltage from low to high values (a forward measurement) and vice versa (reverse
measurement). This is particularly important in thin film photovoltaics such as perovskites
and organic photovoltaic (OPV) devices, where the IV curves and associated device
parameters can vary widely with scan direction, rate and voltage range (Figure 1.13). Termed
hysteresis, a variety of factors have been found to contribute to this phenomenon, including
ion diffusion, interfacial charge build-up and trap density.®>®% A multi-faceted approach is

often therefore required for hysteresis mitigation.
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I (mAcm?)

Voltage (V)

Figure 1.13: Depiction of device hysteresis, or the variation between IV curves generated from reverse
(V= 0.2 21.0)and forward (V=1.1 2 -0.2) voltage sweeps.

Hysteresis is often particularly pronounced in CPSCs, a consequence of the large distance
holes must travel to reach the carbon electrode. In CPSCs, the vast majority of carriers are
generated in the first few hundred nanometres of the TiO; layer.®” Electrons are therefore
extracted quickly while holes must travel several micrometres before collection, leading to
interfacial charge build-up and imbalanced charge extraction.® This can in turn lead to slow

device stabilisation, high levels of hysteresis and abnormally shaped IV curves.

To overcome this issue, a light soaking procedure is usually applied, wherein the device is
exposed to 1 sun at zero bias for 3-10 minutes prior to IV sweeps.*?/®Y Additionally, a slower
scan rate of 100 mVs? is used to allow devices to adjust during sweeps and avoid PCE

overestimation.

IV measurements are often presented in conjunction with other complementary techniques,
such as stabilised current measurements and maximum power point tracking. This can be
challenging in CPSCs, as slow response times require long measurement periods to achieve
stabilisation or maximum power. Additionally, stabilised current measurements frequently
produce lower PCE values than IV curves in CPSCs due to imbalanced charge extraction at
device electrodes.*” This is exacerbated in cases where perovskite infiltration is poor, as low
stack filling reduces electrode contact and further decreases charge collection efficiency.*?
In other words, poorly infiltrated samples tend to exhibit larger differences between PCEs

calculated from IV curves and those from stabilised current measurements.

Measured IV CPSC performance is also impacted by the device active area and mask
aperture.®! While lab scale devices are typically around 0.8-1 cm? active area, cells are

masked during IV testing to maintain the accuracy of PCE calculations and maintain a known
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light exposed area. The aperture area and the ratio between illuminated area and total active
area have both been found to contribute to differences in PCEs obtained from IV curves.®®
When aperture area is decreased, diffuse light entering the masked area contributes more
to Js, resulting in Jsc and PCE overestimations: apertures of 0.05-0.020 cm? produce ~3.5%
PCE overestimation due to artificially enhanced photocurrent, while those of 0.28-0.50 cm?
overestimate by <1%. The opposite trend can be observed for Vo, which is underestimated
by ~2.6% when using 0.05-0.020 cm?apertures and ~1.0% for larger 0.28-0.50 cm? masks.**
Additionally, decreasing the aperture size somewhat mitigates the negative impact of the
resistive carbon top contact. °>! Smaller aperture masks therefore produce higher PCEs, but
such results are not necessarily representative of the true device performance at larger scale.
To provide PCEs representative of true device performance, the aperture areas of masks used
to obtain PCEs in all following work are 0.49 cm? or 0.16 cm? on a device of 1 cm? active area
unless otherwise stated.” Additionally, devices were measured in the centre of the active

area (as shown in Figure 1.14) to ensure the same area was examined during consecutive

measurements.
. 25cm o [0 Area exposed to light
A - | during testing
/AN TIOZ
1L5em 1.0cm [0 FTO/glass, from glass side
v v Zr0,
m Carbon

Figure 1.14: Diagrammatic representation of a CPSC from the glass side, with corresponding
measurements for each printed layer and depiction of the area illuminated during IV testing
(0.49 cm? unless otherwise stated)

More established technologies such as silicon and OPV have clear published guidelines for
performance, lifetime, and stability testing.®* Developed specifically for industrial testing of
silicon modules, standard silicon testing regimes tend to be unsuitable for less

environmentally stable OPV and perovskite technologies.

OPV specific performance and stability testing procedures exist in the form of ISOS
(International Summit on Organic Photovoltaic Stability) consensus protocols. These

guidelines were developed in 2011 for clear and reproducible reporting of lab based OPV

* Results from 0.16 cm? and 0.49 cm? masks are never directly compared in this work. However, some chapters
contain results from both masks: standard testing was changed to use 0.16 cm?2 masks in early 2021 to bring our
testing procedures in line with that of other groups, who use 0.1-0.2 cm? as standard for CPSCs. [781(93] Where
results from two mask sizes are used in the same chapter, each figure will specify the aperture used and data is
discussed separately.
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performance and degradation studies. When applied properly, such standardised testing

procedures can enable direct comparisons between results from different laboratories.!*¥

As PSC performance and stability are heavily impacted by ambient conditions and testing
environments, accurate reporting of testing and storage environments is vital when
comparing results from different laboratories.®® The lack of standardised testing thus far has
resulted in a broad variety of different testing methods and inconsistent reporting of
environmental conditions before, during and after testing- particularly important in PSC
analysis, as devices are so sensitive to ambient conditions.!®® This lack of consistency in the
reporting of testing conditions prevents meaningful data comparison between different
laboratories and has likely impeded progress in the identification of the operational

processes underlying PSC performance and stability.

1.4 Aims and motivations
The large number of recent studies covered in this chapter shows the versatility of CPSCs,

and how quickly the field is currently advancing. Performance has advanced to a champion
of 18.8% PCE since their advent in 2013.57)%8 Although the record PCEs for lab-scale devices
still currently lag behind those of more conventional spin coated planar devices, their low
cost, inherently higher stability and ease of processing offer a significant advantage when
considering scale-up initiatives. Indeed, modules of up to 198cm? of over 6% PCE have

already been fabricated in ambient conditions in the literature. 7178

Considering the considerable ongoing work into both CPSC scale-up and performance
enhancement, it is feasible that commercially viable CPSC modules could soon become a

reality.

Works examining CPSC scale-up have focussed mainly on the AVA0sMAPbI; system, as it is

well-infiltrating, highly stable and can be quickly annealed in ambient conditions. /X 75} [77]

However, there exist some significant drawbacks. As discussed in section 1.3.6,
AVA,03MAPDI; devices and modules are generally produced using GBL as the perovskite
precursor solvent. Although of relatively low toxicity, GBL is a psychoactive substance banned
in several countries, which could limit scaled production or introduce significant legislative
costs.!*% Other formulations rely overwhelmingly on toxic DMF-DMSO mixtures, introducing

their own issues for scaled production. 611164
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This thesis will explore y-valerolactone (GVL) as a potential alternative to GBL for CPSC device
and module fabrication. Compared to GVL is not subject to legal restrictions, significantly less
toxic, biodegradable and can be obtained from sustainable lignocellulosic feedstocks.[*70-{172]
This makes GVL much more suited to scaled use than the GBL or DMF-DMSO systems

currently used in these devices.

Once applied, the system will be optimised and applied to large modules to evaluate its
performance at scale. Performance evolution will then be examined, to evaluate the

optimum time at which to encapsulate for peak performance.

Another significant issue with CPSCs (and arguably, perovskite devices in general) is a lack of
reproducibility. Although seldom discussed in detail in the literature, CPSCs frequently exhibit
significant batch-to-batch performance variation due to changes in infiltration (the extent to
which the device stack is filled with perovskite). The reasons for these variations have not
been analysed in depth, and as such, there is a lack of understanding across the field as to
the precise causes of these issues. This can slow research significantly and could be

catastrophic to production at an industrial scale.

The final section of this work will therefore focus on determining the causes of poor
infiltration, with the aim of producing a reference resource of methods for troubleshooting

infiltration issues in these devices.
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Chapter 2

Experimental Procedures

The following sections detail methods, materials and measurement techniques common to
each chapter. Where different procedures for sample preparation or measurement were

used, this is detailed in the relevant chapter.

2.1 Sample preparation

2.1.1 Fabrication of standard CPSCs and modules

Materials: Titanium diisopropoxide bis (acetylacetonate) (TAA, 75% in IPA, Sigma-Aldrich),
anhydrous 2-propanol (IPA, 99.5%, Sigma Aldrich), TiO, paste (30NR-D, GreatCell Solar)), ZrO,
paste (GreatCell Solar), Carbon paste (Gwent electronic materials) and terpineol (95%, Sigma-
Aldrich) were used as received. Precursor materials Pbl, (99%, Sigma-Aldrich), MAI (CHsNHsl,
anhydrous, Dyesol), 5-ammonium valeric acid iodide (5-AVAI, Dyesol), y-butyrolactone (GBL,
Sigma Aldrich), y-valerolactone (GVL, Sigma Aldrich) and anhydrous MeOH (99%, Sigma
Aldrich) were used as received. Additive and dopant materials are named in the experimental

section of each relevant chapter.

Device fabrication: Device structure and dimensions are depicted in Figure 2.1.

2.5cm [ Area exposed
Perovskite X in testing
12 um m-C electrode g @ ¢ Tio,
2pumm-2r0, ———= 7 e g XY 5 ® 1.5cm 1.0cm B FTO/glass
0.8 um m-Tio, ——577 7% 4 ST WMo o
) ISR Tl i Padblifts ,
>0 nm c:l;:l-% —_ | : = Carbon
Glass Solder

Figure 2.1: Depiction of 1cm? device cross section (left) and print dimensions via the glass substrate
(right).

FTO substrates were patterned with a Nb:YVO, laser (532 nm) before cleaning with ~2%
Hellmanex in deionised water, rinsing with acetone and IPA and drying with N,. Substrates
were then placed in a Nano plasma system (Diener Electronics) and plasma cleaned for five
minutes in an O, environment. The substrate was heated to 300°C on a hot plate and a
compact TiO; blocking layer deposited by spray pyrolysis of 0.2 M titanium di-isopropoxide-

bis(acetylacetonate) in IPA.
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To form the mesoporous TiO; layer, the titania paste (30NRD) was diluted 1:1 by weight in
terpineol, screen printed and sintered at 550°C for 30 minutes after a slow ramp. Next, ZrO,
and carbon were printed and annealed at 400°C for 30 minutes each.” Unless otherwise
specified, layer thicknesses were 600-800 nm, ~2 um and ~12-17 um for TiO,, ZrO; and

carbon respectively. All layers were printed and annealed in ambient conditions.

All precursors and solvent mixes were fabricated in an N, glove box to the specified
concentration. GBL solutions were dispersed through stirring at 60°C for 1-4 hours on a hot
plate, while GVL precursors and other solvent mixes were stirred at room temperature until
dissolved. Once fabricated, precursors were stored in dark ambient conditions (~18°C, 30-

60% RH).

Unless specified, devices were cooled to room temperature in ambient conditions (30-50%
RH, 18-21°C) before drop casting of 18-20 ul room temperature precursor onto the stack
surface. Devices were left for ten to fifteen minutes (22.5 minutes Chapter 3 onwards) in
ambient conditions after drop casting precursor to ensure adequate infiltration, before
annealing on a hot plate for 1h at 50°C or 45°C unless otherwise stated. Contacts were

applied with an ultrasonic solder at 190°C.

Where relevant (for all samples in Chapter 3, and humidity treatment samples in Chapter 5)
humidity treatments were applied: 16 hours in a humidity oven at 25°C and 70% RH and a

subsequent 4-10 hours under vacuum before measuring.

Module fabrication: Module fabrication was carried out following previously
established scribe method® with scribe widths of 50 nm, 0.60 mm and 0.20 mm for P1, P2
and P3, respectively, resulting in an active area of 220 cm? over 22 cells and geometric fill
factor of 80%. Scribe P1 was created via a Nd:YVO, laser, and the triple mesoporous layers
were deposited via screen printing. The measured mesoporous layer thicknesses were 0.8,
1.9 and 12 um for TiO,, ZrO; and carbon, respectively. P2 and P3 scribes were created
mechanically with a steel blade under 0.54 N/mm pressure. Precursor solutions were
deposited into the module shells via the Robotic Mesh (RbM) method, using a 30 ga blunt

end needle tip with a deposition speed of 12 m/s.2 The wet devices were kept in a low

* All devices in Chapter 3 were prepared with one layer of ZrO2. Unless specified, all devices
thereafter were prepared with two printed ZrO2 layers, to maintain layer thickness with previous
samples after a paste formulation change by Solaronix.
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humidity atmosphere for 10 minutes at room temperature prior to curing at 45°C in a low

humidity oven for 1 hour.

Encapsulation: Unless specified, all device data throughout this thesis is for unencapsulated
devices. Any encapsulated devices were encapsulated after 4-7 days of ambient storage to
allow PCE to settle or perform humidity treatments where necessary.* To encapsulate, one
sided hot melt polyurethane was cut to size and placed melt side down onto the completed
device. The device was placed between cushioned pads to prevent cracking and placed in a

hot press at 125°C for 45 seconds.

Next, electric wires were soldered onto the already soldered device electrodes before
application of a 1:1 marine epoxy and placement of cover glass. Devices were left to cure in

ambient conditions for at least 24 hours prior to testing.

2.1.2 Fabrication of XRD and PL samples

Glass substrates were first cleaned with ethanol and IPA before screen printing of ~1.6 um
ZrO; paste and subsequent annealing on a hot plate at 400°C for 30 minutes. A carbon layer
was then printed onto the cooled ZrO, and annealed on a hot plate at 400°C for 30 minutes.
20 ul of the relevant precursor was drop cast onto the cooled substrates and left at room
temperature for 15 minutes to maximise infiltration. Samples were annealed at 45°C on a
hot plate in ambient conditions for 1.5 h. Sample dimensions and measurement positions are
presented in Figure 2.2. Chapter 3 and 4 samples were humidity treated (section 2.1.1)
before testing. XRD and PL measurement protocols are presented in sections 2.2.3 and 2.2.7

respectively.

2.5cm ¢ XRD measurement (printed side)

PL measurement ( glass side)

1.5cm 1.0cm 1 Glass
Zro,
m  Carbon

Figure 2.2: Diagram showing dimensions and areas tested of PL and XRD samples produced for this
work. Annealed perovskite is present across the entire sample surface.

¥ PCE evolution during the week following fabrication is discussed in detail in Chapter 5.
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2.1.3 Cross sectional imaging samples

Cross sectional samples were prepared by snapping fully fabricated devices after scribing on
the glass substrate base. Each section was then mounted onto a conductive metal substrate
with conductive carbon/silver tape before sputtering with 5-10 nm Pt on a rotating stage.
Copper strips were then applied to maximise electrical contact with the device surface and
conductive substrate (Figure 2.3). This was then attached to the SEM stage using conductive
carbon/silver tape and copper tape. Images were obtained using a JSM-7800F Field Emission

SEM at 12 kV (probe current 8) using secondary electron imaging.

Figure 2.3: Photos of prepared samples for cross sectional analysis (side and top profiles).

2.2 Testing and characterisation methods

2.2.1 Current-voltage (IV) sweeps and stabilised current measurements
Devices: The 1 cm? devices were masked to 0.49 cm? (Chapter 3) or 0.16 cm? as shown in
Figure 2.4, and placed under a fan for testing. Where chapters contain results from two

different masking regimes, the relevant mask size will be specified in the figure heading.®

A Keithley 2400 source meter and class AAA solar simulator (Newport Oriel Sol3A) at 1 sun
were used for J-V measurements (calibrated against a KG5 filtered silicon reference cell,

Newport Oriel 91150-KG5). Devices were scanned at a rate of 0.126 Vs from V. to Jsc and

§ Results from 0.16 cm? and 0.49 cm? masks are never directly compared in this work. However, some chapters
contain results from both masks: standard testing was changed to use 0.16 cm?2 masks in early 2021 to bring our
testing procedures in line with that of other groups, who use 0.1-0.2 cm? as standard for CPSCs. B4 Where
results from two mask sizes are used in the same chapter, each figure will specify the aperture used and data is
discussed separately.
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vice-versa after a light soaking period of 180 s. For stabilised current measurements, devices
were held at the maximum power point (as determined by the preceding IV scan) for a period

of 200-250 s to account for slow device response times and allow devices to stabilise.

[0 Area exposed to light
during testing
TiO,

[0 FTO/glass, from glass side
Zr0,

m Carbon

1.5cm

1.0cm

Figure 2.4: Diagram showing dimensions of standard CPSCs produced for this work. The yellow
square corresponds to 0.49 cm? mask placement, but 0.16 cm? masks were similarly placed at the
centre of the active area.

Modules: Modules were tested using a Solaronix Solixon A-20 in tandem with in-house
developed software, a Keithley 2400 source meter under AM1.5 illuminations from a Lumixo-
S lamp calibrated at 1 sun using a KG5 filtered silicon reference cell (Newport Oriel 91150-
KG5). The devices were scanned at a rate of 70 mV/s between -0.1 V and 20 V in forward and

reverse directions over the full area.

Outdoor testing was performed with the above setup on epoxy encapsulated modules, with
an adjacent pyranometer and reference Silicon module to monitor irradiance. Modules were
subject to forward and reverse IV sweeps at five-minute intervals and held at maximum
power between tests. Testing was done from 8 am- 7 pm and devices held at open circuit

overnight.

2.2.2 Device stability testing

Unless otherwise stated, stability measurements were carried out under 1 Sun AM 1.5G
illumination. The source was a plasma bulb in a Lumartix SA instrument (Luxim-S). The
devices were masked at 0.49 cm? and measured periodically after a resting time under
illumination in open circuit (specific resting times and scan frequencies detailed in the
experimental section of each chapter). The substrates were heated by the IR component of
the light spectrum leading to a temperature of 50-55°C when under fan-cooling, or 60-65°C

in the absence of a fan.
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2.2.3 X-Ray Diffraction

Unless otherwise stated, standard single scan samples were prepared as described in section
2.1.1 and 2.1.2. A Bruker D8 discover diffractometer with Bragg—Brentano geometry and a
Cu ka radiation X-ray source was used. 28 scans between 5° and 65° were collected using a

step size of 0.03°.

The in-situ crystallisation measurements were carried out on full device stacks. The
diffractometer was used in a divergent beam set-up with a Ni filter. An Anton-Paar DHS1100
thermal stage run using Nambicon software was used for temperature control. Empty stacks
were placed on a thermal stage at 25°C in the XRD equipment directly after cooling to room
temperature post carbon-annealing. 20 ul of the relevant perovskite precursor was drop cast
onto the stack and XRD measurements started immediately. Samples were held at 25°C for
15 minutes then heated to the desired temperature with a ramp rate of 15°C/min and held
for 40 minutes to 1 hour or complete crystallisation. XRD measurements were continued
while samples cooled to room temperature (a further 5-10 minutes). Tests were conducted
as a PSD fixed scan using a 2.26° opening on a Lynxeye 1D detector, covering the 26 range of

13.00-15.26° with a time per step of 15 seconds for the duration.

2.2.4 UV-Vis

Precursors were diluted before measurements, as specified in the main text of each chapter.

The diluted precursor was well mixed and placed in a clean quartz cuvette of 1 cm path length
for measurement. Samples were measured from 300-500 nm at a rate of 90 nmmin™® on a

Perkin Elmer Lambda 9 UV/VIS/NIR Spectrophotometer.

2.2.5 Contact angle measurements

Samples were prepared by screen printing ~600 nm TiO, paste (Greatcell solar, 30 NRD,
diluted 1:1 with terpineol) onto FTO. Layers were annealed at 550°C for 30 minutes and
cooled to room temperature in ambient conditions (20°C, 30% RH) before contact angle

testing.

A 1 ml syringe with a blunt end needle (Metcal 22-gauge precision dispenser needle) was
used to drop cast one droplet of room temperature perovskite precursor or solvent onto the
substrate. Dynamic contact angle measurements were taken using a Nikon camera and

analysed using FTA-32 software, with images obtained every 0.1 s for the duration. Timing
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was started from t=0, when the droplet first came into contact with the substrate. Spreading

distance and droplet height were measured using FTA-32 software.

2.2.6 Scanning electron microscopy (SEM)

Cross sectional samples were prepared by snapping fully fabricated devices. Each section was
then sputtered with ~5 nm Pt before mounting onto a conductive metal substrate with
conductive carbon/silver tape. This was attached to the SEM stage using conductive
carbon/silver tape and copper tape to ensure adequate contact. Images were obtained using

a JSM-7800F Field Emission SEM at 12 kV (probe current 8) using secondary electron imaging.

2.2.7 Photoluminescence measurements

The PL spectra in Chapter 1 were obtained using an OceanOptics USB2000+ spectrometer
with an excitation wavelength of 450 nm and a 490 nm longpass filter in the emission
pathway. Samples were measured from A=600-850 nm with a step size of 0.5 nm and dwell

time of 0.2 s. The excitation and emission bandwidths were each 3 nm.

The photoluminescence quantum yield (PLQY) measurements in Chapter 3 were performed
on an FS5 Spectrofluorometer (Edinburgh Instruments) with an SC-30 Integrating sphere
module. All measurements were made through the glass side of the sample (prepared as
detailed in section 2.1.2). Each scattering peak was obtained with a 410-490 nm range (peak
at 450 nm) using a step size of 0.1 nm and dwell time of 0.2 s. Five measurements were taken
for each scattering (excitation) peak. The excitation and emission bandwidths were 5 nm and
a neutral density filter with an optical density of 3 was used. Emission peaks were measured
from 600-850 nm, and no filter was used. All other measuring conditions were the same as

detailed for the excitation peaks.

2.2.8 Photoluminescence and photocurrent mapping

Samples were prepared as described above.

Photoluminescence mapping measurements were done using Renishaw InVia confocal
Raman microscope in a backscattering configuration. Light was shone from the glass side on
to the directly mounted samples on an X-Y scanning stage with a minimum step size of
100 nm. Measurement was done using 532 nm laser excitation source, the power of the
which was adjusted to 300 nW using 1 OD neutral density filter to 0.0075 uW ((NA: 0.50, spot
size ~ 1 um). Photoluminescence spectra was recorded at every 250 um step using 50 x

objective lens with an acquisition time of 25 ms (Chapter 4) or 1s (Chapter 5).
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Photocurrent mapping measurements were carried out using a Renishaw InVia confocal
Raman microscope in backscattering configuration by measuring the samples through the
glass substrates. All measurements were performed in an electrical chamber (LTS420E,
Linkam Scientific Instrument) mounted directly to a X—Y scanning stage (100 nm minimum
step size). Utilizing the scanning stage, maps were produced with individual spectra at each
region. All measurements were conducted with a 50 x objective lens (NA = 0.50). A 532 nm
laser excitation source was used (spot size = 1 um). PLand photocurrent (laser beam—induced
current) data were acquired simultaneously at short circuit: for the large
photoluminescence—photocurrent map (4000 x 500 um), 0.3 pW laser power
(3x10* mWem™) and 1 s acquisition time were used. To acquire the photocurrent, the device
electrodes were connected to a lock-in amplifier (Stanford Research SR830) with a chopper

cutting the laser beam at 73 Hz.

2.2.9 Viscosity measurements

1.25 ml of each precursor at the specified concentration and solvent mix was prepared for
each sample. Measurements were performed at ~18°C on a Rheosense microvisc with an
internal chip of 4-600 cP sensitivity. 10-12 measurements were obtained for each sample and

a mean value calculated.

2.3.1 Optical microscopy for infiltration comparison

The tested area of each device was marked with permanent marker before IV testing and
optical analysis, to ensure the imaged and tested area were identical. Images were taken
through the glass substrate of completed devices using a Zeiss Observer inverted compound
microscope. For quantitative image analysis, images were brightness and contrast equalised
before a contrast lookup table was applied to maximise the contrast between infiltrated and
uninfiltrated areas and remove any glass reflections. Pixels were then binned according to
colour and data used to calculate % uninfiltrated area. To obtain data for the entire 4x4 mm

tested area, uninfiltrated area was calculated for each image and an average obtained.

2.3.2 Fourier transform infra-red (FTIR)

Presented in Chapter 5 as evidence of GVL retention on dried Pbl,. ZrO; layers were screen
printed on glass and annealed at 400°C for 30 minutes. Once cooled, 7 ul of the relevant
precursor was drop cast onto the cooled layer. After ten minutes of percolation time, samples
were annealed for one hour at 45°C. Where stated, some samples were prepared on glass

only, without a supporting ZrO, scaffold.
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Samples were scraped off onto the ATR crystal of a Perkin Element Frontier FTIR and spectra
measured between 1000 and 4000 cm™. Spectra were obtained and analysed using spectrum

V10 software.

2.3.3 External quantum efficiency (EQE)

Presented to compare absorption across the visible spectrum for samples produced using
different solvent systems. External quantum efficiency (EQE) measurements in Chapters 3
and 7 were obtained using a QE X10 system (PV Measurements) from 300 and 850 nm in
direct current mode with a light spot of less than 10 mm?. Wavelengths were stepped up in
increments of ten, and three readings obtained for each wavelength. A 30-35 s delay was

used at each filter change to allow for slow device responses.

The measurements in Chapter 4 were carried out using a custom-built system consisting of
Xenon arc and Quartz halogen white light sources (Bentham) and a Bentham TMc300
monochromator controlled by Labview software. The cell photocurrent was measured using
a transimpedance amplifier (Femto), with the incident light intensity calibrated using a silicon

reference photodiode (Newport).

2.3.4 Electrochemical impedance measurements

Measurements were performed on unmasked devices using a Zahner CIMPS-X
photoelectrochemical workstation. Measurements were performed over the frequency
range 10 MHz to 1 Hz at open circuit under illumination from a red LED (630 nm) at intensities

from 1 to 0.01 Sun equivalent intensity.

2.3.5 Profilometry

Thickness measurements and surface roughness values were obtained using a Dektak D150
profilometer with a 12.5 um stylus diameter and force of 3 mg. Samples were measured
across the whole printed area, and step height obtained for both edges of the print when

possible. All presented average values include data from 3 or more such measurements.

2.3.6 Rheological analysis

Rheological evaluation was carried out using a combination of shear and viscoelastic
measurements. Shear viscosity measurements were carried out on a Malvern Bohlin
rotational rheometer (Gemini Bohlin Nano, Malvern Instruments, Malvern Panalytical Ltd,
Malvern, UK) with a 2° 20 mm stainless steel cone and a parallel plate held at 25°C. Ink
viscosity was measured as the shear rate was gradually increased to 300 s and then reduced

back to 1 s™. Viscoelastic measurements were carried out on a Malvern Kinexus Pro
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Rheometer (Malvern Instruments, Malvern Panalytical Ltd., Malvern, UK) with a 1° 50 mm
stainless steel cone and parallel plate. Amplitude (strain) sweep measurements were
conducted to establish the linear viscoelastic range at 0.1, 1, and 10 Hz. Then using a stress
within the established linear viscoelastic region, a frequency sweep from 0.1 to 10 Hz was

conducted.

2.3.7 Thermogravimetric analysis and Differential scanning calorimetry.

TGA was performed on a Perkin Elmer Pyris 1 instrument and accompanying Pyris software.
Perovskite samples were prepared on plain glass or in ZrO, /TiO, scaffolds as state. After
annealing, samples were stored as films on glass in a dry ambient environment. To measure,
8-12 mg was placed in a Pt basket, in an Al pan with partial Al lid. Samples were placed under
an N; flow and heated to 40°C for one minute before ramping to 250°C or 400°C as stated, at

a rate of 5°C per minute (Chapter 5) or 20°C per minute (Chapter 6).

DSC were carried out using a Perkin Elmer DSC 4000 with Al pan and reference pan. 8-12 mg
was placed in the Al basket before application of N, flow, heating to 40°C for one minute and
ramping to 250°C or 400°C as stated, at a rate of 5°C per minute. Data were processed using

Pyris software.

The masses used for concurrently presented TGA and DSC traces were kept as similar as

possible, to ensure comparable data were obtained for TGA and DSC of each sample.

2.3.8 Tyndall effect imaging

The presence of colloids in precursors was examined by looking for evidence of the Tyndall
effect, wherein colloidal particles scatter aligned light. Precursor vials were placed in a dark
cupboard on a dark background and a red laser pointer shone through the liquid. Samples
were observed perpendicular to the laser pointer for evidence of a visible line of scattered
light. Photographs were obtained from this angle, perpendicular to the laser pointer and

parallel to the sample vial.

2.4 References
[1] S. M. P. Meroni, C. Worsley, D. Raptis and T. M. Watson, Energies, 2021, 14, 386

[2] C.Tong, W. Ji, D. Li, A. Mei, Y. Hu, Y. Rong and H. Han, J. Mater. Chem. A, 2019, 7, 10942-10948
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Chapter 3

vy-Valerolactone: A Non-Toxic Green
Solvent for Highly Stable Printed
Mesoporous Perovskite Solar Cells

Sections of work in the followng chapter form the basis of the following publication: C. Worsley, D. Raptis, S.
Meroni, A. Doolin, R. Garcia, M. Davies and T. Watson, Energy Technol., 2021, ente.202100312

Unless specified, all sample preparation, measurement and data analysis was performed by C. Worsley.
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In this chapter, y-Valerolactone (GVL) is presented as a non-toxic, biodegradable, green
alternative to GBL for CPSC fabrication. Cells fabricated with a precursor concentration of
1.1 M and annealed at 45°C exhibit comparable performance to standard GBL devices,
achieving a champion PCE of 12.91% in a device of 1 cm?active area. This work proves that
GVL is a viable alternative to GBL for CPSCs, and could enable research in countries where

GBL is legally restricted while helping make large-scale CPSC manufacture more sustainable.
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3.1 Introduction: GVL and the requirement for green solvents

The impressive stability of CPSCs, combined with the use of scalable deposition techniques,
make them attractive for commercial development, and they are considered one of the
frontrunners for PSC commercialisation. Manufacturing bottlenecks for CPSCs are already
being addressed in the scientific literature, for example using near-infra red annealing and

robotic infiltration methods to drastically reduce heating times and automate infiltration.!*"12!

However, to be considered commercially viable, stable, high efficiency devices must be easily
and reproducibly attainable at large scale and low cost. Additionally, the toxicity of device
components becomes increasingly important when manufacturing at large scale. This is a
particularly relevant issue for perovskite devices, which require copious amounts of water-
soluble lead and frequently require large volumes of toxic solvents. This is exacerbated in
conventional sandwich devices, which often rely on antisolvent-assisted spin coating to

obtain high quality perovskite layers at lab scale.

Notably, the most common precursor solvents for CPSCs; dimethylformamide (DMF)-
dimethylsulfoxide (DMSO) mixtures and y-butyrolactone (GBL), could represent significant
barriers to CPSC commercialisation, as they respectively introduce toxicity and legality

issues. 31101

Toxic mixtures of DMF and DMSO present significant health and environmental hazards,
particularly in the presence of solubilised lead.***?) The 30 mgm™ short-term exposure limit
(STEL) of these mixtures coupled with a flash point within the perovskite processing window
mean large-scale production would require expensive vapour handling and solvent recovery
systems.['? Long-term reliance on DMF as a solvent for large-scale manufacture is also
potentially unviable: European Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) regulations classify DMF as a ‘Substance of very high concern’, a precursor
to introducing usage restrictions.!*3 Additionally, thermogravimetric analyses have shown
that residual DMF is retained in perovskite films post-annealing, which has unknown impact
on device lifetimes and could complicate end-of-life disposal or recycling procedures. This is
especially relevant to CPSCs, where devices contain larger amounts of perovskite and the

mesoporous scaffold could impede solvent removal.*¥

Although much less toxic than DMF/DMSO systems, GBL is a legally restricted
psychoactive.!* Despite relatively low oral toxicity, the doses for psychoactive effects can be

close to lethal amounts, introducing a significant health risk for users.[**"17! As such, GBL is
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subject to legal restrictions in many countries. This introduces legislative costs at large scale

and can hamper lab-scale research where access to solvents is prohibited.

It is clear that a greener, non-hazardous solvent would improve the commercial viability of
CPSCs. The requirement for less harmful solvents in PSCs has been recognised, leading to
several publications on alternative perovskite precursor formulations. However, these works
do not apply to CPSCs, having been applied mostly in planar devices.*®2 Developed for
R2R, blade coating or spin coating, the properties of these systems are often unsuitable for
CPSCs, which require high boiling point solvents of low vapour pressure for suitable
infiltration. Many traditional polar aprotic solvents are not therefore suitable, somewhat
limiting the options to more novel alternatives. Such compounds often have limited safety

information, making environmental, health and safety (EHS) screening far more difficult.

Often, lifecycle impact assessment (LCIA) data is also lacking- particularly for emerging
solvents of limited industrial application.?? This can be problematic when conducting
lifecycle assessments (LCA), which are necessary to determine the true environmental impact
of a given chemical. Emerging solvents can also be more costly, as limited demand results in
specialist, small batch production.?? The combination of high cost and low availability can
easily result in potential alternative solvents being written off as too expensive for large-scale

manufacture.

Fully biodegradable, readily available from sustainable lignocellulosic biomass feedstocks
and frequently used as a food and perfume additive, y-valerolactone (GVL) is already well
studied. Additionally, recent price drops in Europe and the emergence of biodegradability
and toxicity studies indicate that industrial GVL application is likely to increase in the coming

years.[?3

This work presents GVL as a non-toxic GBL alternative for fabricating highly stable CPSCs.
Although chemically similar to GBL, GVL is over five times less toxic (GVL LDso oral-rat
=8800mg/kg, GBL LDso oral-rat = 1540-1800 mg/kg).l?*-126! Furthermore, the legal restrictions
that impact GBL availability in certain counties do not apply, making GVL well suited to large
scale sustainable production. This work could therefore provide an avenue towards more
commercially viable CPSCs and enable continued CPSC research in countries where GBL is

prohibited.
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3.2 Experimental

Unless specified below, all materials, sample preparation and measurement procedures were

performed as detailed in Chapter 2.

Device and module testing

Testing was carried out 3-4 days after device or module completion in all cases.
Testing and Characterisation

UV Vis

UV Vis samples were prepared by diluting precursors to 250 mmol with GVL before

measurement, as detailed in section 2.2.4.
XRD

Glass substrates were first cleaned with ethanol and IPA before bar casting of ~5 um TiO,
paste (Greatcell Solar, 30-NRD) and subsequent annealing on a hot plate at 550°C for 30
minutes. 5 pl of the relevant precursor was drop cast onto the cooled layer and left at room
temperature for ten minutes to maximise infiltration. Samples were annealed at 50°C in a
fan assisted oven for one hour. Measurements were then performed as detailed in section

2.2.3.
Contact angle testing

Samples were prepared by screen printing ~600 nm TiO, paste (Greatcell solar, 30 NRD,
diluted 1:1 with terpineol) onto FTO. Layers were annealed at 550°C for 30 minutes and

cooled to room temperature before contact angle testing as detailed in section 2.2.5.
Photoluminescence

Glass and FTO substrates (for ZrO; and TiO; samples respectively) were cleaned a solution of
2.4% Hellmanex in deionised water before rinsing with ethanol and IPA and plasma cleaning
in an O, environment for 5 minutes. ZrO, samples were prepared on glass substrates as
detailed in section 2.1.2. For the TiO, samples, a c-TiO; blocking layer was sprayed onto the
FTO as described above, before screen printing of ~600 nm mesoporous TiO, using 1:1

30NRD: terpineol. Samples were annealed at 550°C for 30 minutes before screen printing of
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~15 um carbon paste. Samples were annealed at 400°C for a further 30 minutes and

infiltrated immediately after cooling to room temperature, as detailed in section 2.1.2.

Samples were humidity treated at 70% RH and 25°C for 14-16 hours and placed under
vacuum for 24 hours before PL measurements (section 2.2.7). The ZrO, /C samples were also

used for PLQY (section 2.2.7).
Device Testing
Standard device and module testing was performed as detailed in section 2.2.1.

Stability tests were performed using a Solaronix Solixon A-20 a.m. 1.5G AAA solar simulator.
Devices were kept under continuous 0.85 AM irradiation at 38-43°C and 40-50% relative
humidity. IV curves were measured between at a rate of 0.126 Vs from Vo to Jsc and vice-

versa every 30 minutes for the duration.
SEM

Cross sectional samples and images were prepared as detailed in section 2.2.3. Surface SEM
images were obtained using a HITACHI desktop scanning electron microscope in composition

mode.

3.3 Results and discussion

3.3.1 Initial trials and characterisation

In CPSCs, the perovskite precursor is generally incorporated into the mesoscopic triple stack
via drop-casting through the top electrode, before approximately ten minutes percolation
time and subsequent annealing. Significant precursor penetration of the base TiO; layer can
even be observed during the first minute following drop casting of GBL precursors, although
ten minutes percolation time is generally allowed.?” 28 Conventional AVAo03MAPbIs-GBL

devices are generally then annealed for an hour at 50°C in ambient conditions. #2730

Solvent systems heavily impact solvent-metal coordination, the quality of infiltration and the
crystallinity of annealed perovskite. Precursors utilising different solvents can thus require
different annealing conditions for quality MAPbI; formation and stack infiltration. Therefore,
XRD of infiltrated ZrO; scaffolds and UV-vis analysis of precursor solutions were performed

before initial device trials, to compare the precursor absorption characteristics and confirm
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that the GVL solutions formed MAPbI; without degradation under standard GBL annealing

conditions.

As shown in Figure 3.1a, both XRD samples showed identical peak positions. This indicates
that the MAPbIs unit cells are the same size and that the phase composition of both samples
is similar. Additionally, the lack of a Pbl, peak at 26~ 12.5° suggests that complete conversion
to MAPDI; with no subsequent degradation occurred with the standard GBL annealing
procedure. Interestingly, the relative intensity of the 20 = 14.13° peak is higher in the GVL

samples. This can be indicative of improved crystallinity.
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Figure 3.1: a) XRD of AVA0.03sMAPbI3 perovskites on mesoporous TiOz/FTO/glass, annealed from GVL
(red) and GBL (black) precursors. TiO: signals have been subtracted for clarity b) Chemical structures
of the solvents., c) UV-vis spectra of 175 mmol AVAo.03sMAPbIs3 precursors in GVL and GBL.

Improved crystallinity is suggestive of coordination changes. As a more viscous solvent of
slightly different chemical structure, the behaviour of GVL precursors may be different to

that of GBL (Figure 3.1b).3%33 Solvents of lower Gutman donor numbers (D,) coordinate
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less easily to Pb? centres, leading to increased Pb-I interactions and correspondingly larger

crystal sizes.

Solvent coordination to Pb?* centres can be probed by comparing the UV-vis absorption of
diluted precursors. When solvent-Pb?* coordination is less favourable, greater proportions of
I interact with the metal ions and the relative concentration of highly coordinated
iodoplumbates increases.®33! |n a dilute precursor this changes the relative absorption
intensities of solvated Pbl,, Pbls"and Pbls>. This has been shown to correspond with changes
in crystal diameter, with greater solvent-Pb coordination linked to decreased colloidal

diameters or complete solute dissolution. 3133134

As shown in Figure 3.1c, UV-vis spectra of GVL precursors diluted to 175 mmol showed a
higher relative Pbl, absorbance peak at ~¥320 nm whereas the [Pbls]" peak at ~380 nm was
much more pronounced in the GBL solutions. This suggests that the GVL coordinates more
readily to the Pb?* centres than GBL and could explain the superior stability of GVL precursors

towards room temperature precipitation.!3t/33134]

A significant increase in solvent coordination could even produce a non-colloidal precursor.
This can easily be examined using the Tyndall effect, where a laser is shone through the
solution to observe whether a visible beam appears perpendicular to the laser direction. In a
colloidal solution aligned light will be scattered, becoming visible from a perpendicular angle.

Non colloidal solutions will lack a visible beam.

Figure 3.2: Photographs of laser beam shone through a GBL (left) and a GVL (right) precursor.

As shown in Figure 3.2, a clear scattered beam was observed in the GBL precursor, whereas
the GVL formulation showed no beam scattering. It appears that the increased GVL

coordination has resulted in a non-colloidal precursor.
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In fast crystallising solutions, increased colloidal diameter can improve the crystallinity of
formed perovskite.*?! Alternatively, some work has suggested that non colloidal solutions
produce superior perovskite in CPSCs by enabling slower crystal growth.!**! Upon examining
surface growth it appeared that GBL precursors produced larger crystals, but ones of varied
quality, with areas where crystals appeared rough and poorly formed (Figure 3.3).
Conversely, the GVL solutions produced smaller crystals with a more even size distribution

and well-formed smooth grains. However, these surface crystals may not reflect crystallinity

within the stack.
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Figure 3.3: Surface SEM images of AVA.0.03MAPbIz crystals on the surface of an infiltrated ZrO:
scaffold, crystallised from 0.95 M GBL (top) and GVL (bottom) precursors at 50°C.

Changing the precursor solvent can also impact on wetting, which greatly impacts device
performance by influencing pore filling. GBL devices are typically infiltrated at room
temperature. However, as a slightly more viscous solvent (1.9 CP vs 1.7 CP for GBL), GVL may
not spread well on the TiO; ETL at room temperature and could require gentle heating prior
to infiltration. To compare room temperature precursors before initial device trials, viscosity

measurements and contact angle tests were carried out for 0.95M GVL and GBL solutions.
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[AVA, ,sMAPbDL;], Viscosity Density

Solvent moldm-3 (~18°C), cP (~18°C), gcm3
GBL 0.95 5.198 1.519
GVL 0.95 6.431 1.439
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Figure 3.4: Left; Contact angles of 0.95 M AVAo.0sMAPbI3 in GBL and GVL on room temperature
mTiOz. Right; Viscosity and density of 0.95 M GBL and GVL precursors at 18°C. Viscosities are average
values from 10-12 measurements.

Surprisingly, the GVL precursor was found to be much more viscous than that produced using
GBL: the GVL solution measured at 6.431 cP, whereas the standard GBL precursor was nearly
24% less viscous at 5.198 cP (Figure 3.4). However, this change did not significantly change
the precursor wetting in contact angle measurements- as shown in Figure 3.4 the GVL

solution had spread almost as far as the GBLby t=0.2s.

As both precursors exhibited similar wetting, crystal phase formation and no significant
degradation, the 50°C GBL annealing procedure was deemed suitable for initial GVL device

trials.
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Figure 3.5: Box plots of photovoltaic parameters obtained during initial device trials.
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As shown in Figure 3.5, the AVAq03sMAPbI3-GVL cells annealed at 50°C exhibited an average
PCE of 9.9%, only slightly lower than the average GBL PCE of 10.3%. Although GVL devices

exhibited slightly lower Jsc and FF values, this was counteracted by consistently higher V..

Decreased Jic accompanied by Vo increases can be indicative of an increased perovskite
bandgap, although this is unlikely here given the same perovskite formulation is present in
both samples. The increased V.. values are therefore more likely a consequence of higher
crystallinity: higher quality perovskite crystals have fewer shallow traps near the band edge,
so less non-radiative recombination occurs under illumination.® In this case, the lower Js
and FF values could also correspond to poor perovskite infiltration, as insufficient perovskite
contact with charge extraction layers impedes carrier collection. Photoluminescence (PL),
external quantum efficiency (EQE) and photoluminescence quantum yield analyses were
therefore performed to compare the absorption spectra, optical bandgaps, emissivity, and

levels of recombination in GVL and GBL-based samples.
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Figure 3.6: a) SSPL emission of 0.95 M AVAo.0sMAPbIs3in ZrOz/Carbon scaffolds. b) EQE of three GBL
and three GVL devices with inlaid table of average calculated bandgaps. c) PLQY excitation data and
corresponding corrected emission of a GBL (right) and GVL (left) sample, with table showing
calculated external PLQY. PL and PLQY measurements by Dr. R. Garciarodruigez.
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As shown in Figure 3.6a, the PL emission intensity of GVL perovskites in ZrO; scaffolds was
far higher than that of the GBL samples. PLQY was also significantly higher. This indicates that
the GVL precursors result in higher quality perovskite layers with lower levels of non-radiative
recombination and could explain the higher V.. observed in GVL devices. The observed
increases in the PL of GVL samples are therefore most likely due to higher quality perovskite
crystals with fewer defects. This is corroborated by the earlier XRD analysis, where the higher

intensity (110) peak of GVL samples indicated more oriented crystal growth.

A slight blue-shift in the emission peak of the GVL samples was also apparent, with samples
experiencing some photodarkening during the initial measurements. This can be caused by
several factors, including decreased grain sizes, shifts in the band edge or sample
degradation.738] Sample degradation is often accompanied by blue-shifting of the emission
peak over time due to degradation producing shallow trap states.®'38 |n this case the
emission peak position did not change over multiple measurements and the photodarkening
behavior stabilised within ten measurements. The slightly lower performance of GVL devices
annealed at 50°C is therefore unlikely to be a consequence of changes in the material
bandgap or instability, and the observed PL blue-shift is likely a consequence of smaller

crystals. 3¢

This is further supported by the EQE measurements, where the calculated material bandgaps
were comparable between both sets; GVL samples showed improved absorption intensity in
the 600-800 nm range (Figure 3.6b). Longer wavelengths are absorbed deeper in the stack,
and such improved absorption could therefore suggest that the GVL samples have a higher

proportion of perovskite in the ZrO; layer.%

Although the GVL EQE intensities are also less consistent than those of the GBL samples, it
should be noted that EQE intensities are often highly variable in CPSCs as inconsistencies in
infiltration can lead to changes in absorption efficiency across the active area. Mismatches
between the IV Jic and EQE photocurrent are also common as IV curves are obtained after
long light soaking periods./*® EQE photocurrents are therefore not representative of device
performance or photocurrents after light soaking, and variations in EQE intensity between
sample sets should not be used to compare infiltration.”’ However, when observed in
conjunction with increased absorption of higher wavelength light and lower Jsc and FF values,

highly variable EQE intensities can be an indication of poor perovskite infiltration.
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The next section will detail the work undertaken in optimising device performance and

infiltration.

3.3.2 Infiltration optimisation

Poor infiltration can be a consequence of poor solvent wetting. Alternatively, this can be a
consequence of detrimentally fast perovskite crystallisation: If nucleation occurs too fast,
growing crystals can form blockages, leading to voids in the annealed stack. Such devices

typically present as uneven or grey in colour due to poor TiO; filling (Figure 3.7a).

Recent work has shown that CPSC infiltration may be improved through vapour-assisted
crystallisation, where devices are kept in a closed solvent vapour environment during some
or all of the annealing process. This solvent evaporation controlled (SEC) crystallisation allows
more time for precursor percolation and allows the solvent to warm within the stack,
reducing its viscosity and improving wetting. The technique also reduces the rate of crystal
growth to form larger, more densely packed crystals.[**"*!] A one-hour SEC treatment at 50°C
was therefore applied to devices infiltrated with GVL and GBL- based AVA;osMAPDI;

precursors before standard annealing at 50°C.

As shown in Figure 3.7, SEC treated GBL devices were more reproducible, likely due to
improved infiltration quality. However, SEC treatment of GVL devices resulted in visibly poor
infiltration (Figure 3.7a) and low Jic and FF (Figure 3.7b). Consequently, GVL-SEC devices

exhibited much lower average PCE (7.7%) than controls (9.4%)."

It was hypothesized that for the GVL system, the small amount of solvent loss from the stack
during the SEC treatment resulted in highly saturated, poorly wetting solution within the
scaffold, or even crystal nucleation, which then annealed extremely fast upon removal of the
petri dish. This suggests that GVL systems are more sensitive to detrimentally fast crystal

growth.

** Although GVL device performance is lower here than for GBL, this was not the case in all batches.
GVL reproducibility and performance is improved during the rest of this Chapter, before further
enhancement in Chapter 4.
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Figure 3.7: a) Diagrammatic representation of SEC treatments. b) Photograph of standard and SEC
(solvent evaporation crystallised) devices infiltrated with GBL and GVL precursors. Right; Device
parameters for standard and SEC devices with GBL and GVL precursors
This was investigated by performing in-situ XRD tests, wherein annealed stacks were placed
on a thermal stage within the XRD, before drop casting of perovskite precursor and in-situ
annealing. To accurately imitate the standard infiltration procedure, stacks were left at room
temperature for ten minutes prior to heating of the thermal stage. Devices were then
annealed at 50°C for one hour before being cooled to room temperature. XRD snapshots
from 26 = 13.0- 14.5° were obtained at 15 s intervals from the point of drop casting until

room temperature cooling, to monitor the evolution of the peak at 26 = 14.1°.
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Figure 3.8: Contour maps showing the evolution of the peak at 26 = 14.1° over time in GBL and GVL
AVAo.03MAPbI3 precursors (0.95 M) drop cast into stacks and annealed at 50°C. Single plots shown
above display the single XRD traces obtained at the onset of heating (green), end of annealing (red)
and after cooling (black). Measurement by Dr. T. Dunlop and C. Worsley.

As shown in Figure 3.8, the GVL precursor crystallised far faster than the GBL system and
formed an intense final peak much more rapidly. Specifically, the GVL system began
crystallising at 1235 s (335 s (6 min 35 s) after heating onset) and had formed an intense peak
by 1470 s (570 s (9 min 30 s) after heating onset). Apart from some very slight broadening
this peak remained unchanged for the rest of the heated period. The crystallisation process

therefore occurred in 235 s (4 min 55 s) after peak evolution began.

Conversely, no peak evolution was observed in the GBL sample until 1710 s (810 s or 13 min
30s) after heat onset. Peak evolution also occurred more slowly, reaching the highest
intensity at 2115s (12155, or 20 min 15 s after heat onset). The crystallisation process

therefore occurred in 405 s (6 min 45 s) after peak evolution began.

This data reveals that both nucleation and crystal growth occurred much faster in the GVL
systems. This could be problematic, as the fast formation of large crystals early in the heating
process could impede stack infiltration by forming blockages, which could explain the poor

performance of devices exposed to SEC treatments.

In GBL devices, the presence of the petri dish during SEC prevents crystallite nucleation and
warms precursor within the stack. This gives precursors more time to reach the smallest
pores deep within the stack and could promote faster infiltration of small pores through

reducing solution viscosity. Conversely in GVL solutions, the small solvent loss during SEC
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treatments could be enough to induce crystallite formation, blocking further infiltration or

encouraging increased crystal growth at the stack surface.

It was postulated that a lower annealing temperature could mitigate this problem by slowing
the rate of solvent removal, crystal growth and nucleation- without the need for additives or
additional annealing steps. Devices were therefore fabricated with a range of annealing

temperatures (40, 45, 50 and 60°C).
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Figure 3.9: a) Average forward (red), reverse (black) and stabilised (blue) PCEs and b) table of PV
parameters of GVL devices annealed at different temperatures. Three devices in each set. c) Cross-
sectional SEMs of corresponding CPSCs. Above: 3500x magnification. Below: 23000x magnification.
As shown in Figure 3.9, an annealing temperature of 45°C produced the best devices, with
the champion device exhibiting a Jsc of 21.6 mAcm?, Vo of 916 mV, FF of 58% and PCE of
11.4%. This is reflected in the stabilised current measurements, where devices annealed at
45°C far outperformed those prepared at other temperatures, with an average stabilised PCE

0f 9.80 + 0.42% and champion stabilised PCE of 10.2% (Figure 3.9a).

As highlighted in Chapter 2, discrepancy between stabilised and IV PCEs is common in CPSCs
due to imbalanced charge extraction at device electrodes.!*? Although these problems have
here been mitigated by long light-soaking procedures and a slow scan rate, the IV PCEs are

still higher than those from the stabilised current measurements.
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Poorly infiltrated samples tend to exhibit larger differences between PCEs calculated from IV
curves and those from stabilised current measurements due to poor perovskite-electrode
contact.*? This is clearly the case in the 60°C samples, where there is a marked discrepancy
between the IV (9.65 + 0.47%) and stabilised (7.42 £ 0.26%) PCEs, and many perovskite-free
voids are visible in the TiO; layer (Figure 3.9c). Conversely, the optimum 45°C sample shows
particularly dense ZrO; infiltration with larger, more continuous perovskite crystals and much

more comparable IV and stabilised PCE values.

However, despite improving the device infiltration, even the optimised 45°C device exhibited

larger perovskite free voids than the standard GBL device (Figure 3.9c).

Precursor concentration is also known to impact infiltration. Concentrated precursors can
experience detrimental nucleation during the initial infiltration stages and prevent complete
precursor penetration, whereas the volume contraction experienced by dilute solutions
during solvent evaporation can result in poor pore-filling. The optimal concentration of a
given precursor is highly dependent on solvent properties such as polarity and
coordination.?¥ As dilute GVL precursors exhibited lower Pbls™ absorption in the UV-Vis
analysis, it was hypothesised that the increased solvent-Pb?* interactions could be resulting
in less Pb-l interaction and thus less continuous crystal formation (Figure 3.7). GVL precursors
may therefore require higher concentrations for optimal performance. Devices were
therefore fabricated with 0.7 M, 0.95 M, 1.1 M, and 1.25 M AVAo0sMAPbI; GVL precursors at

the optimised 45°C annealing temperature.

As shown in Figure 3.10a, the 0.70 M precursors produced highly variable devices. This is
likely a consequence of the poor infiltration and sparse perovskite formation seen here. The
highest quality infiltration was achieved with a 1.10 M concentration, where dense
perovskite formation was observed throughout the ZrO, and TiO, across the entire active
area (Figure 3.10b). Performance was correspondingly higher in these devices with

consistently higher device PCEs due to superior V..
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Figure 3.10: a) PV parameters of devices made using 0.70, 0.95, 1.10 and 1.25 M MAPbI3z GVL
precursors during optimisation. b) Corresponding cross-sectional SEM images of GVL devices. Red
boxes highlight large areas with minimal perovskite infiltration. Three devices in each set.

The photovoltaic parameters for a batch of GVL devices fabricated with the optimised
precursor (1.1 M) and annealing conditions (45°C) is presented in Figure 3.11 alongside
standard GBL devices. The GVL devices exhibited an average PCE of 12.44 + 0.56% (champion
PCE 12.91%, 11.3% stabilised), higher than that of the GBL control devices at 11.67 + 0.40%.
All the IV parameters are higher on average in the GVL devices, with notably high and
reproducible Vo (0.90 £ 0.01 V and 0.82 + 0.02 V for GVL and GBL respectively). There was
also reduced hysteresis in the GVL devices, although it should be noted that this was not the
case for every batch. From cross sectional SEM analysis, it is clear that the optimised
annealing procedure and precursor concentration produced similar (if not improved) small

pore filling to GBL (Figure 3.11b).
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Figure 3.11: a) PV parameters of GBL devices compared to the optimised GVL system. b) Cross-
sectional SEM images of devices made using standard GBL (0.95 M) and optimised GVL (1.1 M)
precursors. Three devices in each set.

3.3.3 Device and precursor stability

One of the major advantages of GBL- based AVAo03sMAPbI; CPSCs is their inherent stability.
Any potential GBL replacement must therefore produce devices of similar longevity to be
considered a viable alternative. Unencapsulated devices were therefore subjected to long
term light exposure at 0.85 sun, elevated temperature (~40°C) and ambient humidity (40-

70%).

As presented in Figure 3.12, minimal performance loss was observed in both devices over
550 hours of continuous illumination: the GVL device performance fell 7.8%, from 10.87% to
10.02%, while the GBL device fell 8.9% (from 9.08% to 8.27% PCE). The comparable stability
of the two samples proves that GVL s a viable replacement for GBL in the fabrication of highly

stable AVAq.0sMAPDIz devices.
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Figure 3.12: a) Normalised PCEs of GVL and GBL devices over time. Devices were kept under an
illumination of 0.85 sun at ~40°C and ambient humidity (50-70%) and measured every 30 minutes for
the duration. b) Photographs of 0.95M GBL and 1.1M GVL precursors after 1 week of room
temperature storage. The GBL precursor has experienced significant precipitation.

Standard 0.95 M AVA,0sMAPbI; in GBL precipitate when stored at room temperature
(Figure 3.12). However, even the more concentrated GVL precursors were stable towards
room temperature precipitation. This removes the need for redissolution prior to
manufacture, saving energy and time. It potentially also makes these precursors much more
suitable for large-scale industrial deposition techniques such as inkjet printing, where
precipitation can clog printer nozzles and damage equipment. This added stability may be

because GVL precursors do not form colloids (section 3.3.1).

Although the GVL precursors were observed to be stable towards precipitation, it was not
known whether stored solutions would continue to produce high quality devices after
storage. In a lab environment, CPSC precursors are generally made in small volumes and used
within 3 days. This would not be the case at larger scale. As a hygroscopic solvent, precursors
could feasibly incorporate some ambient water over time, as well as undergoing degradation

processes such as |, formation.

A long-term experiment was therefore performed, wherein devices from the same printing
batch were periodically annealed and infiltrated with the same batch of precursor over a
period of several weeks. The 1.1 M AVA,03MAPbI; precursor was stored in a sealed vial in

ambient conditions between uses (18-19°C, 30-40% RH), and all devices were prepared in an
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ambient environment according to the previously optimised annealing procedure. It should
be noted that device performance is less than that of the previously presented champion
device sets as stacks contained a sub-optimal thin ZrO; layer of around 1 um (optimal ~2 um).
This was due to a change in ZrO; paste formulation.” However, the devices were deemed
good enough for simple comparison between sets, and were of sufficiently high and

reproducible PCE for the purposes of this test.
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Figure 3.13: PV parameters of AVAo.0sMAPbIz devices fabricated from the same GVL precursor
solution and printing batch over a period of 24 days. Note that performance is less than that of
champion sets as stacks contained a sub-optimal thin ZrO: layer of around 1 um (optimal ~2 um)."" 5
devices in each batch.

As presented in Figure 3.13, no significant change in device performance was observed over
time. Devices produced after 3 days exhibited an average PCE of 9.58 + 0.39% (forward
sweep), whereas those produced after 24 days storage were at 9.69 £0.79% PCE.
Additionally, the champion device across the whole experiment was achieved after 24 days
storage, with a PCE of 10.81% (Voc=0.84, Jsc= 23.0 mAcm?, FF = 56%). A slight increase in

average Jic can be observed over time, however this was not a statistically significant change.

Clearly, GVL precursors are stable during ambient storage. This would be extremely useful in

commercial applications or scale-up initiatives, allowing offsite large-batch precursor

™ This was due to a supplier formulation change. The impacts of this change and other stack
properties on infiltration are discussed in detail in Chapter 6.
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fabrication for modules. The next section will apply GVL precursors to modules, to assess

their viability at scale.

3.3.4 Scale-up and module application

A variety of scalable techniques have been applied to obtain large area precursor infiltration,
including inkjet printing and robotic mesh infiltration.[*'*31144 GBL-based precursors have
been applied in modules of up to 198 cm? active area in the literature, achieving a maximum
PCE of 6.6% via a scribing method with this size of module.*”! To be truly comparable to GBL,
GVL must also be amenable to these techniques and produce large scale modules of
comparable performance to GBL. It was hypothesised that GVL precursors would be more
amenable to automated infiltration methods, as the lack of room temperature precipitation
could prevent mesh and nozzle clogging- a problem often encountered with GBL solutions.
Such issues can result in uneven infiltration across the module area and could significantly

impact throughput in an industrial setting.

GVL and GBL AVA,0sMAPbIs precursors were therefore applied in modules of 220 cm? active
area and 80% geometric fill factor, prepared via a scribing method and robotic mesh

infiltration, 1511461

As shown in Figures 3.14 and 3.15, both GBL and GVL precursors far outperformed those in
previous publications, achieving champion PCEs of 8.14% and 8.12% respectively
(Figure 3.14, 3.15). While the champion GVL module has superior Vo and I, slightly lower FF

lowered its PCE to be comparable to that of the best GBL module.
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Figure 3.14: Box plots of photovoltaic parameters of 220 cm? modules fabricated via a scribing
method using GBL or GVL precursors. Three tested for each solvent. Module preparation and testing
by Dr. R. Bolton and Dr S. Potts. Analysis by C. Worsley.

However, the GVL devices exhibited much lower hysteresis, with a reverse PCE 1.4% higher
than that obtained for the champion GBL module (Figure 3.15a, b). This is likely a
consequence of improved perovskite crystallinity with GVL solutions. Reproducibility was
also improved: While the GBL batch had an average PCE of 6.05 + 2.59% (forward) and
4.76 + 2.28% (reverse), three GVL modules from the same printing batch exhibited averages

of 6.72 £ 0.41% and 6.59 + 1.49% for forward and reverse sweeps respectively.

This was due to inconsistent infiltration in GBL modules. As shown in Figure 3.15c, GBL
modules had pale bands of poor infiltration at the centre of multiple cells across the module
area. Such areas have limited light absorption, poor perovskite-electrode contact and
experience high levels of recombination.[*3! 47148 As the performance of a module is limited
to that of the lowest performing cell, any infiltration issues across the module area can have

a significant detrimental effect on performance.*!
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Figure 3.15: a) IV curves of modules fabricated with GBL and GVL precursors, b) table showing
measured photovoltaic parameters, c) Photograph of the modules with dimensions labelled. Close up
sections to compare visual infiltration quality. Module preparation and testing by Dr. R. Bolton and
DrS. Potts.

These infiltration issues were likely a consequence of GBL precipitation. Consistent mesh
infiltration of the GBL precursors proved difficult, as crystal formation on the screen during
infiltration prevented easy access to the underlying module. To prevent this issue, and to
avoid nozzle blockages, the robotic dispenser and screens required thorough cleaning
between every deposition, and GBL precursors were heated before each use. Even after
taking these steps, achieving adequate infiltration over large areas proved challenging, as
room temperature crystallisation of GBL inks atop the electrode also prevented successful

infiltration in some places (shown in Figure 3.15c).
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The enhanced stability of GVL precursors towards precipitation was therefore extremely
advantageous at scale, resulting in large improvements in module reproducibility and
drastically reducing the number of long cleaning steps required. This result confirms that
green GVL precursors are well-suited to scale-up and proves that these green systems are a

viable, superior alternative to GBL for CPSC module production.

3.4 Conclusion

Printable AVA,.03-MAPbI; CPSCs are frequently cited as a potential forerunner for perovskite
commercialisation. However, the DMF or GBL-based solvent systems used in these devices
represent a significant barrier to scale up and commercial viability: DMF is highly toxic and
GBL a psychoactive that is restricted in many countries. Consequently, neither solvent system

is well-suited for application in large-scale CPSC manufacture.

This work presents GVL as a sustainable, nontoxic novel solvent for CPSC fabrication. Five
times less toxic than GBL, GVL is completely biodegradable, and can be sourced from
renewable lignocellulosic biomass feedstocks. Furthermore, the legal restrictions that impact
GBL availability in certain counties do not apply, making GVL well suited to large scale
sustainable production. A recent price drop in Europe and the recent emergence of
biodegradability and toxicity studies indicate that industrial GVL application is likely to

increase in the coming years.!?*!

In this study, a low optimized annealing temperature of 45°C and optimized precursor
concentration of 1.1 M are shown to improve GVL precursor infiltration and produce CPSCs
of comparable efficiency to those fabricated with standard GBL precursors, achieving a
champion PCE of 12.91% in a 1 cm? device (11.33% stabilized). GVL precursors were also
found to improve the reproducibility of large-scale modules, producing a champion PCE of

8.12% in a module of 220 cm? active area.

Perhaps most interesting from a scaling perspective, GVL precursors were found to be
extremely stable towards room temperature precipitation. While GBL precursors are prone
to significant precipitation at room temperature and require heating after storage, GVL
solutions were found to produce high quality devices over a month in ambient conditions,
with no heating steps required. At scale this helped prevent equipment blockages, improved
the quality of automated robotic mesh infiltration, and reduced the number of long cleaning

steps required between depositions. This work could therefore improve the commercial
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viability of CPSCs, as well as allowing continued CPSC research in countries where GBL access

is prohibited.

Although this work aids in improving the reproducibility of large-scale modules through
preventing precipitation induced equipment blockages, inter-batch performance variation
was still significant. Device performance and the quality of infiltration of devices produced
from different prints on different days was still somewhat variable. In a commercial setting,

this could significantly impact throughput and the quality of produced modules.

Variation could be a consequence of high precursor viscosity- GVL is more viscous than GBL
(1.9 cP compared to 1.7 cP), and the optimised precursor concentration of 1.1 M is higher.
This could limit precursor percolation into the stack or make GVL precursors more sensitive
to slight ambient changes. The next chapter will therefore examine a mixed solvent system,
to analyse how precursor viscosity influences performance and attempt to improve

reproducibility.
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Chapter 4

GVL Solvent Engineering for improved
precursor wetting and device
performance

The work in this chapter formed the basis of the following publication: C. Worsley, D. Raptis, S. M. P. Meroni, R.
Patidar, A. Pockett, T. Dunlop, S. J. Potts, R. Bolton, C. M. E. Charbonneau, M. Carnie, E. Jewell and T. Watson,
Mater. Adv., 2022,3, 1125

Unless specified, all sample preparation, measurement and data analysis was performed by C. Worsley.

PCE(%) V, (V) FF(%) J, (mA/cm?)
/& R 14.00 0.89 63.8 24.6
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Chapter 3 established GVL as a viable green alternative to GBL, with optimised devices
demonstrating comparable performance. In this work, methanol (MeOH) is used to enhance
PCE and infiltration by improving electrode wetting, infiltration and perovskite crystal quality.
Precursors incorporating 10% MeOH achieved 14.96% PCE in a 1 cm? device and 9.04% in a
220 cm? module fabricated in ambient conditions. Stability was also enhanced, with an
unencapsulated device exhibiting a T80 of >420 hours at 50°C in ambient humidity under
AM1.5 illumination. Improved precursor quality also enabled production of large 517.7 cm?
modules. This could make GVL-based precursors more commercially attractive and provides
an example of how green solvent engineering can be applied in the development,

amelioration and scale-up of novel renewable technologies.
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4.1 Introduction

In the previous chapter, GVL was introduced as a non-toxic biodegradable alternative to GBL
for CPSC fabrication. With an optimised annealing temperature of 45°C and precursor
concentration of 1.1 M, GVL solutions were found to produce devices of comparable
performance to standard GBL procedures. Additionally, GVL precursors were found to be
more stable towards room temperature precipitation: 0.95 M GBL precursors undergo
significant precipitation in ambient storage, while more concentrated 1.1 M GVL alternatives
remain in solution. This would be advantageous in a commercial setting, where ink
precipitation could cause printer blockages and other equipment issues. However, a slight
increase in batch variation was noted, with more instances of visually poor infiltration in

some batches.

Even in GBL AVA..03sMAPbIs precursors, complete infiltration can be difficult to obtain.[*! Both
GVL and GBL are relatively viscous: while DMF has a viscosity of 0.92 CP at 25°C, those of GBL
and GVL are 1.7 CP and 1.9 CP respectively. "B This can limit infiltration of small pores deep
within the stack. The TiO; layer in particular can experience wetting problems, leading to

poor perovskite/electrode contact and decreased device performance.!*'®!

High viscosity and associated wetting issues are potentially a greater issue in GVL systems as
GVL is slightly more viscous than GBL and the optimised precursor concentration is higher
(1.1 M and 0.95 M for GVL and GBL respectively, Chapter 3).[*/?! Differences in the solvent
coordination and resultant changes to colloidal composition could also impact viscosity. This
would therefore make GVL precursor infiltration more sensitive towards slight changes in
ambient temperature or stack thickness could explain why batches of GVL devices fabricated

at room temperature more frequently exhibit a wide spread of results.

Viscosity can easily be reduced by heating- GBL precursors are often heated prior to
infiltration to remove precipitates and reduce viscosity. However, heating GVL precursors to
60°C to improve infiltration is not viable, as this can induce perovskite crystal formation
within the solution and loss of volatile MA species. Any heating must therefore be limited to
shorter times at lower temperatures to maintain the integrity of the precursor. Heating
would also be impractical at large scale and maintaining precursors at temperature would
increase the energetic cost of fabrication. Therefore, a different approach is required for GVL-

based precursors.
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The main advantages of GVL-based solvent systems are the low toxicity, biodegradability,
and lack of legal restrictions on access. Compared to more common DMF/DMSO solutions,
these systems are far less environmentally harmful, and can be sourced from sustainable,
renewable sources.”’ To maintain these advantages, any solvent additions to GVL-based
precursors should be similarly sustainable and present a relatively low toxicity risk. Small
molecule alcohols such as ethanol and MeOH fit this profile, are already mass-produced at
low cost and have been applied in similar GBL systems to improve device performance and

reproducibility.

Small additions of highly polar solvents have been used in many architectures to improve
perovskite crystal quality and coverage. For example, addition of highly coordinating DMSO
to DMF-based precursors has been shown to improve grain size, coverage and crystallinity in
conventional sandwich architectures with NIP and PIN architectures.”) In CPSCs, GBL devices
have been found to reproducibly exhibit improved performance when diluted with 15%
ethanol due to reductions in viscosity and improved precursor wetting: Dilution with
15 volume % of ethanol produced devices of 14.95 + 0.27% PCE compared to 13.66 + 0.41%

in the undiluted case.™

The following sections will look at the impact of using mixed GVL: alcohol solvent systems on

formed perovskite, solution properties and resultant device performance.

4.2 Experimental

Unless specified below, all materials, sample preparation and measurement procedures were

performed as detailed in Chapter 2.

Precursors

All precursors and solvent mixes were fabricated in an N, glove box to a concentration of 1.1
M. To ensure comparable concentration between precursors of different solvent ratios,
precursors were prepared by dilution of a 1.25 M AVA¢0sMAPbI3 / GVL stock solution. The
stock solution was stirred at room temperature overnight to ensure complete dissolution of
the components before separation to different vials and dilution with the appropriate

volumes of GVL and MeOH.
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Contact angle testing

Samples were prepared by screen printing ~600 nm TiO, paste (Greatcell solar, 30 NRD,
diluted 1:1 with terpineol) onto FTO. Layers were annealed at 550°C for 30 minutes and
cooled to room temperature in ambient conditions (20°C, 30% RH) before contact angle

testing (as described in Chapter 2.25)
UV Vis

UV Vis samples were prepared by diluting precursors to 250 mmol with GVL/MeOH in the
appropriate solvent ratio (0, 5, 10 or 15% MeOH in GVL as specified) immediately before

measuring as detailed in Chapter 2.2.4.
Stability measurements

Measurements were carried out under 1 Sun AM 1.5G illumination. The source was a plasma
bulb in a Lumartix SA instrument (Luxim-S). The unencapsulated devices were masked at
0.49 cm? and measured every 4h after a resting time in open circuit. The substrates were

heated by the IR component of the light spectrum leading to a temperature of around 50°C.
SEM

Cross sectional samples were prepared as described in Chapter 2.1.3. Images were obtained

using a JSM-7800F Field Emission SEM at 15 kV using secondary electron imaging. PL

PL

Samples were prepared as described in Chapter 2.1.2. Samples were humidity treated at 25°C
and 70% RH for 14-18 hours and then placed under a vacuum for 24 hours before testing.

Mapping was done as described in section 2.2.8.
4.3 Initial trials: Impact of EEOH and MeOH on Device Performance

As 15% ethanol has proven optimal in GBL solvent systems, initial trials on mixed GVL systems
compared the previously optimised 1.1 M AVA,.0sMAPbI; GVL system to those incorporating
15% ethanol or MeOH.! Both initial trials yielded promising results, with the mixed systems

producing devices of higher stabilised PCE than GVL-only precursors (Figure 4.2).
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Figure 4.2: Box plots of stabilised current data obtained from initial trials testing GVL-only precursors
against precursors incorporating a) 15% MeOH or b) 15% EtOH **
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Figure 4.3: Stabilised current PCEs from two batches of devices identically fabricated with
AVAo.03MAPbI3 devices using GVL: EtOH mixed solvents (with 0, 5, 10, 15 and 20 % EtOH as specified).
4-6 devices in each set.

Further trials were performed on both systems. However, despite having proven successful
in improving device performance for GBL AVA,03MAPbI; devices, EtOH optimisation trials
produced mixed results in a variety of batches (Figure 4.3).1*! No significant difference in
performance was observed with EtOH addition in the second round of tests, with 10% EtOH

producing a wider spread of results than the GVL-only formula and 20% resulting in an

# Although in this example EtOH appears to outperform MeOH, this was not consistently the case
due to high batch to batch EtOH variability (Figure 4.3). Examples of higher MeOH consistency and
performance are shown throughout this Chapter.
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average PCE drop of over 1% (Figure 4.3). Continued work therefore focused on MeOH

additives, which will be the focus of the remainder of this chapter.5®
4.4 GVL-MeOH solvent mixing

CPSCs are unique in that precursors must percolate through over 15 um of mesoscopic
material to produce a functional device. The lack of a crystalline perovskite capping layer
introduces the need for dense, high quality perovskite formation throughout the three
layers: for a high performing device, consistent infiltration with minimal perovskite-free voids
is essential. Precursor infiltration can be influenced by several factors, including viscosity,
wetting, colloidal diameters and crystallisation dynamics./'®-° Observed performance
enhancements with MeOH addition could therefore be a consequence of several concurrent
changes in precursor behaviour. The following section will therefore examine the impact of
MeOH addition on precursor viscosity, wetting, colloidal composition, and the resultant
MAPDbI; crystal properties before continuing to assess the impact of MeOH on device and

module performance.

4.4.1 Precursor Properties and Perovskite Crystallisation

At 1.9 CP, GVL is slightly more viscous and less dense at room temperature than GBL
(GBL:1/13 gcm™, GVL:1.05 gcm™3). Additionally, the optimised precursor concentration of
1.1 M is higher than the 0.95 M used for standard GBL solutions (Chapter 2). This could make
GVL-based precursors more sensitive to slight environmental changes during infiltration and

annealing, reducing potential processing windows and overall device reproducibility.

As a low viscosity solvent (0.54 cP)* with high polarity, MeOH incorporation could drastically
change precursor viscosity and its wetting of mesoporous oxide layers. To ascertain how GBL
and GVL systems differ and examine the effect of MeOH addition, the viscosities of various
GBL, GVL and GVL-MeOH mixed solutions were measured (Figure 4.4a). Additionally, contact
angle analysis of different GVL-MeOH precursors on mesoporous TiO, was performed to

investigate the impact of MeOH incorporation on electrode wetting (Figure 4.4b, c).

As shown in Figure 4.4, even 0.95 M GVL precursors were found to be over 24% more viscous

than those made using GBL: the 0.95 M GVL precursor had a viscosity of 6.43 cP compared

% Although in this example EtOH appears to outperform MeOH, this was not consistently the case
due to high batch to batch EtOH device variability. Examples of higher MeOH consistency and
performance are shown throughout this Chapter.
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to 5.20 cP for GBL. The previously optimised 1.1 M GVL precursor viscosity was higher again
at 7.96 cP, a more than 53% increase compared to the standard 0.95 M GBL solution. This
increase could account for the higher inter-batch variation observed for GVL samples: small
changes in ambient temperature, humidity or stack thickness that can impede infiltration will
have a more significant impact when using highly viscous solutions. GVL-based precursors
may therefore benefit more from solvent mixing than conventional GBL formulations, as such

high viscosities could easily impede access to smaller pores within the stack.[*?

MeOH addition significantly reduced precursor viscosity in all samples, with a linear
reduction observed up to 10% MeOH (GVL-10MeOH, Figure 4.4a). This could positively
impact performance: Previous works have found that diluting GBL precursors with ethanol

to reduce viscosity improves device infiltration, performance and reproducibility.

a) ol [MAPbL,] Viscosity, cP b) I
olvent moldm-3 (~18°C)
GBL 0.95 5.198
. 0.95 6.431
VL 1.1 7.961
5% MeOH 1.1 6.777
10% MeOH 11 5.809
15% MeOH 1.1 5.311
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Figure 4.4: a) Viscosities of GBL, GVL and GVL-MeOH precursors at 18°C (average values from 10-12
measurements). b) GVL AVAo.03MAPbIsz precursors with different volume % MeOH at t=0.1 s and t=0.7
s after deposition onto TiO2(~800 nm). Examples of horizontal distance (d) and height (h)
measurements are shown on the 0% samples. c) Ad and Ah between t=0.1 s and t=0.7 s.

The viscosity change is reflected in the contact angle analysis, where MeOH increased the
rate of droplet spread and height reduction, greatly improving TiO, surface wetting
(Figure 4.4b, c). The flatter shape of the GVL-MeOH droplets after 0.6 s could also suggest
that more precursor entered the mesoporous layer in these samples. This is especially true
of the 10% system (GVL-10MeOH), which exhibited the greatest change in both measures.

Interestingly, increasing the solvent ratio from 10-15% MeOH had little impact on viscosity,
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and the contact angle sample experienced a smaller change in droplet spread and height. As
the fastest-wetting formulation, GVL-10MeOH was considered most likely to improve device

infiltration. This will be compared in section 4.3.4.

Precursor viscosity clearly impacts the rate of electrode wetting. However, changing the
solvent composition of a precursor can also impact crystallisation dynamics and the quality
of formed perovskite.'*? Less polar aprotic solvents of lower Gutman donor numbers (Dy)
such as GBL or GVL coordinate less easily to Pb?* centres, leading to increased Pb-I
interactions, impacting perovskite crystallinity and increased chance of forming colloidal
networks.[*3" 4 Simply using MeOH to tune precursor viscosity to match that of standard GBL
precursors may not therefore provide optimum performance. Given the insolubility of
MAPDbI; in MeOH, its high polarity and low boiling point, it is possible that it could have a
negative influence on precursor or crystallised perovskite properties. To obtain high quality
perovskite layers and devices it is therefore key to understand the influence of MeOH on

solvent-Pb coordination and the properties of the annealed film.

Although GVL precursors were found not to form colloids in chapter 3, MeOH addition may
change this. Lower solvent-solute coordination for MeOH systems is logical in this case, as
both Pbl, and MAPbI; are insoluble in MeOH: polar protic solvents like IPA and Ethanol are
often used for chemical bath conversion of Pbl, to MAPbIs;, and MeOH has been used as an

antisolvent additive to improve spin coated MAPbI; crystal quality.!**

UV-vis absorption of diluted precursors can be used to compare solvent coordination to Pb?*
centres, which has been shown to correlate to changes in the colloidal diameters of more
concentrated solutions. Where Pb?*-solvent coordination is less favourable, more I interact
with the metal ions, increasing the relative concentration of highly coordinated
iodoplumbates and changing the relative absorption intensities of solvated Pbl,, Pbls"and
Pbl,2 [#113L18) |ncreased relative absorption of the Pbls  and Pbls? peaks have been shown to
correspond with increased colloidal diameters in GBL, GBL: Ethanol and DMF: DMSO based

perovskite precursors. 11311161
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Figure 4.5: a) UV-vis absorption spectra of AVAo.0sMAPbIz in GVL-MeOH mixtures with 0, 5, 10 and
15% MeOH. b) Change in height ratio of the Pbl; and Pbls peaks with % MeOH. The shoulder at ~375
nm is the result of an equipment artefact.

As shown in Figure 4.5, the relative intensity of the Pbls” peak increased linearly with the
MeOH proportion, suggesting that solvent-Pb%* is indeed less favourable in the mixed

systems. MeOH mixed precursors may therefore be more likely to form colloids.

The 10% precursor was thus examined for evidence of colloid formation using the Tyndall
effect, as discussed in Chapter 3, Figure 3.2. Shown in Figure 4.6, this is not evident in either
sample, indicating that MeOH inclusion up to 10% does not induce colloid formation. This
may occur at higher ratios however, as solutions containing over 20% formed yellow

precipitates during storage.

Figure 6: Photographs of GVL and GVL-10MeOH precursors examined with a laser beam for evidence
of light scattering (the Tyndall effect).

Including a more volatile solvent in the precursor formulation could also induce fast
nucleation of less crystalline perovskite.®'*31¢] |ntroducing volatile MeOH (b.p. 64.7°C, GVL
b.p. 208°C) is likely to affect the rate of solvent removal and hence crystallisation- known to

impact infiltration, grain size and crystallinity. ) [170[28]
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To observe whether MeOH impacted crystallisation dynamics, GVL and GVL-10MeOH
precursors were monitored during initial stack infiltration and annealing (Figure 4.7).
Precursors were drop cast to freshly annealed stacks on an XRD thermal stage. Evolution of
the 26 =14.13° peak was then monitored using PSD fixed scans from 20 = 13-15.26° every
fifteen seconds during room temperature percolation and subsequent 45°C annealing. This

can effectively monitor nucleation and the rate of crystal growth.!*”!
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Figure 4.7: 2D contour maps and monitoring the evolution of the 20=14.3° peak over time during

stack infiltration and annealing at 45°C of GVL and GVL-10MeOH precursors. Heat onset in green,

heat removal in red and cooled sample in green. Measurements by Dr. T. Dunlop and C. Worsley,
sample preparation and graphs by C. Worsley.

Slight variation in crystallisation onset time, annealing duration and peak evolution was
apparent in each batch, but no consistent differences were observed between the two
solvent systems (Figure 4.7). Indeed, the variation observed between batches was far greater

than that observed between samples from the same testing batch, suggesting that that both
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systems exhibit similar crystallisation behaviour during annealing regardless of the

environmental conditions on a given day.

For example, on day 3 crystallisation onset occurred at 1174 s and 1275 s for GVL and GVL-
10MeOH respectively (Figure 4.7). Samples generally formed a single peak at 20 = 14° during
annealing, which separated to two overlapping peaks at 20 = 13.9°and 26 = 14.1° (Figure 4.8).
This is consistent with a heat induced cubic to tetragonal phase transition, commonly
observed in MAPbIs systems.[*! Interestingly, while standard y-butyrolactone (GBL)-based
precursors have been found to form stable crystallite populations during the initial
infiltration and annealing stages, this was not the case for either solvent here: once initiated,
crystallisation progressed rapidly to completion in both samples during all three

measurements.!*”!

Heated GVL
Cooled
13.6 13.8 14.0 14.2 14.4
20
Heated GVL-10MeOH

Cooled

13.6 13.8 14.0 14.2 14.4
20

Figure 4.8: Individual plots from in-situ crystallisation monitoring XRD. Plots show the ~14° diffraction
signals of AVAo.0sMAPbIs after complete crystallisation from GVL or GVL-10MeOH precursors, while
heated (red) and after cooling to room temperature (black). Measurements by Dr. T. Dunlop and
C. Worsley.

Crystallinity and orientation can be compared by analysing the relative peak breadths and
intensity of XRD peaks.!?” For example, in AVAo0sMAPbI; perovskites an increase in the
relative intensity of the 20 =14.13° peak indicates preferential (110) orientation, while

decrease of the full width at half maximum (FWHM) occurs with improved crystallinity.?%

XRD were therefore performed on AVA03sMAPDbI; crystallised from GVL only and GVL-MeOH
mixed precursors in ZrO, scaffolds. Mesoporous scaffolds were used over glass substrates to

provide the most accurate representation of infiltrated CPSCs: precursors crystallised in the
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absence of a scaffold exhibit much larger crystals and can have different morphology and

orientation.

As shown in Figure 4.9a, all three MeOH samples exhibited significantly narrower peaks.
MeOH incorporation therefore produces higher quality crystals during device annealing.
Interestingly, the 10% samples also consistently showed a particularly intense 2D peak at
~5.8° (Figure 4.9c), although there was no significant trend observed between ~5.8° peak

height and MeOH content.”™”

The increased crystallinity is likely a consequence of lower solvent-Pb?* coordination leading
to decreased nucleation and larger resultant crystals (Figure 4.5).22 Such crystallinity
enhancements improve device performance and stability, as crystals with fewer defects
experience less carrier recombination and have fewer sites for ambient O, or water to
bind.[?3! GVL-MeOH cells may therefore exhibit superior stability to those made using GVL-

only (examined in section 4.3.2).
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Figure 4.9: a) XRD AVAo0.0sMAPbIs annealed from different GVL-MeOH solvent mixtures in m-ZrO:.
obtained the day after fabrication. ZrO:z signals have been removed for clarity. b) Magnified 2D peak
at 5.8°, obtained 5 days after fabrication. c) Table showing peak heights, widths, and height ratios of

the 14° (110) and 28° (220) signals.

A repeat measurement was performed after 5 days of ambient storage to ascertain that no
significant degradation had occurred. No Pbl, peak at ~12.5° emerged during the 5 days of

ambient storage, proving that no significant degradation to Pbl, occurred during this period.

EETY

These peaks were no longer observed after changes to the solaronix ZrO2 paste (described as a
nanoparticle supplier change) and are thus not discussed in detail in this thesis.
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Interestingly, the crystallinity of all four samples significantly improved: relative intensity of
the 20 =14.13° peaks increased, and the FWHMSs decreased, indicating that significant crystal

rearrangement occurred during this period. This will be further examined in Chapter 5.

4.3.2 Effect of MeOH on Device Performance and Stability

To determine the optimal solvent mix, AVA,03MAPbI; devices were fabricated with GVL:
MeOH mixes of 0, 5, 10 and 15% MeOH. As shown in Figure 4.10, both 5 and 10% MeOH
ratios improved reproducibility, with the optimal 10% (henceforth GVL-10MeOH) also
improving Voc and FF. GVL-10MeOH devices exhibited average Vo of 0.91 V and FF of 59%,
compared to 0.88 V and 50% for GVL only. Consequently, an average PCE of 12.8 + 0.5% and
champion result of 13.8% was achieved with GVL-10MeOH, compared to 11.4 + 0.8% and
12.6% for GVL only.
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Figure 4.10: a) PV device parameters from devices made using AVAo.0sMAPbI3 precursors in GVL with
0, 5, 10 and 15% MeOH. Four devices in each set. b) IV curves of the champion GVL-10MeOH and GVL
only devices with inlaid table showing IV parameters.

It should be noted that although the hysteresis in this set flipped with MeOH addition, this
was not the case in all batches. Similarly, although reverse PCE in GVL only devices are most
often higher than the forward, this was not always the case. Differences in hysteresis

between batches could have many contributing causes- for example, slight variations in layer
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thicknesses, roughness and perovskite infiltration. Optimisation tests should therefore
always be carried out using devices from the same printing batches to minimise printing-
associated device variation. Stabilised PCEs should also be obtained, as significant hysteresis

can mask trends in device performance.

Average stabilised current data for the best performing batch is presented in Figure 4.11b.
These results produced a much clearer trend, confirming that the GVL-10MeOH devices
exhibited significantly enhanced performance. The stabilised current results for several
different batches were also normalised, with the resultant plot presented in Figure 4.11a. It
is clear from the normalised plot that the trend was reproducible between batches, and that
the GVL-10MeOH mix produced both the highest performing devices and the most consistent

result spread.

1.1
a) b)

©
3 104
% : @ % MeOH Mean Stabilised PCE (%)
£ ol T T éé 0 9.60 £ 0.53
=z 5 9.76 + 0.46
LIJ ¢
§ 084 | « i X 10 11.50 £ 0.45
3 i 15 10.36 £ 0.67
2 0.7
(]
&b

0.6 : : : .

0 5 10 15
% MeOH

Figure 4.11: a) Box plot of normalised stabilised current data from 3 batches (10-12 devices for each
%), d) Table showing average stabilised current data obtained from the highest performing batch
(four samples for each %)

Improvements in V.. with MeOH addition contributed significantly to performance
enhancements. However, unlike Jicand FF improvements, these increases are unlikely to be
a consequence of improved infiltration. Instead, this is likely caused by the improved

perovskite quality observed in section 4.3.1.1%]

One of the major advantages of CPSCs is their inherent stability. GBL-based precursors have
been used to produce CPSCs with predicted stability of >20 years under accelerated testing
conditions.?” GVL-only devices were shown to have comparable unencapsulated stability to
GBL cells in Chapter 3. Any new solvent systems must therefore produce similarly stable

devices to be considered a viable alternative.”
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Figure 4.12: Normalised PV parameters of two GVL and three GVL-10MeOH devices (unencapsulated)
over 430 hours, held at Voc under AM1.5 at 50°C in ambient conditions and tested every four hours.
The red bracket highlights extrapolated data between hours 12 and 136, where a software glitch
prevented data collection. Red dashes highlight device T80 lifetimes.
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Figure 4.12 shows the performance over time of unencapsulated GVL and GVL-10MeOH
devices placed under AM 1.5 illumination, at 50°C and ambient humidity, held at V. and
tested every four hours. All three GVL-10MeOH devices significantly outperformed the GVL
controls, with the best performing device demonstrating a T80 of over 420 hours. Another
device maintained 75% of initial PCE even after 500 h exposure in these conditions.
Performance loss was due to a gradual Jsc decrease in all cases. Conversely, the GVL-only
devices exhibited a maximum T80 of ~230 hours and experienced more significant FF and Js

losses over the measurement period.

Such enhanced stability can be a consequence of multiple factors. Better infiltration of MeOH
precursors produces fewer voids within the stack, helping limit moisture and O access and
preventing the escape of volatile MA species at temperature.’® The more oriented growth
observed in Figure 4.9 is indicative higher quality perovskite. This may also contribute to
stability improvements: more crystalline perovskite grains with fewer defects can enhance

device lifetime through decreasing trap density and providing fewer sites for degradation.®!

These stability enhancements, coupled with the improvements in device performance make
GVL-10MeOH precursors a superior candidate for scale-up than GVL-only systems. However,
precursor stability is also an important consideration: any commercial precursors should
ideally be stable in ambient storage to minimise storage costs. Any mixed solvent system
should ideally exhibit similar stability to GVL under ambient storage to be considered a
commercially viable alternative. As both GVL and MeOH are hygroscopic solvents, precursors
could feasibly incorporate some ambient water over time, as well as undergoing degradation
processes such as |, formation during storage. In a lab environment, CPSC precursors are
generally made in small volumes and used within 3 days, which does not represent what

would occur during large-scale production.

A long-term experiment was therefore performed, wherein devices from the same printing
batch were periodically annealed and infiltrated with the same batch of 1.1 M GVL only or
GVL-10MeOH precursor over a period of several weeks. Precursors were stored in sealed

vials in ambient conditions between uses (18-19°C, 30-40% RH).

As presented in Figure 4.13, no significant change in device performance was observed over
time for either precursor, with no significant performance change in any photovoltaic
parameter over time in either case. Additionally, the champion performance for each

precursor was achieved after 17 and 24 days storage for the GVL-10MeOH and GVL only
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solutions respectively. Both precursor formulations were stable towards room temperature
precipitation during storage. This would be beneficial in a commercial setting and represents

a significant advantage of these formulations over conventional GBL solutions.
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Figure 4.13: PV parameters of GVL or GVL-10MeOH devices from the same printing batch fabricated
over a period of 24 days. Device performance is below that of champion sets as stacks contained
sub-optimally thin ZrO2 due to a change in paste formulation (discussed in Chapter 6). 5-6 devices in
each batch.
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It should be noted that these devices underperform compared to the previously presented
champion sets as they were obtained using stacks with sub-optimal ZrO; thickness. A change
in ink formulations by Solaronix resulted in layers of below 1 um (optimal ~2 um), which in
turn impacted performance by decreasing Jsc and Vo values. This will be discussed in

Chapter 5.

4.3.3 Examining device infiltration

The device and module data presented in sections 4.3.2 and 4.3.4 show significant
performance enhancements with the use of GVL-10MeOH precursors. These improvements
are down to consistent FF improvement with MeOH addition. Devices also exhibited
improvements in average V.. and current reproducibility. Concurrent FF and Js
improvements are suggestive of improved perovskite-electrode contact due to superior
infiltration, whereas Vocenhancements are likely due to the increased perovskite crystallinity

observed in section 4.3.1.

To visually gauge the quality of infiltration, devices were optically examined and cross
sectional SEM images taken (Figures 4.14, 4.15). Optical examination can be used for
comparing infiltration and identifying large uninfiltrated um-scale defects at the base of the
TiO; layer,”™ while cross sectional imaging can show nanometre vacancies and the extent of
perovskite filling deeper within the stack.®™ As printing defects or thickness changes can
significantly impact infiltration, devices were compared within the same printing batch to

maintain similarity between stacks.

™ This method is introduced and discussed in detail in Chapter 6.
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Figure 4.14: Optical images of the infiltrated TiO: layer in devices prepared with GVL only and GVL-
10MeOH precursors. Blue images more clearly show the differences in infiltration between the two
samples, with darker colour representing areas of poor infiltration. Optical images obtained by Dr. T.
Dunlop, editing and sample preparation by C.Worsley.
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Figure 4.15: a) Cross sectional images of devices made using GVL only or GVL-10MeOH. A dense band
of perovskite is present at the ZrO2/C interface in the 10% samples (red box)
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As shown in Figure 4.14, GVL-10MeOH devices present as darker and more even under
optical examination, with fewer uninfiltrated um-scale defects when compared with GVL
only cells. Such large defects are commonly caused by large horizontal graphite flakes in the
carbon electrode, which block precursor from accessing the underlying stack.! Alternatively,
printing flaws such as mesh marks or bubbles can also cause such artefacts. The lower
viscosity and increased TiO, wetting of GVL-10MeOH precursors may facilitate filling of such

areas during percolation time, resulting in fewer, smaller perovskite-free voids.

Cross sectional imaging showed some areas with perovskite-free holes of similar size and
distribution in both samples (Figure 4.15). However, a dense band of perovskite at the
ZrO,/carbon interface was present in the GVL-10MeOH samples, and GVL-10MeOH
presented some areas of particularly dense ZrO, and TiO; infiltration (Figure 4.15). This could
be due to the improved wetting of GVL-MeOH precursors observed in Figure 4.3 and could
improve devices by improving absorption of long-wave (~500-600nm) light deep in the ZrO,
layer, as well as increasing contact and charge extraction at the ZrO,/C interface.®! These,
along with the areas of dense infiltration and improved electrode contact could explain the

observed FF improvements in GVL-10MeOH samples.

The infiltration of GVL-10MeOH precursors is clearly superior to GVL-only formulations.
However, infiltration is not the sole factor in determining device performance. The quality of
perovskite deep within the stack also plays an important role. This can be examined through
PL mapping: comparing the variation and intensity of PL signals across a given area can

provide information on both infiltration and perovskite crystal quality."

In other architectures, standard steady state photoluminescence (SSPL) is more commonly
applied to compare perovskite quality. However, in the case of CPSCs, mapping provides a
more accurate representation of PL as peak positions and signal intensity can vary over the
device area due to incomplete infiltration. Therefore, values obtained using SSPL do not
necessarily provide a good representation of the sample, and unless the SSPL intensities of
two infiltrated mesoscopic samples are extremely different, maps or multiple measurements

should be obtained.

Different information may be extracted depending on the mesoscopic scaffold used in
sample preparation. For example, in electron extracting TiO; layers, PL intensity is reduced
and red shifted in areas of good infiltration due to improved charge extraction. Peak shifting
and reduction may therefore be linked to areas of improved perovskite-TiO, contact.

Conversely, ininert ZrO; layers increased PL intensities are found in well infiltrated areas, and
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areas of significant peak shifting and photodarkening can correspond to poor perovskite
crystal quality. In ZrO, scaffolds, areas with reduced PL can therefore be indicative of either
infiltration or, when accompanied by significant blue-shift and photodarkening, poor crystal

quality.1 28!

Although the XRD measurements presented in section 4.3.1 show improved crystallinity in
Zr0O; scaffolds, they only probe the quality of crystals near the scaffold surface. PL mapping
of samples from the glass substrate side allows for comparison of crystal quality at the base
of the stack. To compare the and infiltration and perovskite quality of GVL-only and GVL-
10MeOH precursors at the base of the mesoporous scaffolds, ZrO,/Carbon layers on glass

were prepared and infiltrated for PL mapping.
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Figure 4.16: a) 200 um? 3D PL intensity maps of AVAo.0sMAPbIz in m-ZrO2 from GVL only and GVL-
10MeOH. Pixel size 0.083 um?. b) 2D maps, with monochrome images highlighting pixels in the
bottom 10% of the intensity range. Tables detail quantity, mean size and % coverage of low intensity
regions, c) 2D maps of PL peak shifting. Measurements by R. Patidar, sample preparation and data
analysis by C. Worsley.
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As shown in Figure 4.16, the GVL-10MeOH sample exhibited a greater proportion of high
intensity areas and fewer areas in the bottom 10% of the range. The decrease in the number
and range of low intensity areas is evidence for superior infiltration at the base of the GVL-
10MeOH infiltrated stacks. Additionally, the increased incidence of highly emissive areas

suggests that the GVL-10MeOH precursors are forming higher quality perovskite.

This is corroborated when considering the peak position maps, where the GVL-10MeOH
samples exhibit less peak shifting over the measured area. Compared to the GVL-10MeOH
case, the GVL only maps show a much greater range in peak shifts with a larger proportion
of peaks moving to lower wavelengths. Such shifts have been associated with poorer crystal
quality and correspondingly higher defect concentrations, which introduce shallow traps

near the band edge.?¢/27!

These results confirm that GVL-10MeOH precursors produce better infiltrated perovskite
layers of improved crystallinity: The decrease in the number of low intensity areas is typical
of more consistent infiltration, while the increased frequency of high intensity areas and

decreased peak shifting are suggestive of improved crystal quality.®"?”!

Improved infiltration can also impact EQE and EIS measurements. Improved infiltration
results in enhanced perovskite-TiO; contact, which can causes greater charge accumulation
in the electrode and resultant increases in measured charge at each given V.. during EIS-
although it should be noted that in the absence of improved device performance and PL
increases this can also be indicative of increased trap density.?#-3% EQE increases in the 300-
450 nm range can be linked to improved infiltration at the base of the stack, as this is where
the majority of short wavelength light is absorbed in CPSCs.BY These analyses were therefore

performed on devices infiltrated with GVL and GVL-MeOH mixed AVA,.0sMAPbI; precursors.

Shown in Figure 4.17, EQE increased in the 300-450 nm range for all the MeOH mixed

samples, especially once MeOH content exceeded 5%.
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Figure 4.17: a) Variance in measured charge with applied voltage for GVL and GVL-MeOH devices,
obtained from EIS measurement b) EIS data showing variance of carrier lifetime with Q, c) EQE plots
from the highest performing device from each MeOH %. EIS by Dr. A. Pockett. EQE and sample
preparation by C. Worsley.

EIS measurements revealed increased charge accumulation in MeOH samples, which can be
linked to improved charge extraction due to increased perovskite-TiO, contact. This was
observed as a clear increase in the chemical capacitance for GVL-MeOH devices. Many
reports have shown that a chemical capacitance related to photogenerated charge
accumulation is not commonly observed in perovskite devices.!?®3% The presence of such a
capacitance in these devices suggests charge is more efficiently injected into the TiO, in
which charges accumulate. Although such accumulation can also be indicative of increased
trap density this was considered unlikely as MeOH samples also exhibited significantly
increased charge carrier lifetimes. Coupled with increased PL intensity and more oriented
crystal growth, this enhanced carrier lifetime suggests that the MeOH precursors form
devices with higher quality perovskites of lower trap density. It could also contribute to the

observed V.. enhancements.
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4.3.4 Application of GVL-10MeOH precursors to modules

Infiltration inconsistencies can result in significant performance loss on device scale-up,
introducing poorly conductive areas of high recombination. For a stable, high-performance
module, all contributing devices must exhibit consistently high PCE across the active area.
GVL precursors have already been proven superior to GBL for large-scale 220 cm? module
fabrication (Chapter 3), producing more consistent performance data and highly
reproducible infiltration across large areas. Previous published works have cited a champion
PCE of 6.6% for scribed modules of this size using GBL precursors, while GVL precursors

produced modules of over 8% PCE .32

The performance enhancements observed with GVL in the previous chapter were due to
enhanced infiltration over large areas. Consequently, the improved infiltration and enhanced
reproducibility of small scale GVL-10MeOH devices compared to GVL could translate to
further improvements at scale. GVL only and GVL-10MeOH precursors were therefore used
to infiltrate 220 cm? active area modules (fabricated by screen printing and scribing

method).l3233l
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Figure 4.18: Box plots of photovoltaic parameters of 220 cm? modules fabricated via a scribing
method using GBL or GVL AVAo.0sMAPbIs precursors. Three modules tested for each solvent.
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As shown in Figure 4.18, both GVL-only and GVL-10MeOH precursors performed well,
achieving champion PCEs of 8.14% and 9.05% respectively (Figure 4.19). GVL-10MeOH
modules also performed better across the batch, exhibiting an average PCE of 8.1 + 0.95%
compared to 6.73 £ 0.42% for the GVL only system. Performance enhancement is mostly due
to alarge improvement in the FF of GVL-10MeOH modules, which rose from 44.7% with GVL
only to 51.0% in the GVL-10MeOH system. This is likely a consequence of better, more
reproducible infiltration across the active area leading to improved perovskite-electrode

contact and better charge extraction.
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Figure 4.19: a) IV curves of modules fabricated with GVL only and GVL-10MeOH precursors, b) table
showing measured photovoltaic parameters, c) Photograph of the GVL-10MeOH module with
dimensions labelled. Close up sections to compare visual infiltration quality. Module preparation and
testing by Dr. R. Bolton and Dr. S. Potts.
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The improved performance of these systems later enabled successful infiltration of even
larger modules, with 517.7 cm? active area and 80% geometric fill factor (Figure 4.19). Limited
by the capability of available equipment, these devices were not tested using a solar
simulator, and instead encapsulated and placed for outdoor IV testing with an accompanying
pyranometer (Figure 4.20). Six modules were encapsulated and placed outdoors, where they

were |V tested every 5 minutes during daylight hours.
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Figure 4.20: a) PCE data from outdoor testing of a 517.7 cm? active area encapsulated module
(depicted in b), fabricated by Dr R. Bolton). Relevant pyranometer data from the same period in c).
Data from mid-May 2022, modules

The data presented in Figure 4.20 is from a module after four months of continuous testing
and outdoor exposure (method outlined in Chapter 2). Performance did not decrease
significantly during this time, indicating that the modules are stable under operating

conditions. It should be noted that these modules were part of an initial trial fabrication.
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With further process optimisation, it is likely that power output and PCE will increase.
Nevertheless, this result proves that GVL-10MeOH precursor is suited for large-scale

fabrication.

4.4 Conclusions

Printable AVAo03-MAPbIs CPSCs are frequently cited as the most commercially viable
perovskite architecture. Previous work has presented GVL as a non-toxic green solvent for
CPSC fabrication. However, GVL precursors are much more viscous than standard GBL

formulations, which can limit device infiltration.

In this work, methanol (MeOH) is used as a solvent additive to improve the performance and
reproducibility of GVL-based AVA,0sMAPbI; precursors. To maintain the advantages of GVL,
any solvent additions to GVL-based precursors should be similarly sustainable and present a
relatively low toxicity risk. MeOH fits this profile and is sustainable and already mass-

produced at low cost.

An optimised MeOH proportion of 10% is found to reduce precursor viscosity and improve
wetting, as well as promoting more oriented perovskite growth and higher quality absorber
layers. Precursors incorporating 10% MeOH are found to enhance reproducibility and
performance, achieving a champion PCE of 13.82% in a 1 cm? device and 9.05% in a 220 cm?
module fabricated in ambient conditions. This represents a significant improvement
compared to GVL-only systems, which produced a champion module of 8.12% PCE. These
results confirm that green GVL-10MeOH precursors are well-suited to scale-up and proves

that these green systems are a viable for CPSC module production.

Stability is also improved, with an unencapsulated MeOH device exhibiting a T80 of
>420 hours at 50°C in ambient humidity under AM1.5 illumination, nearly twice that of the
best GVL device. The precursors are found to be stable towards room temperature
precipitation and produce consistent devices over a month of storage. This would be highly
advantageous in an industrial setting, preventing equipment blockages and ensuring

reproducible performance over time.

This work builds on that presented in Chapter 3, improving upon the performance and
stability of devices made using green GVL-based precursors and providing an example of how
green solvent engineering can be applied in the development and amelioration of novel

renewable technologies.
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However, although reproducibility and performance have been improved, significant inter-

batch performance and infiltration variation was still observed. The following Chapters will

more closely examine performance evolution during the week following fabrication, and the

factors influencing infiltration in these devices.
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Chapter 5

Performance evolution and Humidity

treatments in GVL-10MeOH devices

Unless specified, all sample preparation, measurement and data analysis was performed by C. Worsley.

The last chapter presented GVL-10MeOH precursors as a route to improving infiltration and
performance in devices and modules. During device measurements, it was observed that
devices exhibit significant performance improvement over the week following perovskite
annealing. The following chapter aims to quantify the extent of performance enhancements

and elucidate the mechanisms behind this phenomenon.

Humidity treatments (HT) of 70% RH, essential for performance enhancement and hysteresis
elimination in GBL devices, were trialled. However,78% of untreated GVL-MeOH devices
were found to improve over time regardless of HT, which had no significant impact on the
extent or speed of GVL-10MeOH device PCE increase. This eliminates a significant step from

the fabrication process.

Performance improvements are instead found to be a consequence of slow residual solvent
loss. This is evidenced by time dependent crystal rearrangements and accompanying
increases in photocurrent and photoluminescence response. It appears that slow removal is
essential, as early device encapsulation and extended heating were found to both decrease
initial performance and prevent time related PCE increases. Consequently, devices and
modules should be left unencapsulated for 4-7 days after fabrication to achieve peak power
output. This may help future scale-up endeavours in designing fabrication processes for high

performance, large-scale modules.
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5.1 Introduction
As presented in Chapter 4, CPSCs fabricated with mixed precursors of 9:1 GVL:MeOH exhibit

improved performance as compared to GVL-only formulations. Introducing a lower viscosity
polar solvent enabled greater infiltration of the base TiO, layer, as well as improving
perovskite crystallinity. As well as improving performance, devices also exhibited increased
lifetimes, with the best device demonstrating a T80 of over 420 hours unencapsulated under
AM1.5 illumination. When applied in 220cm? modules this resulted in a champion PCE of

9.05%, compared to 8.14% for the GVL-only solution.

In similar GBL devices, there is an additional step after device infiltration wherein cells are
kept in 70% RH for several hours prior to testing. This ‘humidity treatment’ is known to
improve performance by inducing crystal reorganisation in the 110 plane (or 26 = 14° XRD
peak).’! Resultant devices and modules typically exhibit improved PCE, large hysteresis

reduction and improved lifetime. -4

As the GVL and GVL-10MeOH perovskites presented in this work have shown superior initial
crystallinity to GBL, it was hypothesised that devices may not benefit from humidity
treatments to the same extent. This could reduce fabrication time and potential future
manufacturing costs through removing a lengthy and highly controlled step from the
production process. Additionally, understanding any changes in performance in the days
following fabrication could help inform how best to treat, encapsulate or test devices to

maximise performance and module power output.

5.2 Experimental

Unless specified, all sample preparation, encapsulation and experimental analyses were

performed as detailed in Chapter 2.

IV Testing: Tests were performed as detailed in section 2.2.1, on devices 24 hours and 7-8
days after perovskite annealing. HT samples were tested at 24 hours (prior to treatment),
and then again immediately following humidity exposure. Devices were then stored in dark
ambient conditions between tests. Encapsulation samples were tested prior to encapsulation

on day 1, encapsulated immediately and then retested on day 7 as usual.

EL measurements: EL was performed on completed devices, 24 hours and 7 days after
perovskite annealing. EL tests were performed before IV testing on each day. An FS5
Spectrofluorometer (Edinburgh Instruments) with Keithley 2401 Source Meter Unit were

used for all measurements. All samples were measured under 3V applied bias to obtain high
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emission. Applied voltage was begun 10 seconds before each measurement. All samples
were measured 3 times at each voltage, with 3 minutes under no bias between tests to allow
the sample to recover. Excitation and emission bandwidths were 0 and 3 nm respectively,
with a neutral density filter of O.D. 5 in the excitation pathway. A 700-850 nm range was
used, with step size of 0.25 nm, 0.1 s dwell time. Presented results are an average of the

three measurements.

PL and PC mapping: Measurements were performed with a Renishaw inVia Raman system
(Renishaw plc., Wotton-Under-Edge, UK) in a backscattering configuration. A 532 nm laser
and 50x objective were used (NA: 0.50, spot size ~ 1 um). For the PL measurements, a laser
power of 300 nW and an acquisition time of 1 s were used to measure a 0.49 cm? map with

576 data points.

5.3.1 Applying humidity treatments to GVL-10MeOH devices

Humidity treatments (HT) of 70% RH are essential for performance enhancement and
hysteresis elimination in GBL devices and modules.''B! The humidity treatment works
through causing crystal realignment within the scaffold, resulting in more crystalline, highly
oriented perovskite. This reduces defect driven recombination and improves bulk carrier

transport.™

Thus far, GBL, GVL and GVL-10MeOH device data presented in chapters 3 and 4 have been
from week-old settled cells, during which samples were exposed to humidity treatments and
a 3-4 day period of ambient dark storage. This data is presented as this was where peak
performance was generally attained for GVL and GVL-10MeOH devices. Performance

increase during this time was generally ascribed to increased V. and FF.

Even initial pre-HT PCEs in GVL and GVL-MeOH cells were generally higher than those of GBL
controls, with GBL devices only attaining similar performance to GVL samples after GBL HT.
It was theorised that this could be a consequence of higher initial perovskite crystallinity in
the GVL and GVL-10MeOH samples (presented in Chapters 3 and 4). It was however unclear
whether the gradual performance enhancements observed in the week following fabrication
were intrinsic or related to humidity exposure. A specific study was therefore designed to

determine the true impact of HT in these cells.

To ensure that humidity treatments were having the expected impact on GBL cells fabricated
in our facilities, standard GBL devices were produced, and tested before and after HT.

Variations in ambient conditions between laboratories can potentially have a large impact on
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perovskite crystallinity and device performance, which may not therefore reflect literature
results. As shown in Figure 5.1, performance improved as presented in the literature, with

HT drastically reducing hysteresis and improving Jsc and FF.[%
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Figure 5.1: PV parameters of GBL AVAo.03MAPbIz devices before and after a 70% RH HT.

To thoroughly examine the impact on GVL-10MeOH cells, four batches of devices were made.
Each batch was split into two groups of similar performance following initial tests, with half
exposed to HT and half stored in dry ambient conditions. After HT, these samples were
placed in a dry or ambient (30% RH) environment to maintain similar storage environments.
Devices were then remeasured a week after fabrication. To minimise the impact of inter-

batch variation, results were normalised for comparison.

As presented in Figure 5.2, both sets of devices improved over the 7 days. These changes
were similar in both the HT and dry ambient samples, with both sets experiencing large FF
hysteresis reduction and slight Vo and Jscincreases. As non-HT devices were stored in a dry
ambient environment for the duration, these changes must be unrelated to humidity

exposure.
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Figure 5.2: Normalised PV Data of AVAo.0sMAPbIs devices fabricated from GVL-MeOH precursors
before and after humidity treatments (HT) or ambient dry storage. Samples were measured 1 day
after fabrication and 7 days after fabrication, with HT on days 2-3. 14-18 samples in each set.

These results suggest that HT is not required for performance enhancement in GVL-10MeOH
cells. In GBL samples, HT induces crystal realignment in the (110) direction, improving
crystallinity and bulk carrier transport.™! This is observable by increases in 20 ~ 14° relative
peak intensity of XRD measurements. The enhancements observed in GVL-10MeOH samples
could be a consequence of a similar process, albeit one unreliant on ambient humidity. To
determine whether similar crystal realignment could be occurring here, samples were

analysed using XRD before and after exposure to humid or dry conditions.

As shown in Figure 5.3, GBL perovskites realigned to favour (110) orientation with HT,
changing from a the initial (220) (26 = 28°) dominant orientation. GBL samples stored in dry
air showed very little change, with only small shifts in the 14° (110) peak.
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Figure 5.3: XRD traces of AVAo.0sMAPbI3 perovskites crystallised from GBL (top) and GVL-10MeOH
(bottom) precursors in mesoporous ZrO: scaffolds. Samples were examined directly after annealing
(black) and again after exposure to dry ambient air (red) or HT (blue).

Conversely, both the HT and dry air GVL samples showed significant realignment over time.
Like with GBL, the HT sample switched from a (220) orientation with a 28° high peak to a
(110) favoured orientation with a 14° dominant peak. Conversely, the dry ambient sample
switched from a 14° to a 28° dominant peak. It should be noted that this was not the case in
every dry ambient sample- while the majority saw alighnment changes after dry storage, these
were not always towards a (220) orientation. Therefore, while it appears that HT favours
(110) realignment, the process occurring here can induce reorganisation to favour either

structure.
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It was noted that realignment did not occur in every sample. If linked to performance
enhancements, this may indicate that only some devices improve post-fabrication.
Additionally, as the normalised device data presented in Figure 5.2 were from relatively poor
devices of 10-12% PCE,*** they may not reflect the performance over time of high-quality
cells. Optimised prints may already produce superior crystal quality, giving such devices little
room for improvement. A comprehensive analysis of age-related performance changes in

high-performing devices was therefore deemed necessary.

5.3.2 Age-related performance changes in high PCE devices.

In order to ascertain whether age related performance enhancements were significant in
high-performing GVL-10MeOH cells, 27 standard control devices from eight different
experiments were examined over the week following fabrication (Figure 5.4). Devices were

tested 24 hours, and 7 days after infiltration.

The advantage of including controls from multiple batches minimises the potential for
environmental fluctuations to impact observed changes. For example, should performance
enhancements only occur in devices exposed to specific ambient temperatures or conditions
during or after infiltration, these will represent a minority subgroup in the wider sample pool.
Such an approach also therefore offers the potential to identify any such environmental
factor for further examination if necessary. As such, ambient temperature and humidity were
recorded during infiltration and annealing for every batch in this study. No relationship
between performance enhancement and ambient annealing temperature or RH was

observed, indicating that this effect is unlikely to be dependent on such variables.

#* This was due to print changes after a supplier paste change, discussed in detail in Chapter 6.
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Table 5.1: Average % change observed for each PV parameter, with maximum performance increase
and decrease in bracketed italics. Change was calculated as a % of the initial measurement.

Avg % OPCE Avg % AVoc Avg % OAFF Avg % Alsc

(range) (range) (range) (range)

R +15.5 4.5 10.60 -0.58
(-7.0,+92.2) (-2.4,+17.1) (-5.0, +59.0) (-4.8, +7.2)

E +15.26 4.5 9.61 -0.36
(7.3, +90.3) (-3.4,+25.3) (-6.0, +48.0) (-4.7,+7.3)

¢ The highest performing devices in this graph were fabricated using the optimised procedures
detailed in Chapter 6. Improvement over time were consistent between batches regardless of print
regime, hence their inclusion in this study.
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As shown in Figure 5.4, device performance at 24 hours post-infiltration ranged from 7.32-
13.61% PCE. A week later, the performance range was 11.25-14.96%. This is a significant
increase in performance and a twofold reduction in result spread. Although result spread is
still fairly high on day 7, this is likely due to the large number of different control batches
used. A reduction in result spread is encouraging, as this indicates that performance
enhancement is unlikely to be highly dependent on an environmental factor. Cells made
during different weeks improved similarly, regardless of slight variations in ambient

conditions.

To obtain a clearer view on how each individual device behaved, the % change of each
photovoltaic parameter was calculated for every device (Figure 5.4b, Table 1). A change of
>2% of the initial measured value was set as ‘significant’ and devices binned accordingly. As
shown in Figure 5.4b, 78% of devices exhibited increased PCE after 7 days, ranging from 7%
to 92.2% improvement on the initial performance (average 15.5%). 11% of devices showed
no change, with the remaining 11% falling compared to the initial measurement. Devices that
fell in performance did not show a drastic decrease, with a maximum decrease of 7% of initial

PCE.

Performance increases were due to a combination of V.. and FF changes: 78% of devices
experiencing a Vo increase (mean +5%, maximum +20%), and 63% improved FF (mean
+10.6%, maximum +58%). On average, Jsc remained statistically similar, with a mean change

of well below 1% between measurements.

Increases in Voc and FF are respectively indicative of improved carrier lifetime and better
charge extraction.”"® As shown in section 5.2, perovskites crystallised from GVL-10MeOH
precursors showed significant crystal realignment during dry storage. This could account for
the observed changes in device behaviour: Higher V.. is to be expected where crystallinity
improves, as fewer crystal defects will reduce the recombination rate and increase carrier
lifetime.5'7VI8 FF enhancement suggests that improved electrode contact is also occurring,

improving interfacial charge transfer.!®

However, the XRD measurements in section 5.2 only probe perovskite near the surface and
may not therefore be representative of crystals deep within the TiO,. Crystal quality through
the glass electrode can be examined using electroluminescence (EL), which increases with
realighment and improved crystallinity.®"[*9 Devices were therefore examined using EL to
see if time dependent luminescence increases could be observed and whether these

correlated with performance evolution.
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Figure 5.5: a) Impact of performing 3V EL measurements on PV parameters of devices 1 day after
fabrication. Non El devices were kept back from the same batch of cells. b) relationship between EL
intensity and PCE on Days 1 vs 8 after fabrication.

Unfortunately, as shown in Figure 5.5, the bias voltage required for EL measurements
negatively impacted fresh cells, drastically reducing Voc and FF. Devices were still measured
over time and exhibited some small performance enhancements over time. However, the EL
exposed devices improved much less than the non-measured controls. Additionally, although
initial EL intensity was found to logarithmically correspond to performance in fresh cells, this
was not the case in the aged devices. Neither raw performance nor the % enhancement
correlated with raw EL intensity or % EL change. As the measurements appeared to
significantly impact devices, it was decided that no clear conclusions can be drawn from this

data.

PL and photocurrent mapping can also be used to compare crystal quality within the TiO;
layer.'¥ PL intensity correlates positively with crystal quality, with larger more crystalline

samples producing more intense emission due to lower levels of recombination.!*?14 Such
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samples also have less PL blue-shifting, due to smaller population of shallow traps.[*! As there
are fewer shallow traps to fill during initial light exposure this can therefore accompanied by

faster photocurrent evolution.*>!

PL and PC mapping were therefore performed on a sample before and after ageing, with IV

analysis on each day to correlate any differences with performance evolution (Figure 5.6).
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Figure 5.6: a) Photoluminescence maps, b) Photocurrent maps, c) PL peak position maps, and d) PV
performance parameters of a device 1 (i) and 8 (ii) days after fabrication. Pixel size 0.085 mm? (576
data points per graph).
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As shown in Figure 5.6 PL improved significantly over a week of ageing, with the average
intensity rising from 1620 counts on day 1 to 8064 on day 7. This was accompanied by PL
redshifts across the area, shifting the average peak from 768 nm to 770 nm. This was

kKK

accompanied by a 10.8% increase from the initial PCE." These data indicate that crystal

realignment also occurs in the base TiO,, suggesting that it takes place throughout the stack.

A tenfold increase in photocurrent response was also observed. Such a result was
unexpected, as although device Jic improved the change was not particularly drastic. As
opposed to being an indicator that current generation has hugely increased, this may instead
be due to faster device response due to fewer shallow traps and increase charge mobility.
CPSCs are extremely thick, contain small-grained perovskite and have a non-selective charge
transport layer. This produces an extremely slow-responding device: cells need 3-10 minutes
of light soaking prior to IV testing to achieve peak performance.!*®!7] Such light soaking is
not possible with the low intensity, small spot size laser used for these measurements. As
such, measured photocurrent is low. A device with more crystalline perovskite, fewer shallow
traps and improved charge transport is likely to respond faster during measurement

conditions, thus generating a much higher photocurrent during the short time frame.

5.3.3 Elucidating age-related performance enhancements

It is clear in section 5.3 that device performance improved over the week following
fabrication. When examining device EL, it became apparent that applied bias could impact
performance evolution- in the case of EL, performance was negatively affected. It was
therefore posited that some element of the device testing process could be driving the
observed performance increases. Indeed, previous works have shown that light exposure can
positively affect performance evolution beyond the normal light soaking effect in newly

fabricated devices.[16h[18]

An experiment was therefore devised to determine whether IV testing was driving
performance evolution. After annealing, devices were split into four groups, with one group
tested as usual, one exposed only to light, one to testing bias sweeps and the last to dark

storage. This was repeated on days 1 and 7. Should PCE gains be related to any element of

*okokk

It should be noted that while this sample experienced a significant increase in Jsc, this occurs
only in 33% of devices. Voc and FF improvements are more common overall. (Figure 5.4)
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testing, the dark storage samples should reflect the day 1 pre enhanced performance of the

tested samples.
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Figure 5.7: PV parameters of GVL-MeOH AVAo.03MAPbI3 devices exposed to testing (test d8), 1 sun
illumination (light d8), bias (v d8), and dark storage. Initial performance of control devices (test d1) is
provided for comparison.

As shown in Figure 5.7, test samples improved as usual, from an average 12.3% PCE on day 1
to 13.1% after ageing. Upon testing, performance of all other device sets aligned with that of
the aged samples, indicating that performance enhancements were occurring independently
of any testing variables. Interestingly, despite previous works showing light induced
performance increases, these samples showed the lowest post-ageing performance.
Although this could be an indication of stymied performance evolution, averages in this case
appear to have been affected by a single sample exhibiting minimal improvement. During
larger scale analysis, around 11% of devices did not improve over time. At least one such

device in this experiment is therefore not unreasonable.

All the data presented thus far were from unencapsulated devices stored in ambient or dry
ambient environments. Although humidity was not found to significantly impact
performance (with HT and dry ambient cells exhibiting similar performance), keeping devices
unencapsulated allows potential ingress of environmental species, as well as egress of

internal components such as residual solvent or volatile MAI.

Encapsulated devices were therefore prepared and monitored for performance changes.
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Figure 5.8: PV parameters of GVL-MeOH AVAo.03MAPbIs3 devices after fabrication (Day 1), after
encapsulation (day 3) and after 8 days (5 days encapsulated). Devices were encapsulated
immediately after initial tests, but required 24 hours for full epoxy setting before tests. 4-5 devices in
each set.

As shown in Figure 5.8, encapsulated devices did not improve over time, remaining the same
after encapsulation before falling in performance by day 7 due to losses in Js, Voc and FF.
Each individual encapsulated device suffered some loss in performance between days 3 and
8, while unencapsulated controls improved as observed in previous batches. Most
interestingly, those cells that tested best on day 1 exhibited the smallest performance losses
on day 7. It appears that not allowing environmental exposure following fabrication was in

fact detrimental to device performance.

This suggests that to achieve peak performance, something must enter or exit the stack
during the week following fabrication. Preventing this is detrimental to device performance,
causing significant V. and FF issues. Therefore, although these devices do not benefit from
HT, an ageing period where devices are left unencapsulated is important in achieving high
performance. This could be a critical consideration in potential scale-up settings, where
completed devices are typically encapsulated immediately following fabrication. These

results suggest that such procedures would significantly hinder module performance.

As the performance increases appear consistent across batches, they are unlikely to be
caused by variable environmental factors such as temperature or RH. While airborne O3 is

likely to enter the stack, its influence on performance is generally negative, accelerating
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degradation to Pbl,.*" Similarly, MAI loss is linked to degradation and associated

performance losses.?%

Previous work on perovskites crystallised from DMF and DMSO have revealed that significant
amounts of solvent can remain in perovskite films after annealing, even in planar devices
with no evaporation-limiting scaffold.?123] Additionally, recent works on CPSC additives
showed that ethylene carbonate (EC) additives remain in AVAo03MAPbI; perovskites after
annealing. Coordination of EC to Pb centres via carbonyl groups was found to passivate
surface defects and improve ambient stability.?*! As a structurally similar compound with an
electron rich C=0 group (Figure 5.9), GVL could also potentially interact with Pb centres and

grain boundary defects.

EC GVL

Figure 5.9: Chemical structures of ethylene carbonate (EC) and GVL

Additionally, the annealing temperature of 45°C used for perovskite crystallisation is
relatively low considering the boiling point of GVL (208°C).1*! GVL is clearly removed at this
temperature, as crystallisation to the black phase occurs. However, residual solvent may still
remain- especially deep in the base TiO, layer where microns of scaffold restrict solvent

escape.

To observe whether GVL could remain after annealing and examine whether coordination to
Pb centres may be occurring, Fourier transform infrared (FTIR) spectroscopy was performed.
Figure 5.10 shows FTIR spectra of pure GVL, pure Pbl; and Pbl; dried from a GVL suspension
for an hour at 45°C. FTIR comparisons of perovskites were not performed, as the organic

groups and AVA COOH sections would likely mask any signals due to residual GVL.
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Figure 5.10: a) FTIR of pure GVL, pure Pblz and Pbl: after drying from GVL at 45°C. Highlighted
sections show notable characteristic GVL peaks. b) Table assigning identified FTIR peaks.

The pure GVL sample shows a clear sharp symmetric C=0 stretch at 1762 cm™, as well as a
group of C-H stretches at 2800-3000 cm™. These peaks are also present in the annealed Pbl,
sample. In this case, the C=0 is shifted to 1710 cm™ and presents with shoulder towards
higher wavenumbers. This peak shift is indicative of some interaction with the metal centre,
although the presence of a shoulder suggests that some uncoordinated GVL may also reside
in the film.1?* Interestingly, a significant OH stretch at ~3000-3500 cm™ is also present in the
annealed sample. While this could also be evidence of some GVL ring opening to form diols
during annealing, this was considered unlikely as annealing was performed in a low humidity

environment and such reactions generally occur in the presence of water and a catalyst.!2®!
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Samples were stored briefly in ambient air (~¥55% RH) prior to measuring, so this was

considered more likely due to ambient water adsorption.

GVL can clearly remain on Pbl; dried at 45°C. To determine whether this is also the case for
perovskite, GVL AVAq03sMAPbI; precursors were cast onto ZrO, scaffolds and annealed.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were then run
after 24 hours and 1 week. Little detailed TGA or DSC data are presented in the literature for
AVA-containing perovskites. A perovskite-only sample annealed on glass for 3 hours was
therefore run to 400°C to check relevant MA and AVA mass loss temperatures before
analysing samples for evidence of retained solvent. Figure 5.11a) shows the thermal
degradation of AVA03sMAPbDI; freshly annealed on glass. A mass loss of ~¥25% is present from

200-300°C, corresponding with loss of the MAI portion of the perovskite.

A prior, very slight mass loss may also have occurred at 150-200°C. This may be evidence of
retained solvent even in the absence of a scaffold. The derivative shows that the large loss
from 200-300°C comprised of two separate events- a smaller loss from 225-250°C followed
by a much larger fall. This is likely due to AVA followed by MAI loss, as the % losses and

temperatures correspond with those expected for these species.?! 22
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Figure 5.11: a) TGA and derivative of AVAo.0sMAPbIs annealed on glass. b) TGA, derivative weight %
and DSC traces of AVAo.0sMAPbIz in ZrOz samples 24 h (i) and 7 days (ii) after annealing.

Despite high boiling points of over 150°C, previous works have shown that residual DMF and
DMSO are removed between 0-100°C before MAI loss begins.?221 GVL has a slightly higher
boiling point (208°C) and may be adsorbed. This may elevate the removal temperature.
However, above 250°C temperature, large MAI losses would likely mask any small change
due to residual solvent removal. Samples of perovskite annealed in ZrO, scaffolds were
therefore measured from 40-250°C. The first measurement was performed on the same day
as annealing. Half of the annealed film was scraped into the pan, and the remaining film
placed in a dry box for storage before removal and measurement on day 7. Figure 5.11a

shows the degradation of AVAq:3sMAPbIs on glass.

As shown in Figure 5.11b(i), the day 1 sample experiences a 0.5% mass loss from 50-100°C,
accompanied by an endothermic DSC peak in the same temperature range. This is typical of
solvent removal and likely due to retained, non-adsorbed GVL. 2! 1221 Both samples show a

DSC phase transition at ~100°C. Interestingly, an endothermic step feature can also be
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observed from 175-200°C, although as this precedes apparent MAI loss it may be AVA related
as opposed to adsorbed GVL.

No early endothermic peak is observed in the aged sample (Figure 5.11 b(ii)), indicating that
the retained solvent is no longer present. Additionally, the 175°C feature is much reduced,

which may indicate that any adsorbed GVL also leaves the stack during this time.

A long ageing period to allow slow recrystallisation over several days is not practical,
especially from a commercial standpoint. Higher annealing temperatures risk detrimentally
fast crystallisation (discussed in Chapter 6). It was posited that simply increasing the
annealing time may allow for complete crystallisation without requiring a long ageing step.

Samples were therefore fabricated with longer annealing times of 2.5 hours.
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Figure 5.12: Performance of GVL-MeOH AVAo.03MAPDbIs devices annealed for 1 or 2.5 hours at 45°C 1
and 7 days after fabrications. Four samples in each set.

Presented in Figure 5.12, long annealed samples did not exhibit higher initial performance,
and also displayed limited performance enhancement over the week when compared to
standard devices. It would appear that removing a greater proportion of solvent at the outset

did not produce enhanced crystallinity, and furthermore limited the capacity for crystal
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reorganisation following fabrication. It seems that the slow loss of solvent over time is key to

maximising performance in this case.

5.4 Conclusion

This work examines the performance evolution of AVAq0sMAPDbI; cells crystallised from GVL-
10MeOH precursors. GBL cells are known to benefit from 70% RH humidity treatments, which
acts to improve absorber crystallinity, connectivity and electrode contact. However, it was
found that GVL-10MeOH devices improve over time regardless of humidity application, most
commonly due to increases in FF and V... The magnitude of performance enhancement was
extremely variable, with increases of +2-98% of initial PCE (average 15%). Over the week
following fabrication, 78% of devices were found to experience performance increases >2%
initial PCE, experiencing an average improvement of 15.5% on the initial measurement. Peak
performance was generally observed ~7 days after fabrication, although some devices

peaked at four days.

This is a consequence of crystal reorientation, as evidenced by XRD peak ratio changes, PL
red-shifting and increases in PL intensity with device ageing. These effects are bought about
by slow removal of residual solvent from the perovskite layer. Such enhancements were not
observed in long-annealed devices, suggesting that the slow removal is key for crystal

realignment and related performance increases.

Crucially, early device encapsulation was found to hinder initial performance and PCE
improvements, preventing solvent egress and thus recrystallisation during the ageing period.
To achieve peak cell or module performance, 4-7 days of storage is therefore recommended
prior to encapsulation. This work may help inform future work designing scaled-up processes

for fabricating high performing modules.
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Chapter 6

Performance and infiltration
enhancement in CPSCs

Unless specified, optical microscopy images, analysis and infiltration modeling obtained by Dr. Tom Dunlop using
samples prepared by C. Worsley. Unless specified, all other measurement and data analysis was performed by
C. Worsley.

6.1 Introduction

The previous chapter examined incorporating MeOH to GVL-based precursors as a targeted
approach to improving CPSC infiltration and performance. Optimised systems incorporating
10% MeOH were found to consistently enhance infiltration, performance, and stability,
recording up to 13.8% PCE using a 0.49 cm? mask. However, variations in batch infiltration

and performance were still apparent.

There are many potential factors influencing performance and infiltration changes between
batches.™t Standard procedure for CPSC fabrication involves many manual processes, such as
c-TiO; spraying, screen printer setup and infiltration. Additionally, these processes are carried
out in ambient conditions. This makes determining the causes of slight inter-batch variation
extremely difficult, and small consistency issues between batches are often assumed to be

an unavoidable consequence of minor print changes and environmental fluctuation.

As such, little comprehensive work had been carried out to examine the specific causes of
poor infiltration and performance changes. Consequently, when a significant drop in
infiltration quality and device performance was observed, there was no standard procedure

for determining the root cause.

Such issues in performance tend to worsen as active area increases. A thorough
understanding of the factors influencing infiltration and PCE is therefore essential for scale-
up, as well as being useful for small-scale research. Even slightly inconsistent batch data
would be problematic in a commercial setting, and large-scale benchmark performance

losses would be catastrophic to production.
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The following sections will provide an analysis on the potential factors influencing
performance and infiltration, with the aim of creating a reference resource of methods for
targeted problem solving and performance enhancement. A facile and non-destructive

method for quantitative infiltration comparison is also introduced.

6.2 Experimental

Unless covered below, all measurements and sample preparation steps were performed as

detailed in Chapter 2.
White light interferometry

White light interferometry was performed on ZrO, layers printed on FTO with the specified
regime. Layers were annealed for 30 minutes at 400°C after a slow ramp and cooled to room

temperature before white light measurements as specified in section 2.3.9.

Five-times magnification was used, giving a measurement area of 1.2 mm by 0.93 mm (at a
resolution of 736 x 480 pixels with sampling at 1.67 um intervals). Average surface roughness
measurements (Sa and Sz) over the printed area were taken away from the edges. A total of

9 measurements were taken for each setting.
Electroluminescence measurements

EL was performed on fully fabricated unencapsulated devices after a 7-day settling period to
attain peak performance. An FS5 Spectrofluorometer (Edinburgh Instruments) with Keithley
2401 Source Meter Unit were used for all measurements. All samples were measured under
3V applied bias to obtain high emission. Excitation and emission bandwidths were 0 and 3
nm respectively, with a neutral density filter of O.D. 5 in the excitation pathway. A 700-
850 nm range was used, with step size of 0.25 nm, 0.1 s dwell time. Images were obtained
every 30s after bias application to monitor EL evolution. For current samples, a constant

device current of 0.1A was maintained for 30 s before EL was measured.
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6.3 Analysing the problem and identifying potential causes

Following the work in Chapter 4 on GVL-10MeOH precursors, batch performance was
relatively reproducible, with average batch PCEs of 12-13.5%. Although slight variation was
observed between batches and lab users, this was considered an unavoidable consequence

of manual processes and ambient fabrication steps.

In March 2021, a significant drop in CPSC performance was observed in all precursor
formulations across different lab users at two university sites (henceforth site 1 and 2). Both
sites were using the same standard method and materials for CPSC fabrication presented in
Chapter 2. Although all samples experienced a drop in device performance, devices
fabricated at site 1 were particularly impacted, exhibiting the visually poor infiltration shown

in Figure 6.1.

Figure 6.1: Photos and optical microscopy images of GVL-10MeOH devices infiltrated at sites 1 (LHS)
and 2 (RHS) showing significant infiltration differences. a) GBL device fabricated at site 1, b) GVL-
10MeOH device fabricated at site 1, c) GVL-10MeOH device fabricated at site 2.

Device performance at site 1 before and after problems began is shown in Figure 6.1, which
shows a drop in all PV parameters. The performance drop was accompanied by a significant
increase in hysteresis and batch variability. While some batches produced relatively
reproducible PCEs of around 10%, others had visibly poor infiltration and average PCEs of
~5% with an extremely wide result spread. This chapter will examine the factors behind these
changes to better understand the variables affecting infiltration and develop targeted

strategies for infiltration enhancement.
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Figure 6.2: Box plots showing an example of photovoltaic parameters of standard stacks infiltrated
with 1.1 M AVAo.03MAPDbI3 in GVL-10MeOH before and after issues began at site 1.

To directly compare devices printed at different sites and ensure site 1 infiltration issues were
not due to the infiltration environment, empty stacks were prepared at each site before
concurrent infiltration at site 1. As in the previous batches shown in Figure 6.1, the site 1
devices exhibited both visually poor infiltration and performance loss, while the site 2 cells
showed better infiltration and slightly improved performance. As shown in Figure 6.3, site 1
devices performed at 9.25% average PCE compared to 10.3% for the site 2 cells. However, all

devices were significantly below the previous benchmark of 12.5-14% achieved in Chapter 4.

Consistent benchmark performance drops between batches, precursor formulations and
group members is suggestive of a consistent change in one or more variables during
fabrication. The isolation of infiltration issues to one site indicates that either the common
problem is more severe at one site, or that several variables are contributing. Differences
such as equipment calibration and cleanliness or environmental fluctuations may then

exacerbate the issue to cause the poorer site 1 infiltration.
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Figure 6.3: PV parameters obtained from devices printed at different university sites. Batches were
infiltrated concurrently with the same 1.1M GVL-10MeOH precursor in the same environment.

The multiple ambient manual processes involved in CPSC fabrication introduce many
potential causes. To thoroughly examine all factors, variables were split into three separate
categories: precursor issues, environmental changes, and intrinsic stack issues, depicted in

Figure 6.4.

eChemical contaminants
eScale and stoichiometry issues

m  Environmental changes

eHumidity fluctuation
eConsistent annealing temperatures
eAirflow during infiltration

= Intrinsic stack issues

eContamination of equipment or damage of screens
ePaste issues
*New ZrO, paste formulation: change in porosity or printing requirements.
eContaminants
*0ld Carbon paste- flake agglomeration, solvent loss.
ePoor printer calibration producing sub-optimal prints

Figure 6.4: Separated bullet lists of the factors that could impact on stack infiltration and device
performance.
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Most simply, perovskite precursors could be causing problems. Slight changes in
stoichiometry or concentration can impact on precursor viscosity or perovskite formation.?~
4 Therefore, poor scale calibration could easily disrupt infiltration and correct phase
formation. Alternatively, chemical contaminants or degraded precursor components could

affect percolation- for example, AVAI is essential to enable effective precursor wetting.!”!

Environmental impacts include anything that could change in the external environment
during stack preparation, annealing or infiltration. This involves humidity, external

temperature, hot plate consistency and airflow (section 6.3.1).

Finally, there may be an intrinsic issue within the stacks. Changes in paste age, formulation
or the presence of contaminants could all affect printed layers, in turn impacting device

function.

The prevalence and locational nature of the infiltration issues immediately discounts some
of the above causes. For example, as shown previously in Figure 6.1, identical precursor
batches applied to device stacks created at sites 1 and 2 produced very different results.
Additionally, GBL and GVL-MeOH optimised systems produced devices of similarly poor visual
infiltration (Figure 6.1), indicating that the issue is not linked to the solvent. This leaves
environmental humidity fluctuations and intrinsic stack issues as the most likely contributing

factors.

6.3.1 Determining the mechanisms behind poor infiltration

As shown in Figure 6.5, poor infiltration can be the result of two distinct mechanisms. In the
first scenario (Figure 6.5b), some attribute of the stack, precursor or infiltration conditions
must be slowing or preventing precursor access to the stack, leaving a large amount of
uninfiltrated precursor at the surface. This layer would be exposed, leaving devices more
sensitive to environmental changes. For example, increased airflow or ambient temperature
could experience fast crystallisation of precursor atop the stack, preventing continued

percolation during initial heating stages.

Alternatively, changes in carbon topology or precursor crystallisation pathways may favour
surface crystal growth (Figure 6.5c). In this scenario, precursor is drawn up from the depths

of the stack as surface crystals grow, to produce uninfiltrated voids.
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Figure 6.5: Diagrammatic representation of a) ideal infiltration, b) impeded infiltration and c)
preferential surface crystallisation, with corresponding diagrams showing resultant device filling and
visual appearance.

Determining which mechanism is at play could help diagnose whether the issue is related
intrinsically to the stack. If problems are related to slow TiO; filling, increasing percolation
time or slowing perovskite annealing may mitigate the issue. Conversely, samples
experiencing preferential surface growth would likely not benefit from such changes. In this
case, faster crystallisation may be beneficial, limiting the time in which precursor can leave
the base layer. Here, longer percolation times would make little difference and slowly
annealed devices would likely show no infiltration improvement. Such tests may also reveal
a condition wherein these stacks can be well infiltrated. A set of experiments was therefore

designed to examine the impact of crystallisation speed on infiltration.

Firstly, the annealing hot plate was set at 50°C and examined with thermocouples to examine
surface temperature variation. As shown in Figure 6.6, a temperature variation of 1.5°C from
front to back was observed, with all recorded temperatures lower than the set value of 50°C.
As the hotplate was situated in a fume hood for perovskite annealing (with the cooler side

towards the front), airflow was also likely different across the hotplate.

To ascertain that the infiltration issues were not exacerbated with the new GVL-10MeOH
solvent mixes, this was performed first for GBL precursors. Infiltrated devices were placed on
the hot plate and monitored to note the order of perovskite crystallisation (a 75% visual
change from yellow to black in the mesoporous layers). After complete annealing, TiO; filling

was examined with an optical microscope. Resultant images are presented in Figure 6.6.
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Figure 6.6: a) Optical microscopy images of devices from the same printing batch infiltrated with
0.95 M AVAo.0sMAPbIz in GBL (3 images for each device). Labels 1-4 refer to the order of device
crystallisation. b) Diagrammatic representation of hot plate and device positions with corresponding
measured surface temperatures. c) Photographs through the glass substrate of devices 1 and 4.

It is clear from these images that relative device crystallisation times corresponded to the

hotplate temperature gradient, with those at higher temperature annealing significantly
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faster.’ These faster-annealed samples in turn exhibited significantly poorer infiltration, in

agreement with literature observations (Figure 6.6, Figure 6.7).[°!

This was then repeated for the GVL-10MeOH precursors, to examine whether this system
experienced worse issues. Conditions were the same, apart from a slight reduction of the
GVL-MeOH annealing temperature (45°C) to correspond with the optimum conditions
(Chapter 3). To attempt to slow crystallisation and better infiltration, a sample was also

annealed at 35°C. Optical microscopy images of device TiO, layers are presented in

Figure 6.7.
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Figure 6.7: Optical microscopy images of the TiO: layer in devices from the same printing batch
infiltrated with 1.1 M AVAo.03MAPbIz in GVL-10MeOH and ordered according to crystallisation speed
(3 images for each device). Devices 1-4 annealed together at 45°C according to optimised procedures

(Chapter 3). The bottom device was annealed separately at 35°C.

14 This represents an extremely narrow process window, not previously observed before problems
began batches. It was later hypothesised that poor-quality prints produce samples more sensitive
toward environmental fluctuation, thereby narrowing the process window and producing high
variability at a low temperature differential. Print quality is discussed in section 6.6.
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Once again, crystallisation speed correlated with the extent of TiO; filling. Only the 35°C
sample came close to complete infiltration. This suggests that room temperature TiO,
percolation is being considerably slowed or entirely prevented in these samples, implying an
intrinsic stack issue is present. Encouragingly, infiltration was similar to the GBL samples in
Figure 6.6, indicating that the new solvent system was not causing or exacerbating these
problems. As the GVL-10MeOH solvent mix was found to be superior to GBL in Chapter 4, all

devices presented henceforth were fabricated using this system.

To see if extending room temperature percolation times could improve TiO; filling, devices
were left for different room temperature percolation periods before annealing at 45°C. If
surface crystallisation is also impacting infiltration, longer room temperature percolation

step should worsen the samples by providing more time for surface growth.

However, the PV parameters presented in Figure 6.8 show no significant impact on
performance. PCEs and V. values were low across the batch, with significant hysteresis. It is
therefore likely that room temperature percolation is being prevented, not simply slowed.
Fast crystallisation at heat onset may then prevent further penetration during initial heating

stages.
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Figure 6.8: Photovoltaic parameters of devices left for different percolation periods (Forward: black,
reverse: red). All stacks were from the same printing batch (fabricated at site 1). Three devices in
each set.

Nucleation and growth can be slowed by limiting airflow or annealing in a solvent vapour

environment. So-called ‘solvent evaporation-assisted crystallisation’ (SEC) processes have
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been used to improve infiltration of a variety of poorly wetting non-AVA-based

precursors.7V]

However, annealing GVL devices in this way was found to reduce infiltration and thus
performance in Chapter 2. A modified SEC procedure with a partial cover, depicted in
Figure 6.9a, was therefore applied with the aim of limiting surface airflow while allowing

solvent removal.

Photographs of resultant devices from sites 1 and 2 are presented in Figure 6.9b, where it is
clear that site 1 devices experienced extremely poor infiltration regardless of the partial
cover. Note that clear horizontal ZrO; printing inconsistencies were also present in these site
1 samples, indicating that site 1 printing procedures, inks, or equipment were producing
uneven layers. Layer quality, printing parameters and ink behaviour are examined in sections
6.4 and 6.5. These cells exhibited such poor visual TiO; filling that devices were not subjected

to further IV testing.

a) b) Uncovered Covered

Site 1

‘ . Infiltrated device

Site 2

Figure 6.9: a) Diagrammatic representation of the modified SEC method with a partial cover.
b) Representative photographs of devices from sites 1 and 2, annealed with and without the partial
cover. Images were taken under 1 sun illumination and cropped from the same larger photograph to
ensure comparable lighting.

Site 2 devices appeared well infiltrated and were therefore IV tested to determine whether
limiting surface airflow had impacted performance (Figure 6.10). Higher and more
reproducible PCEs were attained with partial covering due to increased Jsc and FF. This is
suggestive of improved light absorption and perovskite-electrode contact, typical of superior

infiltration.!

Limiting surface airflow was beneficial in site 2 devices, improving performance and

reproducibility despite having limited impact in Site 1 devices. It should be noted that despite
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improvements in benchmark performance, like performance to previous batches in Chapter
4 was not attained. Clearly, there existed some further variable limiting performance in these
cells. However, as partial covering clearly had a positive impact in some cases, it was applied
to all further batches. All devices presented henceforth were infiltrated using the partial
cover unless specified. The specific impact of partial covers on more optimised stacks and a

larger module is presented in section 6.7.
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Figure 6.10: PV parameters of uncovered vs partially covered (modified SEC) devices printed at site 2.

The different effects of limiting surface airflow suggest that two different problems may be
occurring, one causing benchmark performance loss at both sites and another producing
severe infiltration issues at site 1. As site 1 devices exhibited some clear imperfections in the
ZrO;, prints, it was hypothesised that printing defects may be the cause of some of these
issues. This is explored in detail in section 6.6. First, the following section establishes optical
microscopy and paired image analysis as a method for quantifying infiltration, so as to enable

more comprehensive infiltration comparisons moving forward.
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6.3.2 Quantifying stack filling: the relationship between infiltration and
performance.

It is clear in the preceding section that variable infiltration was causing significant
performance issues in site 1 devices, with site 2 devices also experiencing benchmark
performance and reproducibility issues. Poor infiltration causing low PCE is well established
in the literature, where many publications on additive and solvent engineering cite superior

infiltration as a main contributor to PCE and stability improvements. [{20.(11]

It is logical that devices with a greater uninfiltrated proportion of the base TiO, have low PCE,
as uninfiltrated areas will reduce light absorption and have poor perovskite-electrode
contact. Perovskite quality is also affected, with small inhomogeneous crystals reducing bulk
transport, and increasing defect density and associated recombination. Previous work on
multi mapping techniques has proven that TiO; infiltration directly impacts charge extraction,

defect density and non-radiative recombination.!

Infiltration comparisons are generally presented in the form of qualitative images, using
either cross sectional SEM or optical photographs through the glass substrate. While these
methods can provide useful insight into stack filling, particularly where devices exhibit varied

levels of infiltration, there are also significant drawbacks. °#121[13]

For example, samples that appear visually similar in large scale optical images may present
very differently when examined more closely using a microscope. For example, in this thesis,
the site 1 infiltration issues detailed in the previous section were clearly visible to the naked
eye. However, it is possible that the more subtle site 2 PCE losses were also a consequence
of poor infiltration at a much smaller scale, something that would likely be missed without a
more thorough high-magnification examination of devices. Performance differences due to
slight infiltration changes may therefore be missed in many cases, potentially leading to

erroneous conclusions as to the cause of PCE increases.

While changes in very small voids within the stack may be more closely examined with cross-
sectional SEM, this is time consuming, destructive to the sample, requires specialist
equipment and can be technically difficult. They also represent an extremely small portion of
the sample: any given SEM cross section provides information about one linear micron long
section of the device. In samples where infiltration varies significantly across microns or even

centimetres, such images may not provide useful and representative data.
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In an optimised industrial setting, infiltration variation between samples will likely be slight,
requiring detailed, non-destructive analysis over large areas. These techniques would not be
applicable in this case. Clearly, a fast, larger-scale, non-destructive method for infiltration
comparison could benefit both lab scale research and larger-scale initiatives. With increasing
academic and industrial focus on CPSC module manufacture such a technique could be

essential for batch monitoring and quality control.

Optical microscopy and paired image analysis allows fast, large scale and non-destructive
TiO; infiltration comparison via the glass substrate. Additionally, different size voids may be
easily examined by altering magnification, potentially capturing information about multiple
types of defect across a wide area. A method was therefore developed wherein optical
microscopy images of the tested area were stitched and examined. As uninfiltrated areas are
easily identifiable as white or light sections in the acquired image, percentage uninfiltrated
area (UA) was easily calculated using image analysis and pixel binning (depicted in Figure

6.11).1
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Figure 6.11: Diagrammatic representation of the process used for calculating %UA.

151t should be noted that % uninfiltrated areas presented here represent an average obtained from
multiple images for each cell (unless stated). The image with the closest % uninfiltrated area to the
device average has been chosen in each case to representatively display the optical characteristics of
each sample.
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Figure 6.12 shows optical microscopy devices of varied infiltration from the same print batch
arranged in order of PCE, with the calculated %UA inset in each image (method used
presented in Figure 6.11). It is clear from these images that PCE and TiO; filling are positively
correlated, with better devices exhibiting less %UA. Remarkably even a device with >25% UA
achieved 10.44% PCE. This result highlights how resilient CPSCs are towards changes in
perovskite coverage: in classic sandwich architectures such poor coverage would drastically

impact performance and lifetime.*4

% uninfiltrated

Figure 6.12: Optical microscopy images of filled TiO2 of devices from a single print batch. PCE is
indicated via the number line, %UA on each image. Image contrast-equalized and recoloured for easy
comparison (image acquisition by Dr T. Dunlop, sample preparation, image editing and compilation
by C.Worsley).

However, multiple other factors can impact performance: differences in ZrO, thickness and
filling, alignment of graphite flakes, and perovskite contact with the top electrode may all
impact performance, and would not be visible using this method.*3*5-171 Additionally,
observed filling at the base of the TiO, may not be representative of that deeper in the stack.
Considering these factors, it was unknown whether uninfiltrated area calculated with this

method would quantitatively correlate with performance- especially across multiple batches.

A more comprehensive analysis was therefore undertaken, calculating %UA for the entire
tested area (4x4 mm) using the method outlined in Figure 6.12. Devices from multiple
different print and infiltration batches were included, with samples from every section of this
chapter. The materials and device composition are identical in all cases. Variations between

batches include ambient humidity during infiltration (30-70% RH), ZrO, mesh size (130-34 vs
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90-48), carbon ink dilution (0%, 5%, 10%), ZrO, thickness (1-2.6 um) and ZrO; printing regimes

(print print vs flood print).

As shown in Figure 6.13, plotting % uninfiltrated (inactive) area against PCE revealed a clear
relationship. As % uninfiltrated decreases, PCE initially increases sharply up to 11.5% (~3%
uninfiltrated), after which the rate of improvement is less marked. A non-linear Boltzmann

fit gives an R? value of 0.995% for PCE values of 7.5-15%.)
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Figure 6.13: PCE (%) vs % uninfiltrated area. Data for 72 devices are presented to maximise
infiltration variation and observe whether different variables produced different trends. Variations
between batches include ambient humidity during infiltration (30-70% RH), ZrO2 mesh size (130-34

and 90-48), carbon ink dilution (0,5, 10%) and ZrO: thickness (1-2.6 um) and printing regimes (Flood
print and print print), representing devices from all sections of this Chapter.

The greatest variance is present at above 5% uninfiltrated area (PCE<11%). This may be due
to variations in infiltration pattern: a sample with small, dispersed crystals throughout the
TiO; can provide the same overall uninfiltrated area as one with larger, interconnected grains
confined to one section. However, performance may be quite different in such samples:
Small, isolated crystals likely have a greater impact on charge transport and recombination

due to poor interconnectivity and increased surface area. Refining the model to account for
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crystal spread may allow improved PCE predictions at higher percentage uninfiltrated area,

providing a basis for future work.

The appearance of a common trend between different batches is extremely interesting.
Variables such as ZrO; thickness, graphite alignment and carbon thickness have all been
shown to affect PCE, and are likely to vary between manually printed batches, particularly
where differing print regimes are used.!*3'17-191 |t was therefore expected that samples from
different batches would produce distinct separate trendlines, for example samples with

thicker ZrO; producing higher PCEs at given low levels of infiltration.

Instead, alignment of most samples with the general trend suggests that TiO; infiltration
quality is the major predictor of performance here. It’s possible that ZrO; thickness and other
variables become important contributors to PCE once high-quality filling is achieved,
producing different trends in such sets- although improved alignment with the trend at high
infiltration % implies that this may not occur. In this case, these data suggest that for a given
variable (e.g. interlayer thickness or perovskite formulation), infiltration should first be
optimised before representative comparisons can be made. Alternatively, the sample
differences in these sets may simply be minor enough not to induce significant deviation from
the trend. A systematic comparison of %UA and performance of multiple batches with large
ZrO; or carbon thickness variations, or different perovskite compositions provide a good

opportunity for future work.

It is evident that in these samples, a significant trend exists between %UA and device
performance. Infiltration can impact light absorption, bulk charge transport, recombination
rate and charge extraction. Therefore, cells with low infiltration may perform poorly because
of poor perovskite quality, low current generation, poor perovskite-electrode contact, or a
combination of the above. The extent to which these variables contribute to performance

losses here is unclear.

Perovskite quality at the base of the stack can be examined using electroluminescence (EL)
imaging. On application of a bias voltage or constant current, higher quality perovskite layers
will produce increased electroluminescence due to lower levels of recombination. /2021
Additionally, bias or current application result in trap filling and ion movement, reducing non-
radiative recombination and enhancing charge extraction and EL.1?2-124 Samples with higher
trap density and poor perovskite-electrode contact will therefore likely exhibit slower EL

evolution.2"281 Therefore, in the case of improved crystal quality, samples should achieve
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high EL intensity quickly. Where poor quality crystals or low electrode contact is present, EL

evolution will be slow and of lesser intensity.[23/-2¢!

Three devices of visually varied infiltration were chosen for EL analysis. Relevant
photographs, optical microscopy and magnified images of their infiltration quality, calculated

uninfiltrated area and corresponding photovoltaic parameters are shown in Figure 6.14.

b)

Cell PCE (%) Voc (V) Jsc(mAcm) FF(%) % Uninfiltrated
1 8.18 0.89 20.8 440 24.0
2 12.24 0.90 24.1 55.8 4.18
3 14.05 0.92 24.5 62.3 0.63

Figure 6.14: a) Photographs (upper), optical microscopy images (mid) and colour enhanced magnified
images of three devices with varied infiltration. Mid-tier images show the entire tested area and were
used to calculate the %UA in Table b). PV parameters are also shown in Table b). (Microscopy by
Dr T. Dunlop, sample preparation, testing and image editing by C. Worsley).

Previous work has shown EL peak intensity to positively correlate with device V.- although

this is not always the case in cells with non-selective contacts, where V.. is generally
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reduced.???Y Based on the measured device performance (Figure 6.14), the highest EL

intensity was expected from well-infiltrated sample 3.

Figure 6.15 shows the EL evolution at constant 3V bias and comparative images after 30s of
holding a 0.1A of constant current. As expected, final EL intensity was highest in device 3,

which is suggestive of more crystalline perovskite with less non-radiative recombination.?!!

Time at 3V bias (s) 0.1A constant
60 90 current (30s)

Figure 6.15: Electroluminescence images from devices 1, 2 and 3 of Figure 6.14, showing EL signal
evolution with time at 3V bias (as this produced good response in all devices). EL emissions obtained
after 30 s under 0.1 A constant current. EL measurements by Dr. R. Garciarodruigez, sample and
image preparation by C.Worsley.

The well infiltrated device also exhibited faster EL evolution: cell 3 is bright at 30 s and shows
little change after 60 s, while cell 1 changes throughout without reaching significant intensity.
The difference in response time and signal intensity is even more marked under constant
current, where sample 1 failed to produce any significant emission after 30s at 0.1 A.
Coupled with the drop in device FF, this result indicates that interfacial charge transfer is

significantly impacted perovskite as infiltration decreases.

It should be noted that all devices showed brighter emission near the carbon electrode during
initial measurements. This could be a consequence of charge accumulation and thus faster

trap filling at the relatively resistive and poorly selective carbon contact.

171



Interestingly, comparison of optical images revealed very little correlation between
uninfiltrated areas and low EL. Even in the poorly infiltrated sample, where uninfiltrated
areas were clearly visible to the naked eye, surprisingly homogeneous emission was observed
(Figure 6.14). This may be due to bare TiO; reflecting EL from surrounding perovskite.
Alternatively, observed signals may originate from perovskite deeper in the ZrO, layer.
Determining which is the cause here would require a higher resolution EL imaging capability

(such as a microscope).?”!

These EL results indicate that poor infiltration impacts performance and slows device
response through increasing non-radiative recombination, likely driven by limited electrode
contact and higher trap density in high %UA samples. This explains the loss of Vocand Js in

cells of limited infiltration

This section has established that base TiO; infiltration can be quantitively linked to device
performance. Critically, this samples from different batches were shown to follow a general
trend, suggesting that some variables known to impact device performance (such as ZrO,
thickness) have a much lower impact when infiltration is sub-optimal. This implies that for
meaningful comparison between other variables (eg. Perovskite composition or layer

doping), infiltration should first be optimised for a given system.

The following sections will focus on how infiltration is impacted by various environmental
and fabrication procedures during device production, using qualitative and quantitative

optical analysis as a tool for monitoring device quality.

6.4 The impact of ambient humidity during infiltration

Infiltration changes between sites using identical equipment and materials suggest that
environmental variation could be contributing to performance differences. This is especially
relevant to CPSCs, as all printing, annealing and infiltration steps are carried out in ambient
conditions. Devices may therefore be significantly impacted by changes in ambient
temperature, airflow or humidity. Although previous observations of uneven site 1 ZrO,
prints (as presented in section 6.2) were indicative of potential printing issues, an initial study
into the potential contribution of environmental changes was performed to confirm whether

this could also be contributing to batch inconsistency.

Ambient laboratory temperatures were found to be consistent during the relevant timeframe

(18 + 2°Cin the lab) and were therefore deemed unlikely to have impacted the devices.
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However, humidity was particularly inconsistent on both sites, frequently fluctuating
between 25% and 75% during each week. Figure 6.16 shows the indoor and outdoor humidity
variation over a two-week period at site 1 (where all small-scale devices presented in this

thesis were infiltrated).
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Figure 6.16: Outside humidity variation at a university site over a two-week period in April 2022. Tick
lines marking dates correspond to time 00:00:00 of the relevant date.

In GBL-based AVA,.0sMAPbI; devices, ambient humidity exposure is known to recrystallise
perovskite within the stack: many groups employ 70% RH treatments to improve PCE and
reduce hysteresis.'2829 |n separate work on the impact of NH4Cl precursor additives in
CPSCs, increased ambient humidity was found to be essential for conversion of the solid

intermediate to MAPbI5.B%

These prior works focus on humidity exposure post-perovskite crystallisation. However,
devices are also exposed to ambient humidity throughout printing, annealing and stack
infiltration. Although the high temperature annealing steps for binder removal (2400°C) will
remove adsorbed water between prints and after storage, impactful exposure to water

vapour could still occur when devices are cooled to room temperature prior to infiltration.

To test whether this could impact devices, cells were cooled in ambient conditions (29% RH,
18-20°C) or a humidity oven (70%, 25°C) directly after carbon annealing prior to infiltration.
After 5-10 minutes at each humidity, devices were removed to ambient conditions and
immediately infiltrated and annealed. This was performed separately on uninfiltrated devices

from both sites 1 and 2. The experimental regime is depicted in Figure 6.16.
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1. Printing 2. Carbon Annealing, at Site 1
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Figure 6.17: Schematic of the experimental regime for pre-infiltration humidity exposure.

As shown in Figure 6.18, both ambient and high-humidity exposed stacks from site 1
demonstrated similarly poor infiltration to prior batches. Ambient humidity variation prior to
infiltration is therefore unlikely to be behind the site-specific problems discussed in sections
6.1 and 6.3, and infiltration was so visually poor in all samples that devices were not
progressed for IV testing. However, humidity variation prior to infiltration may well be

contributing to minor inter-batch variations in higher quality devices.

Figure 6.18: Poorly infiltrated devices printed at site 1. Devices were infiltrated with 1.1 M
AVA0.0sMAPbI3 in GVL-10MeOH after cooling for five minutes in 29% RH (ambient) or 70% RH
(humidity oven).

This appears to be the case in Figure 6.19, which shows PV parameters of the site 2 samples.
70% RH exposure prior to infiltration proved beneficial in site 2 cells, with ambient (36%)
devices exhibiting an average PCE of 10.32% compared to 9.90% for ambient controls. Slight

Jsc and Vo improvements were present, as well as significantly more reproducible FF.
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Figure 6.19: PV performance of AVAo.0sMAPbIz GVL-10MeOH devices from the same printing batch
(fabricated at site 2), cooled at 36% RH (ambient) or 70% RH (humidity oven). Four devices in each
set.

Figure 6.20 shows optical microscopy images and calculated %UA for two devices from this
batch. Although TiO; filling appeared visually similar to the naked eye, optical analysis
revealed superior infiltration at the micron scale in the 70% devices, explaining the improved

performance seen in Figure 6.19.

This infiltration improvement suggests that ambient water vapour can enter the stack prior
to infiltration, potentially adsorbing on the hydrophilic metal oxide surface. As GVL is
hygroscopic, this may enhance precursor wetting of these layers, improving small pore filling

in the site 2 devices.
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30 10.15 25.00 2.94
70 2.32 11.54 0.81

Figure 6.20: a) Optical microscopy images showing devices infiltrated after cooling at 30% or 70%
RH. Colour images shown for improved clarity. b) Table showing the average, minimum and

maximum %UA across devices infiltrated after cooling in 30% (ambient) and 70% (humidity oven) RH.
16

However, despite performance enhancement with increased RH, device performance was far
below the previous benchmark of 12-13% PCE. Therefore, while humidity changes may
account for some performance variation between normal batches, it is not likely the root
cause of the problems under investigation here- hence why no significant improvement was

observed in the site 1 batch.

After several weeks of ambient dark storage, it was noted that the 70% devices consistently
exhibited significant yellowing in the ZrO; interlayer, while no Pbl, formation was observed

in the ambient 30% devices (Figure 6.21).

Ambient water vapour is well known to cause significant degradation in PSCs.3Y Although
the hydrophobic carbon electrode AVA grain boundary passivation improves AVAo 03sMAPDI;
CPSC stability towards ambient humidity, exposure to water vapour can still accelerate

degradation.®¥321 The annealing temperature of 45°C s not high enough to remove potential

16 The cause of the characteristic spaced infiltration defects is examined in section 6.6.
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water adsorbed prior to infiltration. Therefore, the 70% RH devices may have experienced

faster degradation due to water retained in the infiltrated device.

Figure 6.21: Representative photographs and optical microscopy images of devices infiltrated after
cooling at 30% or 70% RH after several weeks of ambient storage.

Increasing RH prior to infiltration may therefore improve short term performance to the
detriment of stability and should be applied with caution. Possibly, there exists an
intermediate RH that can offer improved infiltration without accelerated degradation.
Although not relevant to solving the particular issues explored in this Chapter, this provides

a potential basis for future work.

This work eliminates humidity fluctuation as the cause of the benchmark performance losses
and infiltration issues under investigation here. As humidity represents the only significantly
variable environmental factor identified outside the stack, it follows that the cause must be
related to an intrinsic change within the printed device. This will be examined in the following

sections.

6.5 Paste batches and formulations
As discussed in the previous sections, a significant drop in benchmark performance was

observed across two university sites, with devices from site 1 experiencing significant

infiltration problems.

During investigations into these performance issues, it was noted that some site 1 devices

were exhibiting printing flaws not observed before problems began. This is suggestive of a
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materials or processing change. (71 As no such change had occurred in the printing method,

the paste supplier was contacted for information about possible paste formulation changes.

It emerged that a nanoparticle supplier change had been made to the Solaronix Zr-Nanoxide
ZT-SP paste although it was claimed that paste binders and solvent formulations remained
the same. However, as nanoparticle shape and surface charge can have a significant impact
on paste viscosity, this could still have impacted paste rheology enough to impact printing

requirements.3!

Such changes could also make the new paste more sensitive to small differences in printer
calibration or setup, resulting in the site-specific infiltration issues. For example, should the
new paste be more elastic, it would be more susceptible to filamentation during printing,
causing increased mesh marking and rougher layers. Filamentation occurs when printed ink
adheres to the separating screen, producing strings of ink that then snap as the screen
departs to leave inconsistent layers. This frequently occurs at mesh crossover points, leaving

characteristic spaced peaks or troughs in the layer, referred to as mesh marks.

Paste rheology can be compared using viscosity profiles, where viscosity is measured during
paste exposure to shear force. Additionally, elasticity (and thus susceptibility to
filamentation) can be compared by examining the phase angle and shear modulus, which
examine the responsiveness of the paste to applied shear forces. Figure 6.22a shows the
viscosity profile of the old and new inks, with accompanying phase angle (b) and shear

modulus (c) data.
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Figure 6.22: (a) Viscosity profiles of the new and old ZrO: paste formulations, with accompanying
viscoelastic profiles, examining the change in phase angle (b), storage modulus and loss modulus (c)
of the new and old ZrO: paste formulations. Measurements by Dr. S. Potts.

There is a clear difference in the viscosity profiles, with the new ink rest viscosity around 200
Pas lower than the older ink. The original ZrO, paste had a rest viscosity of around 230 Pas,
which reduced to around 6 Pas at a shear rate of 300 s™. During testing, the most significant
viscosity reduction for both inks occurred between rest and 60 s, falling by around 200 Pas.
This continued to drop at a lower rate until 300 s, where final viscosity was comparable for
both inks at ~6 Pas. Significant hysteresis was observed when reducing viscosity back to rest

for the old ink, due a long ink recovery time.

Ink viscosities were only comparable after significant shear force. Therefore, if the older ink
was pre-sheared at very high speeds, it would produce similar film thickness and roughness
to the new formulation. However, in practice neither manual stirring, nor printing are
conducted at high enough speeds for this to occur. The formulations therefore likely exhibit
extremely different viscosities during lab-based prints and may thus produce very different

printed layers.
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The phase angle of the original ink varied between 52° and 61° with changes in frequency,
whilst that of the new formulation varied between 70° and 73° (Figure 6.22b). Higher phase
angles are indicative of a reduced elastic response and are associated with less filamentation
during printing. B4 The variation in phase angle with frequency was also less significant for
the newer ink, so changes in printing conditions would have a less significant impact on
elastic response than with the older formulation. This indicates that, when deposited with an
appropriate printing regime, the newer ink should be less prone to mesh marking and show

better reproducibility between batches. 34

However, crucially, the change in elastic response and rest viscosity likely render the previous
standard printing regime (two print passes, each with a hard squeegee using a fine (130-34)
mesh)Y” unsuitable. Tailored for a much more viscous paste, this may produce rougher,
thinner films when applied to the new ink. As detailed in Chapter 1, thick ZrO; layers of up to
4 um are reported as optimal in the literature, so a drop in thickness could explain the drop

in benchmark performance observed at site 2.

It was suggested that nanoparticle changes could also have impacted layer porosity. Drops
in ZrO, pore diameters or surface area could affect precursor penetrating the interlayer and
accessing underlying TiO.. Annealed films were therefore subjected to Brunauer-Emmett-

Teller (BET) surface area analysis.

Pore distribution plots, shown in Figure 6.23 show highly variable results between samples.
This is likely due to the nature of the samples: films must be scraped off to form a powder
prior to analysis. The way the powder settles can then skew pore distribution data at the
macro scale, with close sitting particles acting as large mesopores during adsorption, skewing
distribution data. Surface area values should however remain comparable, as this will not

change depending on particle alignment within the powder.

17 The numerical nomenclature for screen designs refers respectively to the density and diameter of
threads used to form the mesh. For example, a ‘130-34’ screen will have 130 strings per cm mesh,
each with a diameter of 31 um.
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Figure 6.23: a) BET pore distribution plots of solid annealed old and new ZrO: films from different
samples on three separate days. b) Table with average calculated BET surface areas and mean
average pore widths.

Presented in the underlying table, average ZrO, BET surface areas of powders from the old
paste were consistently higher than those fabricated of the new ink. However, this difference
accounts for less than a 1.5% change in surface area and mean average pore widths were not
significantly changed. This suggests that the paste nanoparticle composition has not changed
significantly: much larger or smaller particles would likely have obvious impact on pore size
and surface area. Observed infiltration issues are therefore not likely due to significant

changes in film porosity.

Additionally, the drastic differences in viscosity and elastic response are more typical of a
binder or solvent change. This could easily impact both print quality and film annealing
requirements, respectively resulting in poor quality layers or problematic residual binder.*

Thermogravimetric analysis was therefore performed on each paste.
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Figure 6.24: Thermogravimetric mass loss from new and old ZrO: formulations (top) with
accompanying derivative plots (bottom). Scan rate 20°Cmin Note that the sharp peak at ~240°C is
likely an artefact related to equipment disturbance during measurements.

As shown in Figure 6.24, overall % mass loss from both samples was identical, indicating that

overall non-ZrO, content is the same in both pastes.

Solvent and binder percentages were alike between the samples, with each paste showing
~70% solvent mass and ~10% binder. There may be very slightly less mass % binder in the
new ink, as the binder peak at ~¥375°C was marginally lower than that of the old pot. However,
this difference is very small, and thus unlikely to have caused any significant change in paste
rheology. Additionally, no mass loss occurred after ~390°C in either paste, suggesting that
binder removal was complete by this temperature. The current annealing process (400°C
hold for 30 minutes) should therefore be sufficient to ensure complete binder removal in

cells.

The change in nanoparticle supplier must therefore have caused the observed rheological

differences. In Al,O; nanofluids, less spherical nanoparticles have been shown to produce
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more viscous solutions, while partial aggregation to form low concentrations of high aspect-
ratio aggregates have low concentrations of high aspect-ratio aggregates have a similar
impact.®¥ Potentially, changes in nanoparticle shape with the new supplier, or partial

agglomeration within the old paste may have affected viscosity.

As the annealed ZrO; samples did not exhibit significantly different BET surface areas or paste
composition, the infiltration and performance issues are likely due to changes in print quality.
This is likely a consequence of the rheological data presented in this section, which show
significant viscosity and elasticity changes in the new ink. The next section will compare the
impact of different print regimes on film thicknesses, topologies and performance in devices

fabricated with the new ink.

6.6 Changing printing parameters

6.6.1 The influence of layer thickness and mesh selection

As detailed in section 6.5, the newer ZrO; ink has much lower initial viscosity, is less elastic,
and is less susceptible to change in shear rate. Although this should make prints with the new
ink more reproducible, the printing requirements are also likely very different. Due to lower
viscosity, printed layers of the new formulation are likely thinner and may exhibit different
topology.?¥ Of particular concern was the potential for mesh marking, characteristic spaced
peaks or troughs across the film left by the screen mesh on the print surface. This can
potentially impact device performance and infiltration by reducing precursor wetting.
Observed marks will correspond with the mesh dimensions of the relevant screen. Therefore,
if different screens have been used for TiO,, ZrO, and carbon, mark spacing can be measured

to conclude in which layer the problematic marks reside.

Devices fabricated with each paste were therefore optically examined for evidence of mesh
mark related infiltration defects. As shown in Figure 6.25, devices fabricated with the new
formulation exhibited poorer infiltration across the general area, as well as at regularly
spaced intervals. Aligning with the dimensions of the 130-34 TiO, and ZrO, screens, these
voids are likely a consequence of mesh marking. As both these layers were deposited with a

similar 130-34!8 mesh, it is not possible to identify specific ZrO, marks in either sample.

18 This numerical format refers respectively to thread density and diameter. So, a 130-34 mesh will
have 130 threads per cm?, each with a diameter of 34 um. This is finer than a 60-64 mesh, as the
threads are of lower diameter.
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However, the new formulation device exhibits two distinct sets of significantly larger marks,

proving that ZrO, marking has more severely impacted infiltration.

Oold New

Figure 6.25: Optical microscopy images of infiltrated device showing clear infiltration defects caused
by mesh marking. Top images show original photos, with flaws due to mesh marking circled yellow.
Mid-tier shows coloured image, with mesh marks infiltration defects magnified in the bottom images.

Infiltration problems across the general area often occur due to increased ZrO, thickness, as
the precursor must travel further to fill the base TiO, electrode. However, the rheological
analysis presented in section 6.5 suggested that the new formulation would likely produce
thinner layers, which are generally considered easier to infiltrate. However, this can also be
problematic for performance, as thin ZrO, can decrease performance through increasing

minority carrier populations at electrodes.!*82% profilometry data were therefore obtained
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for films produced using both formulations and average roughness values (R.) calculated

(Table 2).

Table 6.2: Table comparing average thickness of annealed ZrO: printed with the old vs new
formulation. RaAverages were obtained from 3-5 measurements across different prints.

ZrO, formulation Layers printed Thickness (mean, pm) Ra (mean, a.u.)
old 1 1.62+0.11 0.121+0.011
1 1.05+0.04 0.126 £ 0.011
New
2 2.61+0.14 0.155+0.013

As predicted by rheological analysis, single print thickness decreased over 35% with the new
ink. This could easily contribute to the observed benchmark performance drop in otherwise
well-infiltrated site 2 devices.['’ 3¢ A double print produced a more suitable thickness of
~2.6 um and may therefore be necessary to produce high-performing devices with the new
formulation. Similar R, values were obtained for both pastes, although it should be noted
that widely spaced mesh marks can be missed during by single line profilometry scans and

may not therefore have significantly impacted this data.

Relying on a double print is impractical, adding extra printing and drying steps to the
manufacturing process. The current screen was a 130-34 fine mesh, which allows a relatively
low amount of ink through the mesh. Test layers were therefore deposited with a larger
mesh (90-48) in an attempt to produce a thicker single print with the new ink (Table 3). This
was successful, with a single large mesh print producing similar thickness (2.53 + 0.05 um) to
two layers with the fine mesh (2.61 + 0.14 um). R, values were also comparable. Having
achieved appropriate thicknesses with each mesh, devices were made using either a single,

large mesh print or double, fine mesh print (henceforth ‘1L’ and ‘2F respectively).

Table 6.3: Table comparing the average thickness of annealed ZrO; layers printed with the new paste
using 90-48 mesh screens (1L). Thickness and roughness averages were obtained from 3-5
measurements across different prints.

ZrO, formulation  Layers printed  Thickness (mean, um) Ra (mean, a.u.)

New 1 2.53+0.05 0.157+£0.014
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As shown in Figure 6.26, the adjusted ZrO, thickness drastically improved device
performance, producing average PCEs of 11.5% and 12.0% for the 1L and 2F samples
respectively. However, performance was still highly variable, with PCEs ranging from 9.0-
13.8% PCE for 1L and 10.0-14.0% for 2F. There were also marked differences between sets:
The 2F exhibited a greater proportion of samples in the upper Jc range, as well as significantly

higher and more reproducible Vo values.
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Figure 6.26: Photovoltaic parameters of devices produced using a single layer and fine mesh (1F),
double layer and fine mesh (2F) or single layer and large mesh (1L) for the ZrO;, printed with the new
paste. Six 1F devices, and eleven 2F and 1L devices.

These results that show that adjusting ZrO, thickness using the 2F and 1L prints enabled a
return to the Chapter 4 baseline of 12-14% PCE in many devices. However, significant

performance variation still presented a problem.

As the only variable in these sets was the ZrO, deposition, this must be due some
irreproducibility in this layer. The wider performance spread in 1L devices indicates that this
issue is worse in 1L prints. However, earlier profilometry results indicated similar thickness
and roughness between 1L and 2F ZrO, prints. It was hypothesised that either profilometry
scans were not providing representative data, or that slight ZrO, topology changes in 1L
samples were somehow causing issues in the subsequent carbon print. As linear profilometry
data represents but a single line along a print, isolated, spaced or macroscopic printing

inconsistencies may easily be missed. White light interferometry (WLI) was therefore
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performed on stacks produced using 2F and 1L ZrO; for a more representative comparison of

topology (Figure 6.27).
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Figure 6.27: WLI of a) ZrOz and b) Carbon layers in cells with ZrO: deposited using i) 2F or ii) 1L prints.
Images are presented in both 2D and 3D with similar scales for ease of comparison. The section of the
2D image used for 3D analysis is highlighted on each image with a square. Measurements by Dr. S.
Potts, sample preparation and image analysis by C. Worsley.
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Unlike the single line profilometry scans, the WLI results show a clear increase in ZrO;
roughness with the 1L print (Figure 6.27a). It should be noted that this roughness increase
was present despite a lack of obvious mesh marking in either case. Therefore, even in a high-
quality print with no mesh marking, the 2F regime produces smoother and more consistent
prints. Critically, this may not be the case with every batch- small differences in printer setup

such as squeegee tension can alter mesh mark prevalence and severity from batch to batch.

To provide quantitative layer comparisons S, and S, values were calculated. S,, a measure of
maximum roughness, is most impacted by severe large surface peaks and troughs. S, is less

impacted by large single defects and thus provides more insight into overall layer quality.

2F layers exhibited an average S, of 171.31 + 6.06 nm, compared to 341.44 + 24.22 nm for
1L. The average S, of the 2F sample was also approximately three times lower, 4.57 + 0.27
pum versus 7.34 + 0.35 um for 1L. Both S, and S, will be higher in a layer with mesh marking.
As mark diameter is usually correlated with mesh thread diameter, any mesh marks are likely

to be more severe in a non-ideal 1L print.34

Even without significant mesh marking, changes in ZrO, topology significantly impacted that
of the subsequent carbon print, with greater ZrO, roughness drastically increasing the
prevalence and severity of marks in the top electrode. This is likely even more pronounced

in samples with ZrO, mesh marking.

Such marks could change affect precursor wetting and thus infiltration. However, as the
carbon surface is many microns away from base of the stack it was unclear as to what extent
its topology would impact TiO; filling. A 1L device was therefore optically examined for

evidence of mesh mark-related infiltration issues.

Figure 6.28a shows a contrast enhanced optical image of the infiltrated TiO, in a 1L device. It
is clear in this device that mesh marking has had a significant impact on infiltration. As
discussed in section 6.3.2, perovskite-free voids are easily identified as light sections on the
image. Two sets of regularly spaced voids are distinguishable, the smaller identified in red

and the larger in green.
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Figure 6.28: a) Contrast enhanced optical image of an infiltrated TiOzin a 1L device, with examples of
spaced defects highlighted. b) WLI of mesh marks observed on printed, uninfiltrated 1L ZrO: films. c),
d) and e), show diagrams of mesh dimensions of TiOz, ZrO: and Carbon screens respectively. The
circles represent cross sections where an infiltration issue is present on the optical image. Image
Acquisition by Dr. T. Dunlop, sample preparation and image analysis by C.Worsley.

The smaller set are less severe and represent a small overall % uninfiltrated area (%UA). They
are thus unlikely to produce a significant performance loss. However, the larger set produce
a sum uninfiltrated area of ~6.8% (calculated by image analysis). According to the trend
between infiltration and performance presented in section 6.3.2, this could correspond to

over 0.5% PCE loss.

As highlighted by Figure 6.28c, the spacing of these infiltration defects corresponds to that
of the 130-34 TiO, mesh. Interestingly, these defects are larger and more common at
alternate mesh crossover points. In other words, every other thread appears to cause worse

infiltration defects.

This makes identifying the cause of the larger set more difficult: the spacings correspond to
the carbon mesh, but also to that of alternate crossover points on the IL ZrO, mesh
(Figure 6.28c, d). Indeed, when examined with WLI, 1L ZrO, films exhibited very similar mesh

markings (Figure 6.28b).
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However, the ZrO, defects observed via WLI present as slightly raised smooth areas not much
higher than the bulk print. Conversely, the carbon marks on 1L samples (presented in
Figure 6.27) were proportionally large: twice the height of the bulk layer some cases. It is
therefore more likely that the infiltration defects in Figure 6.28 are a consequence of carbon

mesh marks, caused by increased general roughness in the underlying ZrO,.

In 1L samples even ZrO, without mesh marks caused a very uneven carbon print (Figure 6.27).
1L prints with ZrO, mesh marking will be rougher still, and likely produce even rougher carbon
prints. Therefore, IL samples are more prone to large, carbon mesh mark-related defects and
higher overall %UA. This explains the slightly lower average performance and greater result

spread in the 1L samples.

Even if 2F samples should experience ZrO, mesh marks, these will be of similar size to the
TiO, defects, as a 130-34 mesh screen was used for both. Therefore, even in the case of 2F
mesh marks, the resultant carbon mesh marks may be less severe due to lower overall ZrO,

roughness.

In this section, ZrO, ink changes were found to have reduced print thickness to ~1 um, badly
impacting baseline performance. Adjusting the thickness to ~2 um improved performance,
with some devices attaining PCEs of 12.5-14%, in line with the previous baseline. This was
most apparent with a 2F regime, which produced consistently higher Vo than a 1L print of
similar thickness due to smoother ZrO, prints. Consequently, 2F prints were used for all
devices henceforth (unless specified). Critically, small changes in ZrO, roughness were found

to drastically impact that of the subsequent carbon print.

Clearly, the quality of both ZrO, and carbon depositions can contribute significantly to
infiltration issues. The next section will therefore focus on improving ZrO, print quality, while

a strategy for reducing carbon marking will be explored in section 6.6.3.

6.6.2 ZrO; printing regimes

As shown in the previous section, the roughness of the ZrO; layer can significantly impact
that of the subsequent carbon print. Rheological changes in the ZrO, ink were also
discovered, with the new ink exhibiting lower initial viscosity and less elastic behaviour. This
section will therefore aim to reduce ZrO, roughness and improve print reproducibility with
the new ink. Unless stated, all samples presented through chapters 1-4 were prepared using

a print-print (PP) deposition method for the ZrO, layer. Depicted in Figure 6.29, this method
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involves two high tension passes with hard squeegees. This was required for the old viscous

ZrO; ink, which required a significant amount of force to pass through the screen mesh.

However, as the new ink is less viscous it may pass through the screen with a single, lower
tension squeegee pass. The PP method may be unsuitable in this case: after significant ink
deposition with the first pass, the screen is likely to stick to the underlying ink during the
second pass. This can produce filamentation and mesh marking, increasing overall

roughness.¥

1: Hard squeegee, print 2: Hard squeegee, print
to substrate to substrate

Print/Print
(PP)

2: Hard squeegee, print
to substrate

, N

1: Flow coat, screen only

v
A

Flow/Print,
hard (FP-H)

2: Soft squeegee, print
to substrate

, <N

1: Flow coat, screen only

v
A

Flow/Print,
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Figure 6.29: Diagrammatic representation of the different printing regimes.

A method known as flow coating can be used when an ink is of low enough viscosity to pass
through the mesh with minimal force. Here paste is first spread across the screen to fill the
mesh before a single squeegee pass to coat the underlying substrate. This allows mesh filling
and even ink distribution while minimising contact time between the screen and the
deposited layer. Fewer contacts between screen and substrate produces less opportunity for

ink filamentation and thus mesh marking.3457]

Two flow coat printing methods were therefore trialled in an attempt to produce
reproducibly smooth layers and reduce mesh marks, which were shown to reduce
infiltration. Figure 6.29 depicts the chosen methods, one with a hard squeegee (FP-H), and
the other with a soft squeegee (FP-S). The FP-S method was trialled in an attempt to increase
single layer thickness. It was hoped that this would produce thick enough films to use only

one print, reducing the number of steps required for CPSC production. As the purpose of
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trialling a soft squeegee was to obtain increased single layer thickness, only single prints were

examined.

As single PP prints of the new paste were found in section 6.6.1 to produce films of ~1 um
with the 130-34 fine mesh, PP and FP-H samples were prepared with two ZrO; layers to
ensure adequate thickness (the 2F method).?*"38 Produced films were annealed, before
profilometry to compare film thickness (Table 6.4).

Table 6.4: Average profilometry thickness and roughness (Rq) values of 2F and 1F ZrO: layers

deposited with different PP, FP-H and FP-S printing regimes. Averages were calculated from 6
measurements (profiles taken from three different samples, all results averaged).

Print Regime Layers printed Thickness (mean, pm) Ra (mean, um)
Print/Print (PP) 2 2.61+0.14 0.202 £ 0.059
Flood/Print, hard (FP-H) 2 2.55+0.13 0.162 +0.036
Flood/Print, soft (FP-S) 1 1.27+0.13 0.145 +0.058

As presented in Table 4, the PP and FP-H double layer prints exhibited similar thicknesses of
2.5-2.7 um.?® Although FP-S produced thicker layers than single prints with the PP method,
average layers were still quite thin, at 1.27 £ 0.13 um. This may cause increased hysteresis
and decreased V. in devices, due to higher levels of recombination at electrode

interfaces.th 17124

Figure 6.30 shows three of the profilometry scans obtained for the FP-H and PP regimes,
wherein mesh marking can be observed in both cases (visible as downward lines along the
scan). As well as affecting infiltration through increasing roughness, these deep trough marks

could act as pinhole defects, producing short circuits in completed devices.

19 This value is higher than that previously obtained for the 2F prints in section 6.6.2. This was due to
a printer recalibration during servicing, after which layer thicknesses increased somewhat. This did
not negatively impact performance or infiltration
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Figure 6.30: Profilometer measurements of three different 2F samples produced using FP-H and PP
printing regimes.

From these scans, it appeared that the mesh marks in the FP-H film were fewer and less

deep. To provide a more accurate and representative comparison of film topology, prints
were examined with WLI to compare mesh mark severity (Table 6.5, Figure 6.31). For this
analysis 1L layers (single prints with a large mesh screen) were prepared, as these was

previously found to produce larger and more easily identifiable marks (section 6.6.1).

As shown in Table 5, PP and FP-H regimes produced similar average S, and S, values (~220 nm
and ~6 um respectively), while those of FP-S films were much lower (~100 nm) due to
decreased thickness. The similarity of PP and FP-H values could suggest that the films exhibit
similar topology. However, the processed images of surface topology therefore provide a

better comparison in this case (Figure 6.31).

Table 6.5: WLI surface profiles of ZrO: films printed with different regimes. A single S: value provides
the sum of the greatest peak and trough present in a measured area, while Sa is the mean of the
average height difference across the measured area. Average values were calculated from 9
measurements over a 1.2 mm x 0.93 um area.

. Avg surface roughness (Sa, Avg maximum surface
Settings
nm) roughness (Sz, um)
Print/Print (PP) 218.14 +6.99 5.85+1.36
Flow/Print, hard (FP-H) 221.99 +12.63 6.62 +2.02
Flow/Print, soft (FP-S) 105.65 + 6.07 3.89+0.87
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Figure 6.31: WLI of 1L ZrO: films on FTO/glass substrates, deposited with PP and FP-H printing
regimes. Data coloured by a) height, b) artefacts identified via image analysis. WLI measurements by
Dr S. Potts. Sample preparation and image analysis by C. Worsley.

Figure 6.31 reveals 26 large, regular mesh-marks across the examined area on the PP sample,
while the same analysis identified ~14 such marks on the FP-H film. Additionally, marks
observed in the FP-H sample were generally smaller. These correspond with alternate mesh
cross sections of the 60-64 ZrO, mesh. This corroborates the single line profilometry results
in Figure 6.31. Therefore, the FP-H regime produces less severe mesh marking whether using
a fine mesh double layer (as for profilometry in Figure 6.30) or a large mesh single layer (as

in Figure 6.31).

As shown in section 6.6.1, lower ZrO; roughness can significantly improve subsequent carbon

prints and perovskite infiltration. Devices were therefore fabricated with the PP and FP-H
regimes and optically examined (Figure 6.32). These cells were produced using the optimal

2F (130-34 mesh, two layers), as this was found in section 6.6.2 to produce better devices.
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Figure 6.32: Optical images of the infiltrated TiO: in devices with 2F ZrO: deposited using a) PP and b)
FP-H regimes. Lighter areas represent uninfiltrated sections, as discussed in section 6.3.2). Pink boxes
highlight the areas presented in higher magnification (adjusted for improved clarity).

The larger set of mesh marking related defects at ~200 um intervals (green circle) correspond
with 60-64 carbon mesh crossover points and are likely due to increased ZrO, roughness
(section 6.1, Figure 6.30). Both samples also showed a smaller set with ~120 um spacing (red
circles), which align with alternate 130-34 mesh crossover points. As this screen was used for

both ZrO; and TiO,, these marks could be associated with either layer.

Although these defects were present in both cells, the PP device (Figure 6.32a) exhibited
larger carbon mesh mark infiltration defects. Improved PCE was therefore expected for

devices produced using the FP regime.

195



Photovoltaic parameters from devices with PP, FP-H and FP-S ZrO, layers are presented in
Figure 6.33. FP-H layers produced the best devices, with a champion PCE of 13.34% (average
13.09 + 0.25%) compared to 12.60% for PP and 11.00% for FP-S (average PCEs of
12.45 +0.25% and 10.51 + 0.57% respectively). This was due to higher Vo and Jsc in FP-H
devices, a result of superior infiltration. FP-S devices suffered from low Vo and much greater
hysteresis, likely a consequence of thinner Zr0,.?% Stabilised PCEs reflected the same trend,

with the FP-H devices attaining the highest PCE at 11.8%.
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Figure 6.33: Photovoltaic parameters of a batch of devices with 2F ZrO: layers deposited with three
different printing regimes. Three devices in each batch. Inlaid table shows the stabilised PCEs
obtained for the best performing device from each batch.

Although the results presented in section 6.6.1 indicate that double prints are superior for
PP regimes, the improved layer quality attained with the FP-H 2F regime could remove the
requirement for such thick interlayers. This would be advantageous in reducing device
fabrication time. Devices were therefore produced with single and double prints, to check

that a double layer was still necessary.

Presented in Figure 6.34, single layers produced extremely high hysteresis, with average
forward PCEs nearly half that of the reverse. Although these devices were better than those
with a single PP layer (8-10% PCE, Figure 6.19, section 6.6.1), they were still inferior to those

with a double print.
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Figure 6.34: Photovoltaic parameters of devices produced with one (1x) or 2 (2x) ZrO: layers,
deposited via the FP-H regime.

Despite the increase in production time introduced by an additional print, the results in this
section indicate that a 2F ZrO; layer deposited with an FP-H printing regime is the best option
for quality infiltration and device performance. Henceforth, all presented devices were

fabricated with a 2F ZrO, layer with an FP-H printing regime.

The next section will focus on improving carbon layer topology to enhance infiltration.

6.6.3 Adjusting the carbon layer

As presented in section 6.6.1 (Figure 6.28), slight increases in ZrO, roughness can severely
impact the quality of the subsequent carbon layer even in the absence of mesh marking.
Although improvements obtained by changing the printing regime (section 6.6.2) should help
mitigate this, slight changes in ZrO, quality between batches could still lead to carbon defects

and associated performance variation.

Previous work has shown that dilution with 5-10% 1-methoxy-2-propanol can reduce mesh
marking and overall roughness in this particular carbon paste, by enabling more effective ink
separation. This leads to less filamentation during printing, resulting in smoother layers.B#

This method was therefore employed to produce stacks with pastes using 0, 5 and 10%

dilutions.
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b)
% Dilution Average thickness (um) Average (Sz) (um) Average Sa (nm)
0 12.41+2.58 2.16 £ 0.08 20.13+0.44
5 10.6 +£2.24 1.78 £ 0.07 18.4+1.25
10 11.93+1.63 1.67 £ 0.06 17.55+0.47

Figure 6.35: a) 2D and 2D WLI images of carbon (green/red) layers on complete devices, printed from
inks of 0, 5 or 10% dilution with 1-methoxy-2-propanol. Blue areas show the underlying ZrO:z. b)
Numerical data from WLI analysis, averages from 9 measurements for each sample. WLI
measurements by Dr.S. Potts, image analysis by C. Worsley.

As shown in Figure 6.35, dilution caused a significant visible decrease in carbon roughness
and mesh marking. This caused average S, to drop from 2.16 + 0.08 um with the standard
paste to 1.78 £ 0.07 um and 1.67 £ 0.06 um for the 5% and 10% dilutions respectively. S,
values also decreased in both samples. Despite statistically similar S, values for the 5 and 10%
samples, the 3D image data show a clear reduction in mesh marking with extra dilution. The

10% may therefore produce the best device infiltration.

Such changes in layer thickness and topology can also impact conductivity. Rough samples
contain areas of high and low carbon concentration, changing conductivity across the sample
and leading to an overall decrease. Thin layers or low carbon loading can also negatively

affect the electrode, leading to low device FF.[**!

As thickness did not significantly fall with dilution, significant conductivity loss was
considered unlikely (Figure 6.35). However, the decrease in carbon load with dilution could
still theoretically have a negative impact. Sheet resistances were therefore obtained for

different ink dilutions on plain glass.
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Table 6.6: Average sheet resistance of carbon layers printed using GEM ink of 0, 5 or 10% dilution
with 1-methoxy-2-propanol. The 10x10 cm? layers were screen printed using a standard 61-64 carbon
mesh onto plain glass. 4 measurements for each average value.

% Dilution Average sheet resistance (Q)
0 21.85+0.48
5 17.44 £0.23
10 16.45 £ 0.56

As shown in Table 6, sheet resistance decreased significantly with dilution: 5% solvent
addition caused a >20% reduction, with a further 4% drop in resistance at 10%. These changes
could have a significant impact on device performance: the decrease in mesh marking may
improve TiO; infiltration, while reduced sheet resistances enhance back electrode charge
extraction. Resultant devices may therefore exhibit improved Jsc and FF due to improved light

absorbance and electrode contact.

Figure 6.36 shows cell performance of devices produced using these pastes. As expected, 5%
devices presented improved average Jsc (24.1 £ 0.7 mAcm™) and FF (62.7 + 4.4%) compared
to the undiluted controls (23.4 + 0.6 mAcm™ and 52.8 + 5.7% respectively). Corresponding
PCE gains were also observed, increasing from 11.57 £ 1.18% at 0% to 14.05 + 1.36% at 5%
(champion device 15.00% PCE).
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Figure 6.36: PV parameters of devices made using GEM carbon paste diluted with 0, 5, or 10% of 1-
methoxy-2-propanol. Other prints were deposited in the same run, and all were infiltrated at the
same time in identical conditions.

Interestingly, the 10% devices exhibited much greater result spread, ranging from

8.65% - 14.31% PCE (average 12.55 + 2.45%). This is somewhat unexpected, as prints of 10%
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diluted inks on glass demonstrated statistically similar thickness to 5% films, with around 4%

lower sheet resistance. Considering this, similar FF and J;c enhancements were expected.

Optical examination (Figure 6.37) revealed that the 10% samples varied widely in infiltration
quality, ranging from 0.71% to 14.09% uninfiltrated area. This accounts for the large result
spread. Although examples of extremely good infiltration (<1% uninfiltrated) were observed
for each set, 5% dilution produced the most consistent high TiO; filling. The average
uninfiltrated area of six samples was 0.48 + 0.28%, increasing to only 0.83% for the worst

sample.

d)
% dilution % Uninfiltrated
min average max
0 0.71 2.44 4.16
5 0.17 0.48 0.83
10 0.26 5.33 14.09

Figure 6.37: Optical images and magnified coloured sections of filled TiO: layers in devices produced
using diluted carbon ink. The worst performing device from each set is shown, with % uninfiltrated
area labelled. Inlaid table shows the average % uninfiltrated area of all devices alongside the
minimum and maximum measured uninfiltrated values.

It was theorised that higher dilution may provide greater freedom of movement to
suspended graphite flakes in the carbon ink, allowing more to settle horizontally to the ZrO,
interface. This has been shown to negatively impact infiltration by blocking access to the
underlying mesoporous layers, which could in turn reduce FF and J."*'?7! Additionally,
different prints may vary in graphite content, depending on the effectiveness of mixing prior

to printing.
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Beam milled cross sections of 0% and 10% devices were examined for evidence of different
flake distribution. When using polarising lenses, graphite flakes with different orientations

are highlighted at different degrees of polarisation (Figure 6.38).

Figure 6.38: Cross sectional images of complete devices obtained using an optical microscope and
polarising lens to highlight horizontally aligned graphite flakes in the carbon layer. Obvious flakes
and the mesoporous TiOz and ZrO: layers are masked in the RHS images for clarity.

Much more horizontally aligned graphite is visible in the 10% sample, with nearly twice as
many obvious flakes. This may account for the slight conductivity enhancement seen in the
10% films. Also, infiltration may be impacted differently in each sample depending on the

relative spread of these flakes, accounting for the varied results observed.

This section has built on the previous work in optimising the ZrO, layer, through 5% dilution
of the carbon paste to minimise mesh marking and thus improve precursor wetting and
infiltration. A champion PCE of 15% was attained, surpassing that of the best devices in
Chapter 4. The optimal regime combined two fine mesh ZrO, prints (applied with an FP-H
print regime to minimise mesh marking) with the 5% carbon dilution, representing a new

standard fabrication procedure.
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6.7 Summary: Methods for troubleshooting infiltration and

performance issues in CPSCs and modules

Many different factors are shown to influence CPSC performance and infiltration in this
chapter. It is not therefore possible to present a universal solution to fix infiltration or
performance issues: the underlying causes may well be different in each case. However, as
specific issues were found during this work to produce characteristic effects on device

presentation and behaviour, discerning the root of the problem is not impossible.

As presented in section 6.3.2, TiO; filling is intrinsically linked to performance. Visual
inspection of this layer, both with the naked eye and using an optical microscope, can provide
useful information on performance issues: The distribution and appearance of perovskite-
free voids can be indicative of specific issues within the stack (Figure 6.39). For example,
increased mesh marking causes even, spaced micro-scale defects, while varied stack
thickness causes a gradient infiltration effect across the area. As issues can coexist on
drastically different scales, a combination of macro and micro-scale inspection is advised. As
this method is non-destructive, it is perhaps advisable to routinely examine devices from
each batch. As well as providing a database of normal, quality devices from a given laboratory

or factory, this would allow for early detection of potential problems prior to testing.

Furthermore, it may be advisable to retain an uninfiltrated device stack from each print
batch; ZrO, and carbon topology and thickness have significant impacts on device
performance and are more difficult to examine once the stack is fully prepared due to the

presence of surface perovskite crystals.

Figure 6.39 presents common characteristic defects observed during this work. The following
section discuss each issue, and present recommendations to assist in troubleshooting specific
performance issues. Although methods will mostly be discussed in the context of devices,
they are equally applicable to modules and may therefore be useful for troubleshooting in

future large-scale commercial settings.
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Likely cause: Contaminant or solvent droplet damage.*

Check: cleanliness of print area, pastes.

Likely cause: Uneven layer thickness, likely ZrO, or Carbon.

Check: Layer thickness and topology, printing settings.

Likely cause: Uneven heating or airflow during perovskite anneal.

Check: Position of heating elements, airflow.

Likely cause: Mesh marking.

Check: Which mesh dimension matches your marks?

Likely cause: Impeded infiltration and/or fast surface crystallisation.

Check: All hot plate temperatures, print thicknesses and topology, airflow.

Likely cause: Impeded infiltration or fast crystallisation.*

Check: Layer thickness and topology, hot plate temperature, airflow.

No obvious infiltration issue/change (under microscope).

Check: ZrO, thickness, Carbon thickness and conductivity.

Figure 6.39: Diagrams of common large (green) and small-scale (blue) infiltration issues in cells and
modules, alongside likely causes and suggested checks. * May be large-scale and optically visible-
extremely poor sparse infiltration can appear homogeneously grey to the naked eye, while
contaminant or solvent damage depends on the size of the respective contaminant or droplet.

Issue i) Contamination

Often (but not always) visible at the macro-scale, contaminants and solvent damage produce
similar issues in completed devices, producing uneven voids of varied size, sometimes with a

distinctive ‘halo’ or ringed surrounding pattern (Figure 6.40). In the case of physical
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contaminants, a particle can be present at the defect centre, whereas solvent contamination

issues are particle free.

Droplet damage Particle contamination

Figure 6.40: Optical images of infiltration defects caused by solvent droplet damage and particle
contamination.

While solvent damage can be easily prevented through careful handling of liquids around
printed stacks (especially when wet), physical contamination can be more persistent
depending on the source. Wet and dry printed layers, screens and printing equipment should

all be stored under covers to protect from dust and other airborne particulates.

Whenever contaminants are observed in a printed layer, pastes and screens should be
carefully inspected for particles or blockages. Blocked screens require cleaning, while
contaminated pastes should be disposed of. If equipment and materials appear clean, the
printing, slumping, annealing and storage areas should be wiped down to eliminate the

source of particles, and storage procedures reviewed where necessary.
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Issue ii) Gradient infiltration

Clear gradients across the active area are indicative of printing inconsistencies such as
uneven thickness or topology. This can occur across the width of a single cell or module, or
across several cells when printing small-scale devices. Such films can then cause large
performance variations within the device batch, or decreased power output and

performance in a module.

Sub-optimal printer setup is usually the cause of these issues. As shown in Figure 6.41a),
uneven squeegee or flow coat setup can produce thickness and mesh marking variation.
Glass warping from high temperature annealing steps can also produce similar problems.
Careful setup and pressure monitoring can help prevent squeegee related issues. Changing
screen designs to limit the horizontal print width (depicted in Figure 6.41b) can also improve

uniformity and batch variation.

b) Squeegee movement

Uneven squeegee
Screen

)

_TW

Figure 6.41: a) Diagrammatic representation of the consequences of uneven squeegee pressure and

its resultant impact on device infiltration. Note that mesh marking defects in real samples will only be
visible via optical microscopy. b) Screen alignment to limit horizontal print variations.

Prints

Resultant infiltration

Print variation in any layer can produce infiltration issues, although the thicker ZrO; and
carbon are more likely to cause problems. As presented in section 6.6.1, ZrO, variation can
then introduce defects in the subsequent carbon print. Determining which layer is causing

issues may therefore be difficult.

It is advisable to retain an uninfiltrated device stack from each print batch, as thickness across
an uninfiltrated stack or layer can be examined with profilometry, while white light
interferometry provides quick topological data. Prepared devices are more difficult: although
mesh marking problems can be observed through the glass substrate, cross sectional analysis

may be required to examine print quality.
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Issue iii) Large grey or yellow areas in otherwise well infiltrated modules/ Extreme

infiltration variation in a single print batch?®

As presented in section 6.3.1, increased crystallisation speed can produce drastically
different infiltration in devices from the same print batch. Temperature variation and airflow
can both alter crystallisation time and can hence significantly affect infiltration (Figure 6.42).
Oven top Corresponding cell distribution
a) b)

Heating
element

Figure 6.42: Diagrammatic representation of a) oven top and b) resultant impact on device
infiltration. Depicted in c) is a photograph of damage on a 30x30 module caused by hot plate heating
elements and airflow during perovskite annealing.

This was observed at larger scale during initial trials of 30x30 cm module production.
Although set to a 45°C perovskite annealing temperature, initial modules showed significant
evenly spaced infiltration defects across multiple cells (Figure 6.42). Through the glass
substrate, these artefacts were greyish white or yellow. Grey or white perovskite free voids

indicate an infiltration issue, whereas the yellow suggest accelerated degradation had

occurred.

20 Note that extreme variation between devices or across modules from a single print batch can also
be due to inconsistent prints (see issue ii). If a partial cover does not help, examine the print quality.
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Upon examination of equipment, it was noted that defects corresponded to the position of
heating elements and air vents on the oven roof. A simple partial cover was thus applied, to
protect the module surface while allowing sufficient solvent removal. This completely

eliminated the defects, as shown in Figure 6.43.

Uncovered Covered

Figure 6.43: Photographs of 900 cm? with (RHS) and without (LHS) a cover during perovskite
annealing. i) Back electrode, ii) through glass substrate, iii) magnified with applied colour filter to
highlight infiltration problems.
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Issue iv) Micron sized, evenly spaced perovskite free voids

Perhaps the most characteristic defects are those caused by mesh marks. Evenly spaced and
present across a large area, these features are obvious when examining the infiltrated TiO;

layer with an optical microscope (Figure 6.44).

Figure 6.44: Optical microscopy of a device with two types of mesh mark- related infiltration defect.

Although occupying a smaller area than other defects discussed in this section, mesh marks
can still have an impact on device performance. Especially for larger carbon related marks,
the additive uninfiltrated area due to marking can still be significant (in the range of 1-6% of
TiO; area). Additionally, marking can reduce layer effectiveness. For example, pinhole marks
in the ZrO, interlayer can cause shorts, while severe marking on the carbon electrode was
shown in section 6.6.3 to reduce conductivity. This can impact charge collection in the

completed device, which becomes increasingly important at module scale.

Observed marks will correspond with the mesh dimensions of the relevant screen. Therefore,
if different screens have been used for TiO,, ZrO, and carbon, mark spacing can be measured
to conclude in which layer the problematic marks reside. For example, the large marks in
Figure 6.44 must correspond with those from the carbon layer, as this was the only
deposition where a larger mesh was used. However, the smaller marks could be either ZrO;

or TiO; based, as both were deposited with similar mesh screens.

Crucially, marks in a given layer are not necessarily due to printing issues in that layer. For
example, it was found in section 6.6.1 that slight increases in ZrO, roughness could cause
severe increases in marking of the subsequent carbon print. Therefore, the print topology of
each layer (in an uninfiltrated device) should be examined upon observing mesh marking in

devices or modules, to ascertain the root cause of the problem.
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The risk of obtaining severe marks can be reduced by adjusting printer setup- using the
minimum printable squeegee pressure or switching to a finer mesh can both be effective. It
should be noted that not all pastes are suitable for fine meshes- for example, the large

graphite flakes in carbon inks are likely to case blockages.

As shown in sections 6.3.1 and 6.3.2, adjusting the printing regime can also be minimise
marking. Flow coating methods were shown to be preferable to print-print regimes for the
ZrO; ink. Unless pastes are considerably viscous and require forcing through the mesh, print
print methods unnecessarily introduce increased risk of severe marking and should perhaps
be avoided. Reducing paste viscosity with dilution can be helpful (as in section 6.6.3) but

should be approached cautiously to avoid detrimental losses in print thickness.

Issues v), vi) Random void or crystallite spacing at micro or macro-scale

Perhaps the most difficult to diagnose issues are those causing random infiltration. Devices
can be of extremely varied infiltration quality, with macro or micro-scale defects across the
entire TiO; layer. Consequently, such problems are not always visible to the naked eye- the
most severe issues are clearly observed in complete devices, while smaller problems require
evaluation with optical microscopy (Figure 6.45). Commonly, these problems arise as a
consequence of multiple concurrent problems, with defects such as increased layer
roughness, mesh marking and sub-optimal airflow acting in tandem. Attempts to improve
infiltration may therefore uncover other problems. For example, the yellow box in Figure
6.45 surrounds two devices from the same print batch, one of which was annealed under
lower airflow. The improved infiltration in this second device reveals mesh marking defects,

which were otherwise unobservable in the more sparsely filled sample.

A multi-faceted problem-solving approach is therefore necessary in this case.
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Figure 6.45: Optical microscopy images of randomly dispersed infiltration issues. The yellow box
highlights images of two devices from the same printing batch, where improved infiltration in the
RHS sample reveals mesh marking.

After any poor infiltration, hot plate or oven temperature should be checked immediately.
As shown in section 6.3.1, temperature and airflow drastically impact crystallisation times,
and hence stack filling. Airflow is perhaps more difficult to measure, although fume hood or
oven extraction can potentially be checked. To minimise surface airflow while allowing
adequate solvent removal, a partial cover can be applied. Even without infiltration issues,
this may improve batch reproducibility by ensuring devices encounter like solvent
environments and airflow during the annealing process. It should also help limit variation

between batches by limiting the impact of airflow variation on different days.

It should be noted that the negative impact of airflow and temperature are likely exacerbated
in stacks with sub-optimal prints where infiltration is already impeded. Therefore, upon
experiencing poor infiltration in a given batch any remaining uninfiltrated stacks should be
examined for evidence of increased roughness, mesh marking or film thickness. Where
significant changes have occurred, printer setup and regime should be reviewed. Note that
minor mesh marking (especially in the ZrO; layer) should not cause extreme infiltration issues

by itself, so evidence of minor mesh marking in any layer is unlikely to be the cause. If no
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uninfiltrated stacks from the relevant printing batches remain, cross sectional imaging and

optical imaging of the infiltrated TiO, may provide some insight.

In the absence of any significant stack issues, high temperature annealing and infiltration
equipment should be examined. Previous works have found that residual binder in the
carbon or ZrO; electrodes can inhibit stack filling.> Therefore, if equipment is not achieving
the requisite temperature for effective binder removal, poor infiltration may follow. Too high
an annealing temperature can also cause problems through inducing peeling or
graphitisation of the top electrode.’®' Completely graphitised layers present as silvery and
reflective (compared to the usual matte black), while round silvery marks on the layer

indicate partial conversion.

If no obvious issues with the stacks, equipment or annealing environment are discovered,
modifying the precursor composition or perovskite annealing procedure may be necessary.
Slight changes in precursor wetting, viscosity or crystallisation can have significant impacts
on infiltration. Different solvents, precursor formulations, concentrations or additives may
all therefore require slightly different conditions for optimal stack filling- especially in the
absence of a wetting agent such as AVAI. Although exposure to increased relative humidity
was shown in section 6.4 to aid infiltration, it also caused accelerated Pbl, formation. RH
adjustments for infiltration enhancements should therefore be applied with caution and are
nor recommended as a preferred method for improving stack filling. Further work is required
to determine whether this accelerated degradation can be prevented with encapsulation or

improved storage methods.

In principle, modifications that slow crystallisation or speed up stack filling should improve
infiltration. Options include adjusting precursor concentration, introducing solvent additives
and reducing annealing temperatures or airflow. The impact of these changes will be highly
dependent on the precise precursor formulation and device structure, and effectiveness may
therefore be highly variable. A universal solution for preventing this infiltration issue in all

CPSCs cannot therefore be presented.

Issue vii) Performance drops and hysteresis changes without infiltration problems

Upon experiencing benchmark performance drops without obvious infiltration issues, layer
thickness in the relevant print batch should be examined either using device cross sections
or profilometry of uninfiltrated stacks. As shown in section 6.6.1 and 6.6.2, sub optimally thin

ZrO; layers lower benchmark performance and dramatically increase hysteresis. Other work
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has shown that thin carbon layers can cause similar performance losses: thinner layers are
more resistive and resultant devices suffer from poor charge extraction and increased

recombination.[*”!

Low quality blocking layers can produce similar issues. Although TiCl, treatments were shown
to help, simply adjusting the deposition method is an easier and more time efficient way of

ensuring optimal layer thickness and preventing pinholes. "

6.9 Conclusion

This work has examined the many factors influencing infiltration in CPSCs, presenting a facile
non-destructive method for quantifying TiO, filling. It was found that % uninfiltrated area
correlated well with device performance, which could enable accurate PCE prediction in

devices and modules.

Both intrinsic and extrinsic factors were found to impact infiltration. Print quality in the ZrO,
and carbon layers proved highly influential- even slight variation in ZrO; roughness was found
to drastically increase carbon mesh marking, reducing infiltration, carbon conductivity and
device Voc and FF. Optimising interlayer printing, diluting carbon inks to minimise mesh
marking and applying partial covers during annealing resulted in improved GVL-MeOH device

performance, reaching a champion PCE of 15%.

Uneven heating and airflow also contributed significantly resulting in intra-batch variation
between small devices. In modules, distinctive large infiltration defects with accelerated
degradation were observed. Introducing partial covers to ensure even heating and minimise
surface airflow during perovskite annealing drastically improved module homogeneity and
device reproducibility. Problems such as paste contamination, mesh marking, uneven
printing and irregular heating and airflow were also found to cause characteristic infiltration

defects.

Optical examination can thus reveal the root cause of many infiltration problems, enabling
quick identification of manufacturing issues. Such methods could therefore be extremely

useful for batch monitoring and troubleshooting in large-scale commercial settings.
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Chapter 7

Future work and perspectives

7.1 Discussion
This thesis has examined GVL as a replacement for GBL in CPSC devices and modules. GVL is

shown not only to be a viable replacement to GBL, producing similar PCEs in 1 cm? devices,
but superior when combined with 10% methanol to tune the viscosity. Perhaps most
significantly, the GVL precursors offer significant advantages at scale due to increased
stability towards precipitation. This enabled successful fabrication of 517.7 cm? active area
modules, which were placed outside for weathering. Clearly, the GVL-MeOH precursors are

very promising for potential scale-up.

Considering its similarity to the GBL molecule, differing only in an additional methyl group,
the observed differences in GVL and GBL precursor behaviour are unexpected. Unlike with
GBL, there appears to be no colloidal formation in the GVL or GVL-MeOH systems, as
evidenced by the lack of laser scattering in Chapters 3 and 4. Despite this, perovskite was

found to crystallise much more rapidly from the GVL precursors upon heating.

This suggests that solvent-solute coordination is very different between the two systems,
which could mean different crystallisation pathways are favoured in each system. Controlling
crystal growth and nucleation using specialised annealing covers has been a key in achieving
high CPSC PCEs of 17-18%.!"12 A deeper understanding of solvent-solute coordination and
perovskite crystal growth in GVL precursors could therefore offer a pathway to improved PCE

in these devices.

Such work could also enable the application of alternative cations such as Cs or FA into the
GVL system. Mixed cation perovskites are generally deposited using DMF/DMSO mixtures
and have experienced significant phase instability when dissolved in GBL in our laboratory.
Increasing the versatility of the GVL system to more than one perovskite formulation would
significantly enhance its commercial viability, while reducing the toxicity and improving

scalability in mixed cation CPSCs.

As discussed in Chapter 5, the GVL devices require a week of unencapsulated ambient storage
to reach peak performance due to slow residual solvent loss. Over the week following

infiltration, PCE improved significantly in >78% of devices. This was not seen in devices
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annealed for longer, or where encapsulation was performed early. In fact, early
encapsulation was detrimental to long term performance. While it is important for other
research groups or future scaled initiatives to learn how to achieve peak performance , a
seven-day waiting period between infiltration and encapsulation is far from practical. Further

work into methods to accelerate performance evolution would therefore be beneficial.

Finally, while there was a significant correlation between % uninfiltrated area (UA) and
performance for the AVAy0sMAPDI; cells examined in Chapter 6, scope exists for further
study into this relationship. While this work presents a clear general trend in this case, it is
possible that the trend varies in devices with different properties: for example, different
perovskite compositions or layer thicknesses. While devices of different layer thicknesses
(e.g., ZrO; layers of 1 and 2 um are present) were used in the analysis, the variations were
slight compared to those present in the literature, which can reach up to 4 um. At extremes,
the trends presented here may not apply. A more rigorous study including devices of multiple
layer thicknesses or different perovskite compositions may therefore be necessary to
determine the extent of the trend and improve the potential for this technique to accurately

predict PCE.
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